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Executive Summary 

Drilled shafts provide significant geotechnical resistance for support of highway bridges, 

and are used throughout the States of Oregon and Washington to meet their structural foundation 

requirements.  Due to changes in construction methods and poor near-surface soils, the use of 

permanent steel casing for drilled shaft installation has increased.  However, geotechnical design 

models for axial and lateral resistance of drilled shafts are largely based on soil-concrete 

interfaces, not soil-steel interfaces associated with large diameter steel casing.  Owing to the 

improved understanding of our regional seismic hazards, the amount of steel reinforcement used 

in drilled shaft construction has increased over the past several decades, creating a new 

construction concern for engineers: the greater steel area results in a reduced clearance between 

adjacent reinforcement bars in the steel cage, such that concrete has an increased difficulty in 

penetrating the cage and likelihood for voids and defects within the shaft, which can lead to poor 

structural and geotechnical performance.  The use of high-strength reinforcement steel can lead 

to improved clearance within the steel cage, mitigating concreting issues.  The use of steel casing 

and the amount of steel area control the axial and lateral resistance of the shaft.  However, 

depending on the method of construction, the steel casing may result in reduced axial load 

transfer to the surrounding soil.  Thus existing analytical approaches need to be evaluated for 

modern construction methods, and new approaches developed if necessary to ensure desired 

performance criteria are met. 

This PacTrans project is part of a larger research project that is set within a collaborative 

framework including ODOT, WSDOT, PacTrans, and the West Coast Chapter of the Association 

of Drilled Shaft Contractors (WCC-ADSC).  The objectives of the overall project are to study the 

impact of steel casing and high-strength steel reinforcement on the axial and lateral behavior of 

full-scale drilled shaft foundation elements and to evaluate the appropriateness of existing design 

procedures.  The objectives for the PacTrans-specific research are to determine the state-of-

practice for the use of high-strength steel reinforcement and casing in drilled shafts and to 

evaluate their behavior using commercially available and advanced numerical techniques.  

The PacTrans-related research program proposed to help achieve the global objectives 

and described in this report consisted of the following tasks: 

 Task 1: Conduct a review of the relevant literature; 

 Task 2: Conduct a DOT survey of the state-of-practice of drilled shaft design and 

construction; 

 Task 3: Conduct a comprehensive parametric study of the lateral response of drilled 

shafts with commercially available software; 

 Task 4: Develop an advanced numerical model for the analysis of drilled shafts; and, 

 Task 5: Report the findings in a report. 

A DOT survey of the state-of-practice in the design and construction of deep foundations 

and drilled shafts, in particular, for transportation infrastructure, was conducted to help 

determine the benchmarks and practices for the use of permanent steel casing and high-strength 
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steel reinforcement. Twenty-three surveys, including 22 from US and one from Alberta, CA, 

were returned and analyzed, and will be useful to those wishing to compare the various design 

and construction methodologies across various regions of the United States.   

Parametric studies performed using two commercially available software programs were 

conducted to evaluate the effect of shaft diameter (D), shaft diameter-to-steel casing thickness 

(D/t) ratio, internal reinforcement conditions, and combined loading for drilled shafts on the 

lateral response of drilled shafts embedded in typical layered soil profiles. It was observed that 

the lateral deflection profiles from the selected software packages appear similar, however, some 

differences between the computed bending moment and shear force profiles were observed, with 

increasing difference with decreasing shaft flexural rigidity.  The study also showed that the 

flexural rigidity, as modeled in proxy by the shaft diameter, contributed significantly to the 

difference in the lateral performance measures evaluated. The effect of internal, longitudinal 

reinforcement on the performance of shafts is greater for the shafts with smaller D/t ratio and 

larger imposed lateral head displacements. Cased drilled shafts with small D/t ratios leads to 

greater magnitudes of longitudinal reinforcement, and therefore flexural rigidity. For combined 

loading, when axial loads are less than three times of lateral yield force, the effect of axial 

loading can be ignored. However, decreases in the lateral response should be expected, and 

accounted for, when axial loads larger than three times the lateral yield force are anticipated. 

A 1-D and 3-D OpenSees finite element model was developed to evaluate the response of 

laterally loaded shafts using advanced methods. In order to compare the performance of shafts 

with and without casing, four different sections representing those to be evaluated 

experimentally were constructed in the numerical platform. The investigations of ultimate lateral 

resistance of the test shafts indicated that the use of casing around a traditionally constructed 

shaft with 2% internal steel added more than 100% extra lateral strength. The use of casing 

without internal reinforcement increased the lateral resistance relative to the uncased traditional 

shaft by more than 70%. These studies also revealed that although cased shafts showed an 

increase in performance at very low deflections, the advantage of using casing becomes more 

significant for large deformations. Therefore, if a shaft is subjected to a large deformation such 

as in the case of liquefaction or in slickensided (pre-sheared) soil deposits, casing may offer 

considerable benefit.  Finally, it was determined that the lateral deflection, shear force, and 

bending moment profiles obtained from the 3-D models agreed well with the lateral responses 

from 1-D models. 
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1. Introduction 

Drilled shafts provide significant geotechnical resistance for support of highway bridges, 

and are used throughout the States of Oregon and Washington to meet their structural foundation 

requirements.  Due to changes in construction methods and poor near-surface soils, the use of 

permanent steel casing for drilled shaft installation has increased.  However, geotechnical design 

models for axial and lateral resistance of drilled shafts are largely based on soil-concrete 

interfaces, not soil-steel interfaces associated with large diameter steel casing.  Owing to the 

improved understanding of our regional seismic hazards, the amount of steel reinforcement used 

in drilled shaft construction has increased over the past several decades, creating a new 

construction concern for engineers: the greater steel area results in a reduced clearance between 

adjacent reinforcement bars in the steel cage, such that concrete has an increased difficulty in 

penetrating the cage and likelihood for voids and defects within the shaft, which can lead to poor 

structural and geotechnical performance.  The use of high-strength reinforcement steel can lead 

to improved clearance within the steel cage, mitigating concreting issues.  The use of steel casing 

and the amount of steel area control the axial and lateral resistance of the shaft.  However, 

depending on the method of construction, the steel casing may result in reduced axial load 

transfer to the surrounding soil.  Thus existing analytical approaches need to be evaluated for 

modern construction methods, and new approaches developed if necessary to ensure desired 

performance criteria are met. 

1.1 Background 

Our improved understanding of the seismic loading possible from our regional seismic 

hazards has resulted in larger bridge substructures.  The largest single seismic source is the 

Cascadia Subduction zone, shared by the States of Oregon and Washington. Recent studies 

indicate this source can produce ground motions of magnitude 8.5 to 9.0 or larger, with shaking 

of up to 5 minutes in duration.  As a result, design loads, particularly lateral loads and post-

shaking axial loads, have increased in magnitude.  Drilled shafts provide good structural and 

geotechnical axial and lateral resistance due to the ability of contractors to construct large 

diameter elements in challenging soil stratigraphy that may otherwise be difficult or impossible 

for driven foundation elements.  Nonetheless, the axial and lateral load requirements have 

resulted in new construction issues; Figure 1-1 provides an example of a typical steel 

reinforcement cage for a drilled shaft in the Pacific Northwest.  The reinforcement cage is very 

tightly spaced, a result of the flexural stiffness required to handle lateral resistance.  A significant 

problem resulting from tightly-spaced reinforcement cages is the potential inability of the 

concrete that forms the majority of the shaft cross-section to flow from the center of the shaft 

through the cage and fill the annular space between the shaft wall and the cage.  The 

reinforcement cage must be adequately surrounded by concrete, typically with a “depth of cover” 

of 50 to 100 mm of concrete, in order to provide the required bond strength of the steel 

reinforcement and protect the steel from environmental hazards (e.g., corrosion).  Figure 1-2 

shows an example of a shaft defect with inadequate concrete penetration.  Shaft defects can 

result in significant loss of performance under load, and therefore each shaft is constructed with 

plumbing to allow Crosshole Sonic Logging (CSL) or Thermal Integrity Profiling (TIP) testing 

for detection of construction defects.  Depending on the length, diameter, and magnitude of the 

design lateral loads, the cost of a single shaft can range from $50,000 to $500,000.  Thus, 
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avoidance of rejected shafts, reconstruction/ replacement, and project delay is in the interest of 

both the Owner (e.g., ODOT or WSDOT) and the Contractor. 

 

 

                (a) 

 

 

 

 

 

 

                      (b) 

                         (c) 

Figure 1-2. Illustrative examples of shaft defects (a) from FHWA (2010), (b) and (c) 

courtesy of Marinucci (2013).  Note (c) slurry in at ground surface in drilled cavity 

surrounding concrete-filled reinforcement cage. 

 

The possibility of construction defects in drilled shafts can be dramatically reduced by 

the use of high-strength steel reinforcement, as fewer reinforcement bars are required to achieve 

 

Figure 1-1.  Typical steel reinforcement cage for drilled shaft foundations.  Note the small 

openings within the rebar cage that provides a challenge for achieving the target depth 

concrete of cover. 
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the same strength requirements.  Unfortunately, little is known about the behavior of ASTM 

A706 Grade 80 reinforcing steel.  It is believed that the “over-strength” factors, or the ratio of the 

actual yield stress of the material to the lower-bound, reliably manufactured, strength (i.e., 80 ksi 

yield stress for Grade 80) is less than that for lower grades of mild steel.  Additionally, it is 

believed that the strain at rupture is lower than that of lower grade mild steels, such that the 

ductility that can be anticipated will be different for high strength steel than what current codes 

presently allow.  The use and performance of Grade 80 steel in drilled shaft foundations for 

transportation infrastructure is therefore of high importance. 

In addition to the use of high strength steel to form the internal reinforcement, the use of 

permanent casing (and the inclusion of its contribution to flexural rigidity) can lead to reduced 

internal steel area requirements. Some design approaches neglect the contribution of permanent 

steel casing to the flexural rigidity of drilled shaft foundations; if its contribution could be 

incorporated into design evaluations (minus the long-term loss of section due to corrosion), 

significant savings in internal steel and construction void remediation could be observed. 

However, the possible reduction in axial resistance and potential differences in lateral load 

transfer from driven piling and non-cased shafts needs to be investigated to compare against 

existing design approaches.  

1.2 Objectives of and Tasks Comprising this Study 

The objectives of the global research project, set in a collaboration of ODOT, WSDOT, 

PacTrans, and the West Coast Chapter of the Association of Drilled Shaft Contractors (WCC-

ADSC) are to study the impact of steel casing and high-strength steel reinforcement on the axial 

and lateral behavior of full-scale drilled shaft foundation elements and to evaluate the 

appropriateness of existing design procedures.  The objectives for the PacTrans-specific research 

are to determine the state-of-practice for the use of high-strength steel reinforcement and casing 

in drilled shafts and to evaluate their behavior using commercially available and advanced 

numerical techniques.  This work will be used to inform, guide, and help design the full-scale 

experiments, and will result in a modeling methodology that can be applied immediately once 

the experimental data is obtained.  

This research project directly addresses the theme: “Safe and Sustainable Solutions for 

the Diverse Transportation Needs of the Pacific Northwest,” given the seismic hazards present in 

the Pacific Northwest and the possible improvement in providing more efficient life-safety 

performance of our regional highway bridges.  This project meets two of the five strategic goals 

identified by the US Department of Transportation (USDOT), including Safety and State of 

Good Repair.  Additionally, incorporating materials already used for constructability purposes 

(e.g., steel casing) for a specific geotechnical design function will allow for more sustainable use 

of materials and labor (through reduction of redundant materials), leading to improved design 

and function at a lower overall cost. 

The PacTrans-related research program proposed to help achieve the global objectives 

consists of the following tasks: 

 Task 1: Conduct a review of the relevant literature; 
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 Task 2: Conduct a DOT survey of the state-of-practice of drilled shaft design and 

construction; 

 Task 3: Conduct a comprehensive parametric study of the lateral response of drilled 

shafts with commercially available software; 

 Task 4: Develop an advanced numerical model for the analysis of drilled shafts; and, 

 Task 5: Report the findings in a report. 

1.3 Organization of this Report 

Chapter 2 of this report presents a detail and comprehensive literature review on the 

technical details regarding the engineering and construction of drilled shaft foundations. 

Emphasis is placed on the various construction methods commonly used in the Pacific 

Northwest, including the installation of temporary and permanent casing, as well as experimental 

and analytical methods developed for use with deep foundations. Chapter 3 provides the results 

of the DOT survey of the state-of-practice in the design and construction of deep foundations and 

drilled shafts, in particular, for transportation infrastructure. Chapter 4 summarizes the test site 

characterization and test shaft program planned at Oregon State University under the global joint 

research effort on drilled shaft foundations.  

Chapter 5 presents the results of a comprehensive parametric study conducted to evaluate 

the use of various commercially available software programs for the analysis of the lateral 

performance of drilled shaft foundations. The effect of bending moment-rotation models, shaft 

diameter (as a proxy for flexural rigidity), diameter-to-steel casing thickness, and combined axial 

and lateral loading is evaluated. The results are summarized graphically and an interaction-

sensitive multiple linear regression analyses for ease-of-reproduction and interpolation. Chapter 

6 presents the development and implementation of a simplified and 3D finite element model for 

the simulation of the lateral response of drilled shafts within the modeling framework OpenSees. 

The work compares spring-type analyses to continuum-type analyses that are capable of 

capturing near-surface 3D effects as well as the gradual transition to 2D flow-type failure 

mechanisms that govern resistance at greater depths. 

Chapter 7 presents the comparison of commercially-available software and OpenSees 

models for the prediction of the lateral response of the test shafts planned at Oregon State 

University. Site-specific lateral resistance-lateral displacement (p-y) curves are compared to 

standard and accepted p-y curves.  These simulations represent true predictions of lateral 

performance that will be measured in the near-future. Finally, Chapter 8 summarizes the results 

of this work. A bibliography and suite of appendices accompany this report and provide the full 

set of simulation results conducted as part of this work.   
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2. Literature Review 

2.1 An Introduction to Drilled Shafts 

Drilled shafts, also known as drilled piers, drilled caissons, caissons, cast-in-drilled-hole 

piles, bored piles, etc., are cast-in-place reinforced concrete deep foundations constructed in a 

stabilized drilled borehole (Kulhawy 1991 and Brown et al. 2010). Drilled shafts are capable of 

transferring loads from the superstructure through the shaft and to a competent bearing stratum 

are designed to provide significant axial and lateral resistance (Brown 2012). Drilled shafts have 

been used for wide array of applications, including support for highway bridges, for landslide 

stabilization, and as retaining walls and sound walls. 

Drilled shafts are distinguished from other types of deep foundations employed in 

transportation works, such as driven piles, micropiles, continuous flight auger piles and drilled 

displacement piles in that (1) they are often significantly larger in size; (2) a single shaft is 

usually used to support a single column without a pile cap; (3) they are frequently installed into a 

hard bearing layer to achieve adequate load resistance (Brown et al. 2010). 

Drilled shafts can be used in urban settings where vibrations are not permitted or where 

shallow foundations could not provide sufficient load bearing capacity (Gunaratne 2006). An 

important feature of drilled shafts is the lack of requirement of pile cap for new foundations 

constructed near existing structures (Brown et al. 2010). Another advantage is that the costs per 

ton of sustained loads for drilled shafts are more economical (Owens and Reese 1982). However, 

the unit side and toe bearing resistance of drilled shafts may be smaller than that of driven 

foundations due to the excavation method used for drilled shafts (Coduto 2001). Brown et al. 

(2010) summarized the advantages and limitations of using drilled shafts compared to other 

types of deep foundations as seen in Table 2-1. 

2.2 Classification of Shafts 

Ashour et al. (2001) classified shafts into three categories: short, intermediate, and long. 

The classification is based on shaft properties and soil conditions, including shaft length below 

ground surface (L) and relative stiffness (T) (Ashour et al. 2001). Relative stiffness, T, is defined 

as: 

0 .2
( / )T E I f              (2.1) 

where EI = the bending stiffness of a shaft and f = the subgrade reaction coefficient, which is a 

function of soil properties, as shown in Figure 2-1 (NAVFAC 1982 and Norris 1986). 
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Table 2-1 Advantages and limitations of drilled shafts (Brown et al. 2010) 

Advantages  Limitations 

Easy construction in cohesive materials, 

even rock 

Construction is sensitive to groundwater or 

difficult drilling conditions 

Suitable to a wide range of ground 

conditions 

Performance of the drilled shaft may be 

influenced by the method of construction 

Visual inspection of bearing stratum 
No direct measurement of axial resistance 

during installation as with pile driving 

Possible to have extremely high axial 

resistance 

Load testing of high axial resistance may 

be challenging and expensive 

Excellent strength in flexure 

Structural integrity of cast-in-place 

reinforced concrete member requires 

careful construction 

Small footprint for single shaft foundation 

without the need for a pile cap 

Single shaft foundation lacks redundancy and 

must therefore have a high degree of 

reliability 

Low noise and vibration and therefore well 

suited to use in urban areas and near 

existing structures 

Requires an experienced, capable 

contractor, usually performed as specialty 

work by a subcontractor 

Can penetrate below scour zone into stable 

scour-resistant formation 

May not be efficient in deep soft soils 

without suitable bearing formation 

Can be easily adjusted to accommodate 

variable conditions encountered in 

production 

Requires thorough site investigation with 

evaluation of conditions affecting 

construction; potential for differing site 

conditions to impact costs, schedule 

 

 
Figure 2-1 Relationship between coefficient of subgrade reaction (f) and soil properties for both 

fine grained soils and coarse grained soils (after Norris, 1986) 
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A shaft is classified as a long shaft when L/T ≥ 4; it is classified as an intermediate shaft 

when L/T < 2; it is classified as a short shaft if the deflection shape of the shaft under lateral load 

is close to a straight line regardless of the shaft length(Ashour et al. 2001).  

2.3 Construction of Drilled Shafts 

Drilled shaft foundations are constructed by drilling a hole, investigating the site into 

which the shaft is formed, and constructing a cast-in-place reinforced concrete shaft in the hole 

(Brown et al. 2010). The three methods used to construct drilled shafts are: dry construction 

method, wet construction method, and casing construction method. The selection of the 

appropriate construction method depends on site conditions, and a combination of different 

methods may be used for construction of individual shaft. 

2.3.1 Dry Construction Method  

The dry method, as indicated by its name, is suitable for soil and rock above the water 

table and can be excavated to the designed depth under relatively dry conditions. It is required 

that soils do not cave or slump during excavation and installation of the drilled shaft. If water 

seepage exceeds tolerable levels, wet method should be employed. A surface casing can be used 

temporarily or permanently, since the drilling device may be bearing weight on the soil close to 

the hole and soils near the surface may cave (Brown et al. 2010).  

The dry method procedure, as shown in Figure 2-2, is described briefly as follows 

(Owens and Reese 1982 and Brown et al. 2010): 

a. Drill a hole using augers. Joffrion (2002) recommended that less than 30 cm (12 

inches) of seepage are allowed at the bottom of the hole after four hours. 

b. Remove loose debris and standing water at the bottom of the hole. Manual cleaning 

or a special clean-out bucket can be used.  

c. Place a reinforcing cage into the hole after it is cleaned, inspected, and approved. 

Spacers or “feet” may be installed at the end of the longitudinal bars to place the cage 

into the hole. For a shaft with relatively low bending moments, the reinforcing cage 

may be placed only in the upper portion and supported by surface skids as the 

concrete hardens. 

d. Place concrete into the hole. A drop chute or centering device can be employed for 

this purpose. The “free-fall” method can be employed by delivering the flow of 

concrete down the center of the shaft or the sides of hole and dislodging soil debris. 

Federal Highway Administration (Brown et al. 2010) recommended that before 

placing concrete, the water at the bottom of the excavation should be less than 8 mm 

(3 inches). 

 



8 

 
Figure 2-2 Dry method of dry construction: (a) drill a hole; (b) Clean the bottom of the 

excavation; (c) place the reinforcement and (d) place the concrete into the hole  

(after Brown et al. 2010) 

 

2.3.2 Wet Construction Method  

If soils are unstable or the height of the groundwater table to prevent using the dry 

method, the wet method, called “slurry method”, can be utilized. In this method slurry or other 

drilling fluids are used to fill the hole during the process of excavation, the placement of a 

reinforcement cage, and adding concrete (Joffrion 2002 and Brown et al. 2010). The purpose of 

using drilling fluid is to maintain the stability of the excavation and prevent the inflow of 

groundwater. When the slurry in the hole is above the groundwater table, the fluid will be forced 

to flow out into the soil due to hydraulic gradient. The seepage pressure applied to the sidewall 

can help to stabilize the borehole wall (Brown et al. 2010). 

The drilling fluid may be water, mineral or polymer slurry (Au and Lo 1993, Joffrion, 2002, 

and Brown et al. 2010). Water is effective when soils are permeable but not readily eroded by 

contact with water. For example, water can be used for sites with permeable sandstone and 

cemented sands. A mineral slurry is usually made from clay minerals, such as bentonite, 

attapulgite and sepiolite (Gray et al. 1980, Chilingarian and Vorabutr 1981, and Brown et al. 

2010). Bentonite slurry is the most commonly used mineral slurry. Attapulgite and sepiolite are 

applicable for drilling in permeable soils in saline environments. The polymer slurry is the 

mixture of polymers and water. Acrylamide, acrylic acid, or a combination of polyacrylamides 

with other chemicals is commonly used polymers (Brown et al. 2010).  

A brief description of the wet method procedure is provided in Figure 2-3 as follows (Brown 

et al. 2010): 
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a. Before excavation, place surface starter casing at the site, which extends deep enough 

to prevent surface cave-ins, but far enough above the ground surface to elevate the 

surface level of the drilling fluid. 

b. Fill slurry into the hole to maintain the slurry head at 1.5 m (5 feet) or more above the 

water table throughout the operation. 

c. Install a reinforcing cage after the excavation is completed and cleaned. 

d. Perform concrete placement with concrete that maintains a sufficient workability to 

move easily through the reinforcing cage. 

e. Pull the tremie while adding concrete keeping the outlet of the tremie 3 m (10 ft) or 

more below the concrete surface to prevent mixing with the slurry. 

 

 
Figure 2-3 Slurry drilling process: (a) set surface casing; (b) fill the hole with slurry; (c) set 

reinforcing after cleaning excavation; (d) place concrete using tremie; (e) pull tremie while 

adding concrete (after Brown et al. 2010) 

 

The drilling method and equipment used in the wet method are similar to those used in 

the dry excavation method. However, the equipment used in the wet method should offer a path 

for drilling fluids moving through or around the equipment. Figure 2-4 is an example of 

equipment with a slurry bypass included in the clean-out bucket. The withdrawal speed of a 

drilling tool should be controlled. Suction pressure may be built up under the tool with rapid 

withdrawal, which may lead to failure near the bottom of the excavation. 
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Figure 2-4 Bottom clean-out bucket with slurry bypass (after Brown et al. 2010) 

 

2.3.3 Casing Construction Method  

The casing method is often employed if soils are very unstable during excavation (Owens 

and Reese 1982). The excavation casing, which is usually made of steel, is pulled out either 

during or after concreting to form a rough pile surface (Lo and Li 2003).  The excavation casing 

may be kept in place if difficult to remove or needed to be a structural element in the design of 

the drilled shaft (Brown et al. 2010). 

There are three methods for installing of excavation casing as reported by Owens and 

Reese (1982) and Brown et al. (2010): 

1. In this method, an oversized hole is drilled with slurry through the shallow permeable 

strata, and then the casing is introduced and pushed into the bearing stratum, as 

shown in Figure 2-5a. After sealing the casing, the slurry is bailed from the casing 

using a bailing bucket and (see Figure 2-5b). Reinforcing steel is placed and extends 

to the full depth of the excavation, as seen in Figure 2-5c. After placing reinforcing 

steel, the hole is filled with fresh concrete to head greater than external water pressure 

(see Figure 2-5d). Finally, the casing may be pulled while adding more concrete or 

left in place. Figure 2-5e shows the procedure of pulling out of casing. As mentioned 

before, the casing can also be kept in place 

2. Unlike the previous method as shown in Figure 2-5, the casing can also be driven into 

the bearing formation using impact or vibratory hammers or casing oscillator or 

rotator (Figure 2-6a), and then the soil inside the casing is excavated in the dry 

(Figure 2-6b). Then the rest of construction procedures for placing reinforcing steel 

and pouring concrete into the hole are similar as those discussed in step 2. 

3. If soils are dry or have slow seepage, the excavation of oversized hole can be done 

first using the dry method, and then the casing can be placed into the hole. 
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Figure 2-5 Construction using casing through slurry-filled starter hole: (a) set starter casing and 

drill with slurry; (b) place casing and remove slurry; (c) set reinforcing after cleaning excavation; 

(d) place concrete; (e) pull casing out of the hole (after Brown et al. 2010) 

 

 
Figure 2-6 Construction using casing advanced ahead of excavation: (a) drive casing into the 

bearing formation of soil; (b) drill the hole through casing; (c) set reinforcing after cleaning 

excavation; (d) place concrete; (e) pull casing out of the hole (after Brown et al. 2010) 

 

It is noted that during the construction, the casing must be sealed into a watertight 

formation to prevent the inflow of groundwater or sand around the bottom of the casing, which 

may cause cavity around the casing. It is important to keep sufficient space between bars of the 

reinforcing cage and good flow characteristics of the concrete to make sure the concrete can 

easily flow through the steel bars and fill the space between reinforcing and the sides of the hole.  

Brown et al. (2010) recommended some equipment for driving casing ahead of the 

excavation. Figure 2-7 shows the vibratory hammer and oscillator that can be used to driven the 

casing into the bearing layer. Twister bar (Figure 2-7c) can be attached to the drill rig to apply 
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torque and down force onto the casing. When the hard soil is encountered, the casing may be 

equipped with cutting teeth or carbide bits at the bottom to assist in penetration, as shown in 

Figure 2-8.  

 

 
(a) 

 
              (b)                                                                 (c) 

Figure 2-7 Used of (a) oscillator rig, (b) vibro-hammer, and (c) twister bar to advance casing 

(after Brown et al. 2010) 
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Figure 2-8 Cutting Teeth on the Casing (after Brown et al. 2010) 

 

The hammer grabbing (HG) or reverse circulation drilling (RCD) are commonly used 

methods to excavate large-diameter bored piles (Lo and Li 2003). HG and RCD are capable of 

excavation of 3 m (10 feet) diameter to depths exceeding 70 m (230 feet). For the HG method 

(Figure 2-9a), an oscillator, rotator, or vibrating hammer are employed to sink a heavy-duty 

excavation casing, and a heavy grad is for excavating the soil inside the casing. In the RCD 

method, after a casing is sunk similar to the HG method, a drill rig is used for excavation and the 

excavated materials are flushed back to the ground by the reverse circulation technique.  

  
Figure 2-9 Construction of drilled shaft using: (a) hammer grabbing; (b) reverse circulation 

drilling (after Lo and Li 2003) 

. 
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2.4 Design Methods for Axially Loaded Shafts 

2.4.1 Axial Capacity of Drilled shafts 

Axial loads are supported by tip resistance and skin friction along the shaft length (Poulos 

and Davis 1980, Salgado 2008), as seen in Figure 2-10. Based on the Cone Penetrometer Test 

(CPT), the axial capacity of a drilled shaft can be achieved using “rational (indirect) CPT” 

methods and “direct CPT” methods (Niazi et al. 2010). In “rational (indirect) CPT” methods, the 

total stress analysis (α method) or the effective stress analysis (β method) can be applied to clays 

or sands, respectively, to evaluate the side resistance and end bearing resistance with an 

assessment of a soil’s stress history (preconsolidation stress (σp') and overconsolidation 

ratio(OCR)), the in-situ lateral stress coefficient (Ko), undrained shear strength (su), effective 

stress strength (φ'), and fundamental soil stiffness (Gmax or Emax) (Niazi et al. 2010, Poulos 1989). 

In “direct CPT” methods, the measured CPT data are directly scaled up to estimate the 

performance of full-scale shafts.  

 
Figure 2-10 Load Transfer Mechanism of Axially Loaded Piles (after Salgado 2008) 

 

2.4.1.1 Indirect CPT Methods for Axial Shaft Capacity 

Kulhawy (2004) summarized the formulation to compute the axial capacity (Qc) of a 

drilled shaft as :  

     
c sc tc

Q Q Q W       compression capacity        (2.2) 

    
u su tu

Q Q Q W    uplift capacity          (2.3) 

where Qs = side resistance, Qt = tip resistance, and W = shaft weight, which is the effective 

weight for drained loading or the total weight for undrained loading.  
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Alpha and Beta Method for Skin Friction 

Kulhawy (1991), East Japan Railway et al. (1996), and Chen and Kulhawy (2002) 

reported that skin friction is about the same in uplift and compression tests. The side resistances 

for both undrained loading and drained loading, using α and β methods, respectively, are given 

by (Kulhawy 2004): 

  
0

( / ) ( ) 
D

s o usc u
B K KQ sQ z d z     for undrained loading                 (2.4) 

'

0 0

( ( ) )
D

vs

D

s c u
B z d z B f zQ d zQ           for drained loading         (2.5) 

where B = shaft diameter, D = shaft length, β = a coefficient related with the effective stress 

friction angle (δ) for the soil-shaft interface, f = unit side resistance along the shaft, α = an 

empirical adhesion factor obtained from an α-su correlation, K =  coefficient of horizontal earth 

stress, Ko = coefficient of earth pressure at rest, K/Ko = a factor that represents the change in the 

horizontal total stress as a function of the construction method, which is equal to 1.0 for dry 

construction, 5/6 for casing construction, 2/3 for slurry construction, and 11/12 for combined 

dry/casing construction (Chen and Kulhawy 2002), su = undrained shear strength, and z = depth. 

Jamiolkowski (2003) reported that f can be obtain through undrained shear strength (su), 

as expressed by: 

  u
f s                (2.6) 

where  α =a empirical factor. Based on the results of a large database on bored piles, α is given 

by Chen & Kulhawy (1994): 

  α = 0.21 + 0.26(pa /su) < 1           (2.7) 

where pa = atmospheric pressure. 

O’Neill (2001) also developed a correlation, as shown in Figure 2-11, for drilled shafts 

based on an analysis of parts of two load test databases. O’Neill (2001) assumed that su is 

characterized using the results of UU triaxial compression tests. O’Neill and Reese (1999) 

proposed the following equation for the value of a: 

0 .5 5a    for 1 .5
u

a

s

P
     (2.8) 

0 .5 5 0 .1( 1 .5 )
u

a

c
a

P
         for 1 .5 2 .5

u

a

s

P
    (2.9) 
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Figure 2-11 Suggested Design Relation to a to su /pa in Drilled Shafts (after O’Neill 2001) 

 

Reese and O’Neill (1988) proposed an empirical method based on a set of load tests for 

drilled shafts to calculate the unit side resistance, f, of a drilled shaft in sand, which is given as: 

f = β σ’z ≤ 200 kPa                           (2.10) 

where σ’z = vertical effective stress in soil at depth z (m) and β = side resistance coefficient. 

There are two widely used approaches to estimate β. The first approach is called depth-

dependent β method (O’Neill and Reese 1978). In this method β is only related with depth and can 

be obtained by: 

β = 1.5 – 0.245 z0.5  1.2 ≥ β ≥ 0.25                                                    (2.11) 

For loose sand layers with standard penetration test (SPT) blow counts less than or equal 

to 15, O’Neill (1994) suggested that β should be scaled down by the ratio of (N60/15) and σ’z can 

be calculated using measured water tables and unit weight of soils (γ) estimated by the SPT blow 

counts (N). 

However, Brown et al. (2010) pointed out that this method is fail to account explicitly for 

the in-situ state of stress and the soil shear strength and provides a conservative side resistance 

for most soil profiles. 
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Based on the work done by Kulhawy (1991), Mayne and Harris (1993), Chen and 

Kulhawy (2002), Kulhawy and Chen (2007), Brown et al. (2010) recommended the following 

equation to estimate β: 

  
K

( ) ta n '
o

o

K
K

                                     (2.12) 

where ϕ’ = effective stress friction angle. 

Meyerhof Method for Skin Friction 

The ultimate side resistance (f) of drilled shafts in cohesionless soils is proposed by 

several researchers, e.g., Meyerhof (1976), Reese and O’Neill (1988), and Kulhawy (1991). The 

Meyerhof method (1976) is based on the results of field load tests and the f of a drilled shaft as 

given by: 

    6 0
 f kP a N           (2.13) 

where N60 = average standard penetration resistance in blows per 300 mm for a hammer 

delivering 60% of the theoretical applied energy. 

Bearing Capacity Method for Tip Resistance 

The tip resistance of the shaft in compression is calculated using the bearing capacity of 

the soil under shaft tip, as represented by: 

tc u lt t ip
Q q A                (2.14)  

where qult = ultimate bearing capacity and Atip = shaft tip area. The general solution for ultimate 

bearing capacity qult is the Terzaghi-Buisman equation (e.g.,Vesic 1975) given by: 

  0 .5
u lt c q

q cN B N q N


             (2.15) 

in which c = soil cohesion, γ = soil unit weight, q = vertical stress at the shaft tip (= γ D), D =  

shaft depth, and Nc, Nγ, Nq = bearing capacity factors given by:  

2
tan (4 5 / 2 ) ex p ( tan )

o

q
N              (2.16)  

( 1) c o t
c q

N N              (2.17) 

2 ( 1) tan
q

N N


            (2.18) 

Further research for calculating qult has been conducted by Hansen (1970), Vesic (1975), 

and Kulhawy et al. (1983) to extend the ultimatate bearing capacity solution to actual field 

conditions with the consideration of foundation shape, depth, and rigidity using modifiers (ξ). 

The ultimate bearing capacity for drained compression loading (Equation (2.19)) and undrained 

compression loading (Equation (2.20)) is given by Kulhawy (1991): 
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  0 .5
u lt s d r q q s q d q r

q B N q N
   

                     (2.19) 

  6 .1 7
u lt u cd cr

q s q             (2.20) 

The tip resistance in uplift is developed from tension and suction, as represented by: 

  tu t tip s tip
Q s A s A            (2.21) 

where st = tip tension, which is the minimum tensile strength of the soil or the concrete and ss = 

tip suction, which is zero in drained loading. In undrained loading, ss can be evaluated as follows 

(Stas & Kulhawy 1984):  

  ( / ) ( / ) ( )
s tip i tip w

s W A u W A D h            (2.22) 

where h = depth to water table.  

2.4.1.2 Direct CPT Method for Axial Pile Capacity 

There are many proposed direct CPT methods for estimating the unit side resistance (fp) 

and end bearing resistance (qb). The following review is limited to the methods relevant to drilled 

shafts. 

Laboratoire Central des Ponts et Chaussées (LCPC) Method 

Bustamante and Gianeselli (1982) proposed the LCPC method, which offers versatility in 

the variety and types of deep foundation systems and geomaterials that can be accommodated. In 

this method, fp and qb depend on the measured cone tip resistance (qc), as given by: 

   /
p c

f q              (2.23) 

   · 
b c c

q k q             (2.24) 

where α = a coefficient depend on the pile and soil types and the qc values, kc = penetrometer 

bearing capacity factor. 

Alsamman (1995) made a revision, as seen in Figure 2-12, on the LCPC method based on 

the interpretation of a large database of full scale load tests on bored piles in coarse grained soils. 

Politecnico di Torino (PT) Method  

Fioravante et al. (1995) developed the PT method to estimate the fp of drilled shafts in 

clear quartzitic uncemented NC sands, as given by: 

  fp(MPa) ≈ [qc (MPa)/274]0.75              (2.25) 
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Figure 2-12 (a) Critical unit base resistance, and (b) side friction from CPT  

(after Alsamman 1995) 

Unicone Method 

In the Unicone Method, which is suitable for a variety of soils, fp and qb are calculated by 

the following expressions (Eslami and Fellenius 1997, Eslami 2006) : 

   fp = Cse ∙ qc                (2.26) 

  qb = Cte ∙ qE = Cte ∙ (qc – u2)          (2.27) 

where qE = effective cone resistance, u2 = the measured pore water pressure, Cse and Cte = the 

side and the toe correlation coefficients. Cse varies with soil type, as shown in Figure 2-13. Cte is 

determined by (Fellenius 2002): 

 Cte = 1  if d < 0.4 m         (2.28) 
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Cte = 1/3d if d ≥ 0.4 m         (2.29) 

where d = the pile toe diameter in meters. 

 
Figure 2-13 Unicone chart to determine soil type and Cse (after Eslami & Fellenius 1997) 

 

Kajima Technical Research Institute (KTRI) Method 

The KTRI method is applicable to drilled shaft in variety of ground conditions (Takesue et al. 

1998). In this method, fp can be evaluated using the measured fs and excess porewater pressures 

(Δu2), as presented in Figure 2-14.  

 
Figure 2-14 KTRI method for evaluating side friction of piles in different soils  

(after Takesue et al. 1998) 

 



21 

2.4.2 Load-Transfer Method (t-z and p-z Curves) 

As Armaleh and Desai (1987) mentioned, the soil reaction around the shaft and under the 

tip can be represented by discrete nonlinear springs distributed along the shaft (t-z curves), and at 

the shaft tip (q-z curves), respectively. Figure 2-15 shows an idealized model of t-z and p-z 

method. 

 
Figure 2-15 Schematic concept used in t-z and p-z method (modified from Pando et al. 2006). 

 

The approach to develop load-transfer curves includes empirical procedure based on field 

and experimental data (Coyle and Reese 1966, Coyle and Sulaiman 1967, Holmquist and 

Matlock 1976, and Grosch and Reese 1980), numerical techniques (Poulos and Davis 1968, 

Butterfield and Banerjee 1971), and theoretical method (Chin 1970, Randolph and Worth 1978, 

Kraft et al. 1981, Chow 1986, McVay, et al., 1989, Randolph 1994, and Poulos 2001), and finite 

element method. 

2.4.3 Empirical t-z Curves  

The t-z curve method is widely used for the axially loaded pile surrounded by stratified 

soil with nonlinear responses (Pando et al. 2006). Seed and Reese (1957) first proposed t-z curve 

method using the vane shear test to determine the relationship between the vertical displacement 
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along the pile shaft and the induced shear stress, as shown in Figure 2-16. Coyle and Reese 

(1966) performed a series of pile load tests and proposed the t-z curve as shown in Figure 2-17. 

 

  
Figure 2-16 Relationship between movement and shear resistance obtained by vane shear test 

(after Seed and Reese 1957) 

 

 
Figure 2-17 Relationship between the ratio of load transfer to undisturbed soil shear strength and 

the pile movement (after Coyle and Reese 1966) 

 



23 

2.4.4 Empirical Load-Transfer Curves Proposed by Vijayvergiya (1977) 

2.4.4.1 Vijayvergiya (1977) Proposed t-z Curves  

Vijayvergiya (1977) proposed the relationship between the mobilized unit side shear ( s
 ) 

and the shaft movement (z): 

  , m a x
2

s s

c c

z z

z z
 

 
  

 
 

  for c
z z        (2.30) 

  , m a xs s
     for c

z z         (2.31) 

where , m a xs
 = the maximum side friction, and zc = critical pile displacement which is required to 

mobilize , m a xs
 . The typical shape of the t-z curve is shown in Figure 2-18.  

 
Figure 2-18 Normalized t-z curve for clay and sand (after Vijayverjia 1977). 

  

The critical pile displacement (zc) is depend on the pile and soil conditions (Vijayvergiya 

1977, Kulhawy 1985 and Srivastava et al. 2008). A literature review about zc was conducted by 

Vijayvergiya (1977) for pile embedded in clay and sand, as listed in Table 2-2 and Table 2-3, 

respectively.  
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Table 2-2 Summary of critical pile displacement in clay (modified from Vijayvergiya 1977) 

Pile Size (in) Range of zc (in) References 

- - Burland et al. (1966) 

16 0.1 to 0.3 Coyle et al.(1973) 

12 - 3/4 - Darragh and Bell (1969) 

24 0.3 to 0.4 McCammon and Golder (1970) 

30 to 90 0.2 to 0.4 O’Neill and Reese (1972) 

6 0.12 Seed and Reese (1957) 

12 to 24 - Skempton (1959) 

30 0.4 to 0.8 Vijayvergiya (1969) 

* D = pile diameter 

Table 2-3 Summary of critical pile displacement in sand (modified from Vijayvergiya 1977) 

Pile Size (in) Range of zc (in) References 

16 0.2 to 0.4 Coyle et al. (1973) 

12 - 3/4 0.3 to 0.4 Coyle and Sulaiman (1967) 

12 - 3/4 0.25 Darragh and Bell (1969) 

24 0.4 McCammon and Golder (1970) 

16 0.2 to 0.4 Mansur and Hunter (1970) 

18 - Vesic (1970) 

18 0.5 to 1.0 Vijayvergiya (1971) 

 

2.4.4.2 Vijayvergiya (1977) Proposed q-z Curves  

Based on the experiment data, Vijayvergiya (1977) developed the q-z curve, as given by: 

1 / 3

m ax
( )

b

c

z
q q

z
            (2.32) 

where q = pile tip resistance, m a x
q = maximum tip resistance, 

b

c
z = critical pile displacement 

which is required to mobilize m ax
q , which is summarized in in Table 2-2 and Table 2-3 for clay 

and sand, respectively. 

2.4.5 Empirical Load-Transfer Curves Recommended by API (1993) 

2.4.5.1 API (1993) Recommended t-z Curves  

API recommended the t-z Curves (Figure 2-19) for non-carbonate soils in the absence of 

more definitive criteria. In Figure 2-19, D = pile diameter, t = = mobilized unit skin friction, tres 

= res
 = residual unit skin friction, and tmax = m ax

 = maximum unit skin friction, as given by: 

m ax
 = 

'
tan

h v
K     for granular soils       (2.33) 

m ax
c    for cohesive soils       (2.34) 



25 

where h
K = coefficient of lateral earth pressure, 

'

v
 =effective normal stress,  = friction angle at 

interface,   = a dimensionless factor, and c = undrained shear strength of the soil. The factor 
  can be estimated by the following equations: 
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(2.35) 
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  for 1 .0        (2.36) 

The value of the residual unit skin friction ratio m ax
/

res
  is in the range of 0.70 to 0.90 

and can be estimated from laboratory tests, in situ or model pile tests (API 1993). 

 
Figure 2-19 API (1993) recommended t-z curves 

 

2.4.5.2 API (1993) Recommended Q-z Curves  

In the absence of more definitive criteria, API recommended the pile tip load (Q)-

displacement (z) curve, as illustrated in Figure 2-20. In the figure, D = pile diameter, tmax = m ax
 = 

maximum unit skin friction, and Qp = total end bearing = qAp, Ap = end area of pile and q = unit 

end bearing capacity, which can be estimated by: 
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  9q c    for cohesive soils       (2.37) 

  
'

v q
q N   for cohesive soils       (2.38) 

where q
N = dimensionless bearing capacity factor and the recommended values are summarized 

in Table 2-4. 

Table 2-4 Recommended values for q
N (API 1993) 

Density Soil Description 
Soil-Pile Friction 

Angle, δ (deg) q
N  

Very Loose to Medium Sand, Sand to Silt, Silt 15 8 

Loose to Dense Sand, Sand to Silt, Silt 20 12 

Medium to Dense Sand, Sand to Silt 25 20 

Dense to Very Dense Sand, Sand to Silt 30 40 

Dense to Very Dense Gravel, Sand 35 50 

 

 
Figure 2-20 API (1993) recommended Q-z curve 

 

2.4.6 Theoretical Load-Transfer Curves for Linear Soils 

2.4.6.1 Theoretical t-z Curves for Linear Soils 

With the concentric cylinder approach (Cooke 1974, Frank 1974, and Baguelin, et al. 

1975), Randolph and Wroth (1978) proposed a t-z curve model for linear elastic soil with no 

radial variation of shear modulus (G(r) = G, in which r = radial distance). The concentric 

cylinder model is used to model the deformation of the soil around the pile, as illustrated in 

Figure 2-21.  
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                    (a) Concentric cylinders around loaded pile   (b) Stresses in soil element 

Figure 2-21 Concentric cylinder model for settlement analysis of axially loaded piles (after 

Pando et al. 2006 originally fromRandolph and Wroth 1978). 

 

The t-z curve model was developed by considering the vertical equilibrium of the 

annular-shaped soil element and is given by (Randolph and Wroth 1978): 

  0

0

ln
m

i

r r
z

G r

  
  

 

         (2.39) 

where   = shear resistance on the pile-soil interface   the maximum shear resistance ( m ax
 ), 0

r = 

the pile radius, m
r ,= the radial distance beyond which the shear stresses are negligible and the 

soil does not deform, which can be estimated by: 

  2 .5 / ( )
m

r L             (2.40) 

in which L = pile length,  = the ratio of the soil shear moduli at depths L/2 and the pile tip,  = 

Poisson’s ratio.  

The Randolph and Wroth (1978) model can be illustrated by an example shown in Figure 

2-22. 
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Figure 2-22 An example of the linear t-z curve (after Pando et al. 2006) 

 

2.4.6.2 Theoretical q-z Curves for Linear Soils 

Poulos and Davis (1990) used Boussinesq's theory to approximate the q-z curve for a 

rigid footing resting on an elastic half-space, as expressed as: 

0

(1 )

4

b

b

q A
z

G r


            (2.41) 

where b
z = pile tip displacement, q = pile tip pressure, b

A = pile tip area,  = Poisson’s ratio. A 

linear q-z curve is shown in Figure 2-23, in which the pile tip load, b b
Q q A . 

 
Figure 2-23 An example of the linear q-z curve (after Pando et al. 2006) 
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2.4.7 Theoretical Load-Transfer Curves for Nonlinear Soils 

2.4.7.1 Theoretical t-z Curves for Nonlinear Soils 

Based on the work done by Randolph and Wroth (1978), Kraft et al. (1981) proposed a t-

z curve model for piles embedded in nonlinear soils. The hyperbolic stress-strain model of soil 

can be expressed by ((Kraft, et al., 1981, Chow 1986, McVay, et al., 1989): 

  0

m a x

1
f

i

R
G G





 
  

 

          (2.42) 

where i
G = initial shear modulus at small strains, f

R = failure ratio and can be obtained from 

triaxial tests, m ax
 = shear stress at failure = 

'
tan

h v
K   . 

The initial shear modulus can be computed using laboratory tests (Janbu 1963) and 

empirical correlations with in situ CPT tests (e.g., Baldi et al 1989, Rix and Stokoe 1991, Chow 

1996, and Lunne et al. 1997-FHWA).  

The method proposed by Janbu (1963) is given by: 

  / [2 (1 )]
i i

G E             (2.43) 

3

n

i a

a

E K p
p

 
  

 

          (2.44) 

where i
E = the initial Young’s modulus, a

p = the atmospheric pressure, 3
 = confining pressure 

= 
'

h v
K  ,  K and n are constants and can be obtained from triaxial tests. The constant K quantifies 

the initial modulus magnitude as a multiple of a
p and coefficient n shows how the modulus is 

dependent on earth pressure (Lapos and Moore 2002). 

Chow (1996) developed the correlation between the CPT tip resistance, qc, and the initial 

shear modulus based on the calibration chamber tests conducted by Baldi, et al. (1989) , as given 

by: 

  
2

c

i

q
G

A B C 


 
           (2.45) 

  
'

c

a v

q

P





            (2.46) 

where A, B, C are constants and A = 0.0203, B = 0.00125, C = 1.216×10-6 for uncemented 

quartzitic sands, and Pa = atmospheric pressure. 

Then, the t-z curves proposed by Kraft et al. (1981) are expressed by: 
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          (2.47) 

where   = shear resistance on the pile-soil interface, 0
r = the pile radius, m a x

/
f

R   . 

Since the hyperbolic model is only appropriate when the initial shear modulus is from 

conventional laboratory tests, the modified hyperbolic model proposed by Fahey and Carter 

(1993) can be used if the initial shear modulus is obtained from dynamic test measurements 

(Randolph 1994). The modified hyperbolic stress-strain model is given by (Fahey and Carter 

1993): 

0

m a x
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G G f





  
    
   

         (2.48) 

where f and g are empirical curve fitting parameters. It can be seen that this modified hyperbolic 

model would become a standard hyperbolic model for f = Rf and g = 1.With this stress-strain 

model the t-z curve can be derived as: 

  0 0 m a x
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        (2.49) 

A comparison of t-z curves between the modified hyperbolic model, standard hyperbolic 

model and linear elastic model was performed by Pando et al. (2006) with Rf = 1.0, as presented 

in Figure 2-24. The hyperbolic t-z curve has the same initial stiffness as the linear curve. When 

Rf = 0, the nonlinear t-z curve is identical to the linear curve. 

 

 
Figure 2-24 An example of the t-z curve as Rf = 1.0 (after Pando et al. 2006) 
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2.4.7.2 Theoretical q-z Curves for nonlinear soils 

Fahey and Carter (1993) developed a q-z curve model with a hyperbolic load-deformation 

relationship proposed by Chow (1986), in which the tangent stiffness 
b

t
K  is given by: 

 m ax
1 ( / )

b b g

t o b b
K K f q q


            (2.50) 

where 
b

o
K = initial elastic soil stiffness = 0

4 / (1 )G r  and m axb
q

 = ultimate pile tip pressure. 

Then, the q-z curve is obtained by: 

 m ax
1 ( / )

b b

b b g

o b b

q A
z

K f q q





         (2.51) 

For comparison purpose an example of the hyperbolic and the linear elastic q-z curves are 

shown in Figure 2-25. 

 
Figure 2-25 Comparison of the hyperbolic and the linear elastic q-z curves  

(after Pando et al. 2006) 

 

2.5 Design Method for Laterally Loaded Piles 

Pushover analysis is commonly used to develop the load-deflection relationship for 

drilled shaft. Several models have been developed to evaluate the lateral response of a soil-shaft 

system include the elastic pile and soil model, the finite element or continuum soil model, rigid 

pile and plastic soil model, and the nonlinear pile and p-y soil model (Wallace et al. 2001).   

2.5.1 Elastic Pile and Soil Approach 

This method is based on the beam on elastic foundation concept proposed by Hetenyi 

(1946). It is assumed that loads applied on the pile are small and both the pile and soil are linear 

elastic. The relationship between lateral soil reaction per unit length (p) and the pile lateral 
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deflection (y) is linear and presented by the modulus of subgrade reaction (K), which is provided 

by Terzaghi (1955). This method was employed by Polous and Davis (1980) to evaluate the 

interaction between single piles and soil under variety of cases of loading. The limitation of this 

method is that it is not suitable for assessing the large deformation response or collapse potential 

of a pile in nonlinear soil (Wallace et al. 2001). 

2.5.2 Continuum Approach 

Finite element (FE) analysis can be used to evaluate the interaction between pile and soil. 

Two-dimensional FE models were firstly used Yegian and Wright (1973) and Thompson (1977) 

to study pile behavior. Yegian and Wright (1973) investigated the lateral soil resistance-

displacement relationships for pile embedded in soft clays, in which nonlinear model was used 

for the soil. Thompson (1977) successfully developed a FE model for predicting soil response 

curves which agreed well with the results of full-scale testing near the ground surface. 

Kuhlemeyer (1979) and Randolph (1981) were among the first to develop a three-dimensional 

(3-D) FE model with linear soil elements. Trochanis et al. (1988) employed Drucker-Prager 

model for soil in their 3-D FE model to calculate the axial and lateral response of piles to 

monotonic and cyclic loading. Kooijman (1989) and Brown et al. (1989) developed nonlinear 3-

D FE model for the soil-pile system using elasto-plastic formulations to investigate lateral soil-

resistance and pile deflection relations.   

2.5.3 Rigid pile and plastic soil Approach 

For rigid pile in plastic soil, the ultimate lateral resistance can be obtained using the 

equations developed by Broms (1964). This method assumed that ultimate lateral resistance for a 

short rigid pile is governed by the passive earth pressure of the surrounding soil. The minimum 

dimensions of a pile that are required to resist the design lateral load can be evaluated using this 

method. Therefore, this approach can be employed to provide preliminary assessment for the 

soil-pile interaction. 

2.5.4 Beam-on-foundation Approach with Nonlinear Model for Pile and Soil 

As shown in Figure 2-26, the nonlinear reaction of soil along the depth of a laterally 

loaded pile can be modeled with discrete springs (p-y curves) (Reese et al. 1975). Although the 

soil is not considered as continuum in this approach, the commonly used p-y curves are derived 

from full-scale tests with continuum effect implicitly incorporated (Wallace et al. 2001). For 

example, the American Petroleum Institute (API 1993) recommended p-y curves were back-

calculated based on the data from full-scale lateral-load testing of slender piles with both 

monotonic and cyclic loading. Specifically, the p-y curves 1) for soft clays with free water are 

derived from the tests conducted by Matlock (1970) with 320 mm (12.75 inches) diameter steel-

pipe piles; 2) for stiff clays with free water are derived from the experiments with 610 mm (24 

in) diameter steel-pipe piles performed by Reese et al. (1975); 3) for stiff clays without free-

water are established on tests with 760 mm (30 in) diameter reinforced concrete drilled piles 

achieved by Reese and Welch (1975); and 4) sands are obtained from tests with 610 mm (24 in) 

diameter steel-pipe piles by Cox et al. (1974). 
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Figure 2-26 Nonlinear pile and p-y curves for laterally loaded piles 

(after Isenhower and Wang 2013) 

 

As described by Wallace et al. (2001), this curve can be divided into three portions: linear 

portion (from origin to point ‘a’), nonlinear portion (from points ‘a’ to ‘b’), and constant 

(straight-line) portion (beyond point ‘b’). When the deflection of pile in soil is small, the shear 

strains in the soil are small and the relationship between p and y is linear. The modulus of the p-y 

curve is dependent on the soil elastic modulus, Es. The nonlinear portion of the p-y curve is 

empirical and derived from full-scale lateral load tests. The constant portion indicates that the 

soil is behaving plastically. The ultimate resistance pult is related to the pile dimensions and soil 

properties. 

2.5.4.1 p-y Curve For Soft Clay with Free Water 

Matlock (1970) describe lateral load tests employing a steel-pipe piles that is 12.8 m (42 

ft) long, with a diameter of 320 mm (12.75 inches). The pile was driven into soft clay deposit 

near Lake Austin, Texas, which can be classified as CH according to the Unified Soil 

Classification System. The undrained shear strength was found from field vane shear tests and 

averaged 29 Kpa (0.6 ksf) with the consideration for creep and anisotropy. The axial strain at 

50% of the failure load (ε50) was measured from triaxial tests and was found to be 0.012. Both 

static and cyclic lateral loads were applied on the pile just above ground surface. The water table 

was maintained above the ground surface during loading. 



34 

With the test results, Matlock proposed the p-y curves for soft clay. The characteristic 

shape of the proposed soft clay p-y curves is shown in Figure 2-27. For static loading, p-y curves 

can be constructed by 

  

1 /3

5 0

= 0 .5

u

p y

p y

 

 
 

           (2.52) 

 
u p u

p N s D                (2.53) 

5 0 5 0
 2 .5y D             (2.54) 

where pu = ultimate soil resistance, y50 = the soil displacement at one-half of ultimate soil 

resistance, su = soil undrained shear strength, D = pile diameter, ε50 = the strain at one-half of the 

maximum principal stress difference (0.020 for soft clay), Np = coefficient related to soil unit 

weight (γ), depth (z) as proposed by Matlock (1970) and Reese and Welch (1975). Stevens and 

Audibert (1980), Randolph and Houlsby (1984), Murff and Hamilton (1993), Martin and 

Randolph (2006), and Georgiadis and Georgiadis (2010) developed other methods to obtain Np 

taken into account pile roughness using pile-soil adhesion factor (α).  

 

  
Figure 2-27 Characteristic shapes of p-y curves for soft clay in the presence of free water under 

static loading (after Isenhower and Wang 2013 originally fromMatlock, 1970) 

  

2.5.4.2 p-y Curve for Stiff Clay with Free Water 

Reese et al. (1975) conducted full-scale lateral-loading tests on two 610 mm (24 inches) 

diameter, 15.2 m (50 feet) long steel pipe piles, which were driven into a stiff clay site near 

Manor, Texas.  Unconsolidated-undrained triaxial tests were employed to measure the undrained 

shear strength of soil, which varied from around 70 kPa (1.5 ksf) near the surface to 1100 kPa 

(22 ksf) at the toe of the piles. The axial strain at 50% of the failure load (ε50) was measured from 

triaxial tests and was found in the range from 0.004 to 0.007. Water table was maintained above 
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the ground surface of the site for several weeks before obtaining the soil properties through 

experiments. One pile was applied static loading and the second one was under cyclic loading. 

The loading point was 0.3 m (1 ft) above ground surface for both piles. The typical shape of p-y 

curves in stiff clay for static loading is illustrated in Figure 2-28. It is noted that a large loss of 

soil resistance is shown in this model, compared to the Matlock (1970) soft clay p-y curves. It is 

probably due to the soil at this site was expansive and continued to absorb water as the testing 

progressed (Juirnarongrit 2002). 

 

 
Figure 2-28 Characteristic shape of p-y curves for stiff clay in the presence of free water under 

static loading (after Isenhower and Wang 2013 originally fromReese et al. 1975) 

 

The p-y curves in stiff clay for static loading can be derived as follows (Reese et al. 

1975): 

1. Compute ultimate Soil Resistance (pu) from the lessor of two expressions reflecting 

shallow wedge failure and deep flow failure, as given by: 

2 ' 2 .8 3
u t a a

p c D D z c z    Wedge Failure  (2.55) 

1 1
u d u

p s D  Flow Failure            (2.56) 

where ca = average undrained shear strength over depth z, D = pile diameter, γ’ = 

effective soil unit weight, and su = soil undrained shear strength. 

2. Construct the initial linear portion of the p-y curves by: 

( )
p y

p k z y    (2.57) 

where kpy = coefficient of change subgrade reaction constant (F/L3), which increases 

linearly with depth (Reese et al. 1975). 
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3. Estimate the first parabolic portion of the p-y curves by: 

0 .5

5 0 5 0

5 0

0 .5 ( ) ,
u

y
p p y D

y
    (2.58) 

where y50 = the soil displacement at one-half of ultimate soil resistance, ε50 = the strain at 

one-half of the maximum principal stress difference (0.004-0.007) 

4. Establish the second parabolic portion of the p-y curves, from As y50 to 6As y50, by: 

0 .5 1 .2 55 0
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    (2.59) 

where As = constants, which can be determined from Figure 2-29. 

 

 

Figure 2-29 Chart for determination of constant As for stiff clay below water table  

(after Isenhower and Wang 2013 originally fromReese et al. 1975) 

 

5. Establish straight-line portion, from 6As y50 to 18As y50, by: 

0 .5

5 0

5 0

0 .0 6 2 5
0 .5 (6 ) 0 .4 1 1 ( 6 )

u s u u s
p p A p p y A y

y
      (2.60) 

6. Determine the final straight-line portion by: 

0 .5
0 .5 (6 ) 0 .4 1 1 0 .7 5

u s u u s
p p A p p A     (2.61) 

z/D 
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2.5.4.3 p-y Curve for Stiff Clay without Free Water 

Reese and Welch (1975) conducted full-scale lateral-load tests with a 760 mm (30 

inches) diameter, 12.8 m (42 ft) long reinforced concrete drilled piles at a site in Houston, Texas. 

The site consisted of overconsolidated, fissured clay with a water table of 5.5 m (18 ft). 

Unconsolidated-undrained triaxial compression tests were utilized to measure the undrained 

shear strength of soil, which averaged between 75 kPa (1.5 ksf) and 163 kPa (3.4 ksf). The axial 

strain at 50% of the failure load (ε50) was measured from triaxial tests and averaged 0.005. The 

typical shape of p-y curves in stiff clay without free water for static loading is illustrated in 

Figure 2-30. It is seen that the shape and formulation of this p-y curves are similar to those for 

soft clay with free water proposed by Matlock (1975). The forth degree of parabola relationship 

was used to represent the curve.  

 

 
Figure 2-30 Characteristic shape of p-y curves for static loading in stiff clay without free water 

(after Isenhower and Wang 2013 originally fromReese and Welch 1975) 

 

The p-y curves in stiff clay without free water for static loading can be obtained as 

follows (Reese and Welch 1975): 

1. Compute Ultimate Soil Resistance, pu, from the lessor of two expressions, as given 

by: 

'
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   (2.62) 

9
u u

p s D    (2.63) 

where su = undrained shear strength, z = depth, D = pile diameter, γ’ = effective soil 

unit weight, and J = constant = 0.5. 
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2. Determine the pile deflection at one-half the ultimate soil resistance, y50 

5 0 5 0
2 .5y D    (2.64) 

3. Develop p-y curves by: 
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2.5.4.4 p-y Curve for Sand Proposed by Reese et al. (1974) 

Cox et al. (1974) reported the results of a test of two steel-pipe piles with a diameter of 

610 mm (24 in) and penetration length of 21 m (70 ft) at the site on Mustang Island, Texas. Both 

of the piles were driven into a deposit of submerged, dense, fine sand with a friction angle of 39 

degrees. The water table was maintained above the mudline through the experiments. One pile 

was applied static loading and the second one was under cyclic loading. The characteristic shape 

of p-y curves for sand is illustrated in Figure 2-31, in which b is pile diameter and x is depth.  

 
Figure 2-31 Characteristic Shapes of p-y Curves for Sand (after Isenhower and Wang 2013 

originally fromCox et al., 1974) 

 

The procedure of constructing the p-y curves for sand is shown as follows (Reese et al. 

1974):  

1. Compute parameters that needed for  constructing the p-y curves: 

2

0
, 4 5 , 0 .4 , ta n ( 4 5 )

2 2 2
a

K K
  

         (2.67) 

where ϕ = friction angle. 
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2. Compute govern ultimate soil resistance (ps) from the lessor of two expressions 

reflecting shallow wedge failure and deep flow failure, as given by Equation (2.68) 

and (2.69), respectively:  

0
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0
' ( ta n 1) ' ta n ta n

sd a
p K D z K D z         (2.69) 

where z = depth, D = pile diameter, γ’ = effective soil unit weight. This method for 

computing ultimate soil resistance was proposed by Reese et al. (1974), as shown in  

Figure 2-32. Many other methods have also been proposed by Brinch (1961), Broms 

(1964), Poulos and Davis (1980), Fleming et al. (1992), Zhang et al. (2005). 

 

 

(a)  Passive Wedge Failure                                          (b) Lateral Flow Failure 

 

Figure 2-32 Sand failure modes for laterally loaded pile for (a) shallow passive wedge failure 

and (b) deep flow failure (after Isenhower and Wang 2013 originally fromReese et al. 1974) 

 

3. Calculate ultimate soil resistance (pu) : 

u s s
p A p    (2.70) 

where 𝐴𝑠= adjustment coefficient for static p-y curves, which can be obtained from 

Figure 2-33a. 
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  (a)                                                                   (b) 

Figure 2-33 Charts used for determining a) Coefficient A and b) Coefficient B for developing p-

y curves for sand (after Isenhower and Wang 2013 originally fromReese et al. 1974) 

 

4. Compute soil pressure (pm) : 

m s s
p B p    (2.71) 

where 𝐵𝑠 = nondimensional coefficient for static p-y curves, which can be found from 

Figure 2-33b. 

5. Construct initial straight-line portion 

( )
p y

p k z y    (2.72) 

where kpy = coefficient of change subgrade reaction constant (F/L3), which can be 

obtained from Table 2-5. 

 

Table 2-5 Values of coefficients of change subgrade reaction constant (after Reese et al. 1974) 

Soil Type Submerged Above Water 

Loose Sand 20 25 

Medium Dense Sand 60 90 

Dense Sand 125 225 
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6. Establish parabolic section using the following expressions: 
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  (2.73) 

2.5.4.5 p-y Curve for Sand Proposed by API (1987)  

API (1987) presented an alternative method for constructing p-y curves for sand. This 

method is easier to follow compared to the method proposed by Reese et al. (1974). In this 

method, the p-y curves for sand were given with a hyperbolic tangent function. 

The API procedure for p-y curves in sand is shown as following: 

1. Compute govern ultimate soil resistance (ps) from the lessor of two expressions 

reflecting shallow wedge failure (Equation (2.74)) and deep flow failure (Equation 

(2.75)), as given by: 

1 2
( ) '

st
p C z C D z     (2.74) 

3
'

sd
p C D z    (2.75) 

where z = depth, D = pile diameter, γ’ = effective soil unit weight, and C1, C2, C3 = 

coefficients from Figure 2-34a. 

2. Determine adjustment coefficient 𝐴𝑠, as given by 
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   (2.76) 

3. Develop characteristic shape of p-y curves for sand 
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where k = coefficient of change of modulus of subgrade reaction F/L3, from Figure 2-34b. 
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(a)                                                                  (b) 

Figure 2-34 Charts used for developing p-y curves for sand (after Isenhower and Wang 2013 

originally fromAPI 1987) 

 

2.5.4.6 p-y Curve for c-ϕ Soils  

Ismael (1990) conducted full-scale lateral loading tests of 305-mm (12-in) diameter 

reinforced concrete bored piles with lengths of 3 m (10 ft) and 5 m (16.4 ft). The site was 

selected in South Surra, Kuwait and consisted of cemented sands with cohesion of 20 kPa (420 

psf) and friction angle of 35 degrees, based on drained triaxial test results. Ismael (1990) found 

that Resse et al. (1974) sand p-y curves underestimated the measured pile response with no 

consideration of cohesion. Ground water was below the bottom of the drilled shafts. The 

characteristic shape of p-y curves in cemented sand is illustrated in Figure 2-35. 
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Figure 2-35 Characteristic shape of p-y curve for cemented sand (after Ismael 1990) 

 

The procedure in establishing the p-y curves for cemented sand is shown as follows 

(Ismael 1990): 

1. Compute the ultimate soil resistance, pu, as given by: 

u p p
p C D    (2.78) 

where D = pile diameter, = correction factor, which is related to soil friction angle (ϕ),  σp 

= passive earth pressure, which is a function of soil cohesion (c) and friction angle (ϕ).  

Cp and σp can be obtained from the following expressions: 
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2. Establish the p-y curves for cemented sands 
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where y50 = the soil displacement at one-half of ultimate soil resistance, which is a 

function of strain (εc) at (σ1 – σ3) and pile diameter (D), as given by: 

5 0
2 .5

c
y D    (2.83) 
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The p-y curves proposed by Ismael (1990) employed a polynomial function similar to 

soft clay p-y curves (Matlock 1970), which implies that the c-φ soil behaves more like cohesive 

soil than cohesionless soil. Reese and Van Impe (2001), however, suggested that the behavior of 

the cemented soils is more like that of cohesionless soil and that strain softening should occur 

after reaching peak strength, as shown Figure 2-36. 

 
Figure 2-36 Characteristic shape of p-y curve for c-φ soil (after Isenhower and Wang 2013 

originally fromReese and Van Impe 2001) 

 

The procedure in establishing p-y curves in cemented sand proposed by Reese and Van 

Impe (2001) is shown as following: 

1. Compute parameters that needed for  constructing the p-y curves in cemented sand: 
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where ϕ = soil friction angle. 

2. Compute ultimate soil resistance (pu) considering both friction component (puϕ)  and 

cohesion component (puc), as given by: 

u u c
u s
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where 𝐴𝑠 = adjustment coefficient. 

3. Compute the friction component (puϕ)  from the lessor of two expressions:  
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where z = depth, D = pile diameter, γ’ = effective soil unit weight.  

4. Compute the cohesion component (puc) from the lessor of two expressions : 
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   (2.88) 

9
u c

p cD    (2.89) 

where c = soil cohesion, and J = constant. 

5. Estimate soil pressure at D/60, as given by: 

m s u u c
p B p p


     (2.90) 

where Bs = nondimensional coefficient for static p-y curves from Figure 2-33b. 

6. Establish initial straight-line portion by: 

( ) ,
p y p y c

p k z y k k k


      (2.91) 

where kc and kϕ = Initial subgrade reaction constant from cohesion and friction 

components, respectively (from Figure 2-37). 

 
Figure 2-37 Initial subgrade reaction constant with values of kc and kϕ  

((after Isenhower and Wang 2013 originally fromReese and Van Impe 2001) 

 

7. Determine parabolic section of the p-y curves, as given by: 
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  (2.92) 

Juirnarongrit (2002) reported that the pile response predicted using the p-y curves 

proposed by Ismael (1990) agreed well with the observation from the field tests for cast-in-
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drilled-hole (CIDH) piles in weakly cemented sand and gave better prediction than silt p-y curves 

proposed by Reese and Van Impe (2001). 

2.5.4.7 Hyperbolic Soil Model 

Kondner (1963) proposed the hyperbolic p-y curves, as shown in Figure 2-38, based on 

the stress–strain relationship of soil in triaxial compression tests. The p-y curves are expressed 

by: 

1

u

y
p

y

K p





   (2.93) 

where K = initial slope, pu = ultimate soil resistance. This method has been adopted by some 

researchers (e.g., Carter 1984, Georgiadis et al. 1991, Rajashree and Sitharam 2001, Kim et al. 

2004, Liang et al. 2009, Georgiadis and Georgiadis 2010, and Nimityongskul 2010). 

 

  
Figure 2-38 Shape of hyperbolic p-y curves (after Georgiadis and Georgiadis 2010) 

 

The procedure in creating p-y curves in clay for static undrained lateral loading is shown 

as following (Georgiadis and Georgiadis 2010): 

1. Estimate ultimate soil resistance (pu) 

u p u
p DN S             (2.94) 

where Su = undrained shear strength, D = pile diameter, and Np = lateral bearing capacity 

factor, which is given by: 
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where Npu = ultimate lateral bearing capacity factor, Npo = lateral bearing capacity factor 

at the ground surface, λ = non-dimensional factor, z = depth, a = pile-soil adhesion factor, 

which can be obtained from Figure 2-39. 

2. Compute the initial stiffness of p-y curves: 
1 /1 2
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   (2.100) 

where v = Poisson’s ratio, Ep Ip = pile stiffness, and Ei = initial modulus of elasticity and 

is related with the elasticity modulus (E50) at 50 percent of the failure stress from triaxial 

compression test, as given by: 

5 0
1 .6 7

i
E E     (2.101) 

 
Figure 2-39 Summary of adhesion factor (a) versus undrained shear strength (su) relationships for 

piles and drilled shafts (after Georgiadis and Georgiadis 2010) 
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3. Develop p-y curves, as shown in the following hyperbolic expression 
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   (2.102) 

2.5.4.8 Other p-y Curves Models 

Murchison and O’Neill (1984) proposed a p-y curve model from back analyses of full-

scale instrumented pile load test on sand. The model is expressed as follows: 
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where η = is the pile shape factor, A = empirical adjustment factor, and pu = ultimate soil 

resistance. 

A bilinear p-y curve model was developed by Scott (1980) using the results of centrifuge 

tests. The function is given by: 
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' ' ' '

0 1 2 3
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With the results of full-scale and model tests, Det Norske Veritas (1980) proposed a 

combined hyperbolic and linear model, as given by: 
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Wesselink et al. (1988) developed a p-y curve model from the full-scale in calcareous 

sand of the Bass Strait, as expressed by the following function: 
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z y
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z d

   
    

  

   (2.108) 

 
2.5.4.9 p-y Curves for Layered Soils  

Davission and Gill (1963), Khadilkar et al. (1973), Naik and Peyrot (1976), Dordi (1977), 

and Lee and Karunaratne (1987) have evaluated the lateral behavior of piles embedded in layered 

soil based on the assumption that the soil is elastic. To consider the nonlinearity of soil, 

Georgiadis (1983) developed a method, which has been used in the LPILE program (Reese et al. 

2000a,b), to construct p-y curves in a layered soil system. In this approach, the p-y curves of the 

top layer can be defined as those for homogeneous soils. The p-y curves of the lower layers are 
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affected by the upper layers and the effects are taken into account by the equivalent depth for 

each of the underlying layers based on strength parameters.  

The determination of equivalent depths is shown in Figure 2-40. The equivalent depth h2 

of first layer needs to be determined prior to computing the p-y curves of second layer. At first, 

the total force (F1) acting on pile above point 1, which is at the interface of first layer and second 

layer, at the time of soil failure, can be computed by: 

1

1 1
0

H

u
F p d H     (2.109) 

where pu1 = ultimate resistance of the p-y curves of the first layer and H1 = the thickness of the 

first layer. Then, assume that the first layer of soil have the properties of the second layer. 

Therefore, the equivalent depth (h2) of first layer can be calculated by the following equation: 

1

1 2
0

H

u
F p d H     (2.110) 

where pu2 = the ultimate soil resistance of the p-y curves which is dependent on the equivalent 

depth, the actual overburden pressure and the strength properties of the second layer. Finally, the 

p-y curves of the second layer can be determined using the conventional p-y method with the 

assumption that the total depth of second layer is the sum of h2 and H2. The p-y curves for other 

soil layers can be computed with the similar concept.   

 
Figure 2-40 A typical method to determine the equivalent depths in a layered soil profile  

(after Isenhower and Wang 2013 originally fromGeorgiadis, 1983) 
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2.5.5 Estimate p-y Curves using In-Site Tests 

2.5.5.1 Pressuremeter (PMT) Expansion Test  

Pressuremeter (PMT) expansion test, which was developed by Menard and Rousseau 

(1962) and modified by Baguelin et al. (1978) and Briaud and Shields (1979), can be used to 

predict movements of laterally loaded piles (Briaud et al. 1984) by measuring the pressure versus 

strain relationship. The pressuremeter, as shown in Figure 2-41, includes two parts: a read-out 

unit resting on the ground surface and a long cylindrical probe inserting into the borehole. The 

probe has three independent cells (two guard cells and one measuring cell) inflated as a 

pressurized fluid injecting into the pressuremeter. The borehole walls deform with the increasing 

of measuring cell pressure. The deformation of walls can be estimate using the increase of 

volume of measuring cell.  

 
Figure 2-41 Schematic of a pressuremeter test in a borehole (after Gambin and Rousseau, 1988) 

 

In this method, the PMT expansion curve can be derived. Briaud et al. (1982, 1983) 

proposed a method to correlate the PMT expansion curve to the pile p-y curve based on field 

testing, as shown in Figure 2-42. In this method, lateral soil reaction per unit length (p) and the 

pile lateral deflection (y) is given by: 

P M T
p p D S                       (2.111) 
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           (2.112) 

where pPMT = the net pressuremeter pressure, D = pile width or diameter S = a shape factor, 

which is 1.0 for square piles and 0.75 for round piles, yPMT = increase in radius of the soil cavity 

in the pressuremeter test, Rpile= pile radius, and Rpile = initial radius of the soil cavity in the 

pressuremeter test. 

 
Figure 2-42 Pressuremeter pile analogy (after Briaud et al. 1983 and Briaud et al. 1984) 

 

2.5.5.2 Dilatometer (DMT) Test  

Dilatometer (DMT) test, which was originally developed by Marchetti et al. (1977), is 

another commonly used approach to estimate p-y curves (Gabr and Borden, 1988; Robertson et 

al., 1989). The DMT, as shown in Figure 2-43, consists in a stainless steel blade and a thin flat 

circular expandable membrane in one of its sides with electrical sensors to detect its position. 

The DMT blade is jacked into the ground and the membrane is inflated by means of pressurized 

gas at desired depths. One reading is recorded for the pressure required to just begin to move the 

membrane, and another reading is taken for the pressure required to move the membrane center 

1.00 mm into the soil.  
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Figure 2-43 Flat plate dilatometer (after Robertson et al., 1989) 

 

Gabr and Borden (1988) and Robertson et al. (1989) developed two methods to derive p-

y curves from DMT data for static monotonic short-term one-way loading. Robertson et al. 

method adapted the methods proposed by Matlock (1970) for estimating p-y curves utilizing soil 

properties obtained from laboratory testing, as presented in section 0.  Robertson et al. (1989) 

proposed the following equations to evaluate the ultimate soil resistance (pu) and the soil 

displacement at one-half of ultimate soil resistance (y50). 

u p u
p N C D           (2.113) 
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where Cu = undrained shear strength (from DMT) , σ’vo = effective vertical stress at depth z, J = 

empirical coefficient (0.50 for soft clay), D = pile diameter, FC = empirical factor (suggested to 

be 10), ED = dilatometer modulus, and Np = non-dimensional ultimate clay resistance coefficient 

(≤ 9), which is given by:  

'

3
v o

p

u

z
N J

C D


            (2.115) 

Gabr and Borden method suggested that the p-y curves can be estimated by a hyperbolic 

tangent function as given by: 
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          (2.116) 
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with 
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          (2.117) 

where Esi = initial tangent soil modulus, P0 = first DMT reading, σho = in situ total horizontal at-

rest pressure, and b = half blade thickness = 7 mm. 

2.5.6 Equivalent Cantilever Approach 

Greimann and Wolde-Tinsea (1988) and Abendroth et al. (1989) proposed the equivalent 

cantilever method for designing piles of integral bridges. This method can also be used to 

investigate the responses of laterally loaded piles. The equivalent cantilever method, as shown in 

Figure 2-44, assumes that the soil-pile system can be replaced by an equivalent cantilever that is 

fully restrained against lateral translation and rotation at the base (Caltrans 1986, Dowrick, 1987, 

Chai and Hutchinson 1999, Chai 2002). For elastic response of pile, the equivalent depth-to-

fixity (Lf) is used to account for the flexibility of the embedded pile. The Lf depends on the 

relative stiffness between the pile and surrounding soil and may be calculated by equating the 

lateral stiffness of the soil-pile system to the lateral stiffness of an equivalent cantilever (Chai 

2002). A design chart, as shown in Figure 2-45, has been developed to determine the depth of 

fixity for various soil types.  

 

 
Figure 2-44 Concept of Equivalent Cantilever Beam Method (after Chai and Hutchinson 1999) 
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Figure 2-45 Design Chart for Determining Depth of Fixity (after Budek 1997) 

 

2.5.6.1 Equivalent Depth-to-Fixity for Cohesive soils 

In this method, the elastic Winkler foundation with a linearly increasing modulus of 

horizontal subgrade reaction is employed to model the lateral stiffness of the cohesive soil. The 

equivalent depth-to-fixity for cohesive soil can be estimated as presented below (Chai 2002). The 

characteristic length is given by: 

4
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h

E I
R

k
    (2.118) 

where EIe = effective flexural rigidity of the pile, kh = constant modulus of horizontal subgrade 

reaction in unit of force/length2. Davisson (1970) proposed an expression, which was adopted by 

Prakash and Sharma (1990), for calculating the modulus of horizontal subgrade reaction: 

6 7
h u

k S          (2.119) 

where su= undrained shear strength of the cohesive soil. 

For a pile with an embedded length greater than 3.5 times the characteristic length, the 

lateral displacement Δg and rotation θg of the pile at the ground level can be determined by 

(Poulos and Davis 1980): 
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where La = above ground height, V = lateral force applied at the top of the cantilever The 

displacement of the pile head Δ is given by: 

  
a

g g a L
L              (2.122) 

where La = above ground height, ΔLa = flexural deflection of the pile above the ground, which is 

given by: 
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The lateral stiffness of the soil-pile system can be written as 
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where ξa = Rc/La. The elastic lateral stiffness of a prismatic pile is given by: 
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The coefficient for equivalent depth-to-fixity ξf (= Rc/Lf) can be obtained by equating the lateral 

stiffness of the soil-pile system and that of the equivalent cantilever, as expressed by  

   2 33 4 .2 4 6 4 .2 4
f a a a a

              (2.126) 

2.5.6.2 Equivalent Depth-to-Fixity for Cohesionless soils 

In this case, the characteristic length is given by: 
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          (2.127) 

where nh = rate of increase of modulus of horizontal subgrade reaction in unite of force/length3, 

which is the ratio of kh and depth z and can be estimated from Figure 2-46. Poulos and Davis 

(1980) proposed the expressions for the estimation of the lateral displacement Δg and rotation θg 

of the pile at the ground level: 
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Similar to the method used for cohesive soils, assume the coefficient for aboveground height ξa 

and coefficient for equivalent depth-to-fixity ξf, can be written as 
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The lateral stiffness of the soil-pile system can be given as 
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Figure 2-46 Subgrade coefficient and effective friction angle of cohesionless soils (after Chai 

2002, reproduced from ATC-32 1996) 

 

Then, the coefficient for equivalent depth-to-fixity can be estimated by equating the 

lateral stiffness of the soil-pile system to the lateral stiffness of the equivalent cantilever, as 

expressed by: 

  2 33 7 .2 9 .6 5 .2 2
f a a a a

               (2.133) 

2.5.7 Strain Wedge Approach 

2.5.7.1 Introduction of Strain Wedge Model 

The strain wedge (SW) approach was developed by Norris (1986) and Ashour et al. 

(1996, 1998) using a Mohr-Coulomb representation of soil strength. This approach is applicable 
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to predict the behavior of flexible piles under lateral loading and offer a theoretical method to 

develop p-y curves with the consideration of soil properties and pile properties, such as  pile 

shape, bending stiffness of pile, and pile head fixity conditions (fixed, free, or other) (Reese 

1983, Ashour et al. 2004).  

The SW model is developed based on a passive wedge of soil in front of the pile, as 

shown in Figure 2-47. Ashour et al. (2004) summarized the correlation between the complex 

three-dimensional SW model  and the simpler one-dimensional beam on elastic foundation 

(BEF) characterization in three aspects: 1) the pile deflection (y) in BEF model to the horizontal 

strain (ε) of soil in front of the pile; 2) the soil-pile reaction (p) associated with BEF 

characterization to the horizontal soil stress change (Δσh) in the developing passive wedge; and 

3) the modulus of soil subgrade reaction (K = p/y) related with BEF model to the Young's 

modulus (E = Δσh / ε) of the soil. Then, the following fourth order differential equation can be 

solved with the appropriate selection of BEF parameters to evaluate the behavior of the pile 

under lateral loading.  

4

4
0

p p

d y
E I K y

d z
           (2.134) 

where EpIp = flexural rigidity of the pile, K = the modulus of subgrade reaction, and z = depth. 

 

 
Figure 2-47 Basic Configuration of SW Model (after Ashour et al. 2000) 

 

c. Strain Wedge Model Sublayers 

b. Deflection Pattern of a Laterally Loaded Pile 

and Associated Strain Wedge 

a. Basic Strain Wedge in Uniform Soil 
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2.5.7.2 Soil Passive Wedge Configuration 

As shown in Figure 2-47, a passive wedge develops in front of the pile when the pile is 

loaded laterally. The parameters used to characterize the mobilized passive wedge in front the 

pile are given in the following equations: 
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                              (2.135) 
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            (2.136) 

( ) 2 tan tan
m m

B C D h x           (2.137) 

where θm and βm = base angles, φm = the spread of the wedge fan angle, which is the mobilized 

friction angle, h = current passive wedge depth,  D = width of the pile cross-section, 𝐵𝐶̅̅ ̅̅  = the 

width of the wedge face, and x = depth below the passive wedge surface. The total depth of the 

passive wedge (h) is related to the soils properties and the stress levels, (SL) the flexural rigidity 

of pile (EI), and pile head fixity conditions. It is noted that for layered soil conditions the wedge 

fan angle may be different for each soil sublayer. The lateral soil resistance of the passive wedge, 

as shown in Figure 2-47a, includes of the stress change at the front of the passive wedge (Δσh) 

and the shear on the side of the passive wedge (τ). The SW model assumes a linear deflection 

pattern of pile in the depth of passive wedge. This leads to a linearized deflection angle (δ) as 

seen in Figure 2-47b.  

The problem with multiple different types of soil layers (Figure 2-47c and Figure 2-48) 

can be handled by dividing the soil profile and the pile into sublayers and segments of constant 

thickness (H), respectively. The soil properties of each sublayer are identical. The nonlinear 

elastic pressure applied on each segment of pile is assumed to be uniform. In addition, the 

deflection of the pile is assumed to be continuous.  

 
Figure 2-48 Distribution of soil-pile reaction along deflected pile (after Ashour et al., 2000) 
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2.5.7.3 Prediction of p-y Curve Using SW Model 

The soil-pile reaction p from BEF analysis is given by 

  ( )
i i h i i i

p A D A D E            (2.138) 

where i = the number of soil sublayer in the mobilized passive wedge counting from tip (i.e. 

lowest sublayer, i = 1); E = Young’s modulus of the soil; A = coefficient related to the 

dimensions of developing passive wedge and pile, soil properties, and applied load. It is defined 

by: 
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where S1 and S2 = shape factors that are 0.75 and 0.5, respectively, for circular piles, and 1.0 for 

square piles (Briaud et al. 1984), SL = the stress level in the soil and can be estimated by: 
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in which h f
 =horizontal stress change failure and u

S = undrained shear stress.  

After soil- soil-pile reaction p is obtained, the lateral deflection y of the pile can be 

evaluated by  

  , 1, ...,
i

y y i n           (2.143) 
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where n = the current number of sublayers counted from the tip (i = 1) up to the point in question 

(i = n). 

2.5.7.4 Prediction of Vertical Side Shear Resistance 

Ashour et al. (2004) assumed that the vertical side shear stress distribution around the 

shaft follows a cosine function (Figure 2-49) and no contact exists on the backside of the shaft 

due to the lateral deformation. The total vertical side friction (Vv) along a unit length of the shaft 

is given by 
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           (2.145) 

where q = the peak side shear stress developed at 𝜃 = 0. 
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Figure 2-49 Vertical Side Shear Stress Distribution around the Shaft (after Ashour et al. 2004) 

 

2.5.7.5 Prediction of Vertical Base Resistance 

In the SW model, the shear resistance carried by the shaft base (Vb) is associated with the 

soil shear stress (τb) at shaft base, which can be determined by: 
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where Ab = the cross sectional area of the shaft base, su = the undrained shear strength.  

 

2.6 Experimental Methods 

2.6.1 Experiment, Including Full-Scale and Centrifuge Testing 

Conducting a full-scale field testing is always one of the best ways to investigate the 

interaction between soil and pile, since it can accurately duplicate the construction procedures 

used in practice and soil conditions are realistic and natural (Wallace et al. 2001). 

2.6.1.1 Instrumentation of load 

For axial loaded shaft, one of the common used static-loading test devices is Osterberg 

load cell, which can provide an economical means to test for the bearing and skin friction forces 

(Osterberg and Pepper 1984, Schmertmann 1993, Gunnink and Kiehne 2002). Osterberg load 

cell is a hydraulic jack, which is normally slightly smaller in diameter than the shaft and cast in 

the base during construction of the shaft, to provide upward and downward axial loading at the 
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bottom of the shaft (Gunnink and Kiehne 2002). The As the Osterberg cell is pressurized by a 

compressed air-driven pump, the bottom of the cell moves downward to generate end bearing 

forces, while the top of the cell moves upward to generate side resistance. Osterberg cell 

provides calibration curves to calculate the applied loads from the measured pressures. The 

applied loads are the end bearing load. The side resistance load is the subtraction of the shaft 

weight from the end bearing load. 

Mustran-cell system, as shown in Figure 2-50, is capable of measuring axial loads at 

selected locations within the shafts and was successfully used by Barker and Reese (1969, 1970), 

O'Neill and Reese (1970), Touma and Reese (1972), Engeling and Reese (1974), Wooley and 

Reese (1974), Aurora and Reese (1976), and Owens and Reese (1982). The mustran-cell can be 

mounted on the reinforcing steel at predetermined depth. Owens and Reese (1982) used two cells 

placed on opposite sides of the reinforcing cage at each depth such that if any bending occurred 

in the shaft, the effect of bending can be eliminated by averaging the cell readings at the same 

depth.  

 
Figure 2-50 Components of Mustran Cell (after Barker and Reese 1969) 
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2.6.1.2 Measurement of Displacement at the Top of the Shaft 

In the experiment conducted by Owens and Reese (1982), dial gauges were mounted on a 

stationary reference frame to measure the vertical movements at the top of the shaft. Starrett No. 

655-2041 were chosen as dial indicator with a sensitivity of 0.025 mm (0.001 in.) and a 

maximum travel of 50 mm (2.0 in.).  

Linear Variable Differential Transducers (LVDT) and String-pot displacement 

transducers are capable to record the lateral displacement of the shaft above ground relative to a 

fixed external reference point (Stewart et al. 2007, Khalili-Tehrani et al. 2013). 

2.6.1.3 Measurement of Strain 

Fiber-Bragg Gratings (FBGs), which consist of a series of etchings in the core of a fiber-

optic cable that reflect a very specific and narrow band of light wavelengths, can be used to 

measure average axial concrete strain over a fixed gauge length by recording the shift in the 

wavelength of light reflected by the grating (Stewart et al. 2007). BFGs have high resolution and 

allow for precise strain measurements at low load and deformation levels. With pre-tensioned 

fibers, FBGs are able to measure both tensile and compressive strains.  

Strain gauges are used to attach on longitudinal bars and the reinforcing spiral. 

Curvatures can be estimated with the readings of strain gauges on longitudinal bars. For water 

proofing and protection, the gauges can be coated. Stewart et al. (2007) employed M-Coat A, M-

Coat B, and M-Coat J from Vishay Micromeasurements for this purpose. Figure 2-51 shows the 

uncoated and coated strain gauges installed on reinforcing bars. 

  
(a)                                                                          (b) 

Figure 2-51 Strain gauge (a) installed on rebar and (b) covered with final M-Coat J coating (after 

Stewart et al. 2007) 
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2.6.1.4 Measurement of Axial deformation at Selected Locations within the Shaft 

Fiber-optic strain gauges can be employed to measure low level axial deformations with 

high precision. Khalili-Tehrani et al. (2013) installed them parallel and adjacent to longitudinal 

reinforcement enclosed by transverse reinforcement within the confined concrete core. Under 

higher-level axial deformations, fiber-optic gauges may be ruptured. In this case, mechanical 

devices with embedded LVDTs anchored within the concrete, parallel and adjacent to fiber optic 

cables can be used to record axial deformations (Khalili-Tehrani et al. 2013). 

2.6.1.5 Measurement of Shaft Rotation 

Inclinometers are applicable to record rotation of shaft directly as installed in the middle 

of the shaft. Since some of the Inclinometers have the limitation of minimum spacing, they are 

used to verify rotation inferred from curvatures measured from other instruments (Stewart et al. 

2007). 

2.6.2 Back-calculation of p-y Curves 

With the observed experimental data, p-y curves can be back-calculated using simple 

beam theory. The lateral soil reaction (p) can be estimated by double differentiating the discrete 

bending moment (M) data with respect to depth (z) with the assumption that the flexural rigidity 

of the pile (EI) is constant, as given by: 

  

2

2
( ) ( )

d
p z M z

d z
          (2.149) 

where z = depth. Bending moment can be evaluated from curvature (ϕ) measurements according 

to the moment-curvature relationship.  

The curvature (ϕ) can be computed with the measured axial strain ( ( )z ) or slop (s(z)) at 

depth z using the following equations: 
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d

z s z
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           (2.151) 

where ( )
T

z  and ( )
C

z = measured tensile and compressive strain at depth z, h = horizontal 

distance between the strain gauges. The moment-curvature relationship can be obtained using 

either computer program or filed data. 

Before conducting the differentiation of the bending moment, interpolation techniques, 

including cubic splines, polynomial functions, and weight residual approach, can be employed to 

fit the discrete bending moment data (Wilson 1998 and Wallace et al. 2001). 
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2.6.2.1 Polynomial Interpolation Method 

Polynomial interpolation method has been widely used by researchers (e.g., Matlock and 

Ripperger 1956, Reese and Welch 1975, Ting 1987, Dunnavant 1986, Brown et al. 1988, 

Dunnavant and O'Neill 1989, Wilson 1998) to fit bending moment data for deriving soil 

resistance.  Matlock and Ripperger (1956) recommended low order piecewise polynomial using 

least-square technology. Dunnavant (1986) chose every five successive moment data points to 

construct a third-order polynomial function, as shown in Figure 2-52. The first and last 

polynomial functions, which are derived from the first five moment data and the last five 

moment data, respectively, are used to calculate the soil reaction for the upper three points and 

bottom three points, respectively. Other polynomials are used to compute the soil reaction at the 

center of two data points. 

  
Figure 2-52 Procedure for curve fitting of moment data using piecewise polynomial 

(after Dunnavant 1986) 

 

Reese and Welch (1975), Ting (1987) and Wilson (1998) used single high order 

polynomials to fit bending moment data. In order to fulfil the constraints of zero lateral 

resistance at the surface of the soil, Wilson (1998) considered two special polynomial functions. 

One is a six-order polynomial without quadratic term, as expressed as: 

  
3 4 5 6

( )M z a bz dz ez fz gz              (2.152) 

The other is a five-order polynomial contains non-integer fitting terms, as expressed by: 

2 .5 3 4 5
( )M z a b z cz d z ez fz           (2.153) 

Wilson (1998) reported that the non-integer function provided more reasonable 

approximation. With the polynomial, the soil reaction can be estimated by directly double 

differentiating of the polynomial function. This single polynomial is easy to implement, although 
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it is only applicable if the trend of the moment profile, especially near the ground surface, can be 

captured (Yang and Liang 2006). 

2.6.2.2 Cubic Spline Method 

Cubic spline interpolation functions are piecewise cubic polynomials for every interval of 

data points. Assuming there is a set of n pairs of data points, i.e., 
1 1

( , )z M , 
2 2

( , )z M , ( , )
n n

z M , the ith  

piece of the spline, ( )
i

S z , is given by: 

  
3 2

( ) ( ) ( ) ( )
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S z a z z b z z c z z d       .  i = 1, 2,…, n-1  (2.154) 

where zi = the ith depth , Mi = the ith bending moment at depth zi , ai , bi , ci , di = unknown 

parameters. The cubic splines pass through each data point and have a continuous first and 

second derivative at the data points. These conditions can be expressed by: 
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Natural cubic spline boundary condition is given by: 
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      (2.159) 

Dou and Byrne (1996) employed the cubic spline method to fit the measured bending 

moment data and found that the method is reliable for deriving the lateral soil reaction at high 

hydraulic gradient conditions. The cubic spline method is smooth, easy to compute, and has good 

fit to both nonlinear and linear data set. (Halang et al. 1978). However, it is prone to high 

frequency noise due to the property that it passes through every data point (Wilson 1998).  

2.6.2.3 Weighted Residual Method 

Wilson (1998) utilized the concept of minimizing weighted residual in finite element 

method to estimate shear force profiles by differentiating the moment profiles, and then derive 

soil reaction profiles by differentiating the obtained shear force profiles. In this method, a shaft is 

discretized into n elements by considering the locations of measured bending moment as nodes. 

The node number can be presented by i, which ranges from 0 to n.  

If the continuous bending moment along the shaft is presented by M(z), the shear force 

(V(z)) can be derived by: 

' ( )
( ) ( )

d M z
V z M z

d z
          (2.160) 
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where z = depth (0 , )L , L = length of shaft. However, when only discrete bending moment data,

( )
i

M z , which can be expressed by 
i

M  for short, at depth i
z  are known, a weak (or variational) 

relationship of '

i i
V M  can by established by minimizing the difference of ( )V z  and '

( )M z , as 

written by: 

  
'

0

[ ( ) ( ) ] ( ) 0
L

V z M z z d z                      (2.161) 

in which ( )z = an arbitrary weighting function. 

As used in the finite element method (e.g., Cook et al. 1989), ( )V z  and ( )M z can be 

expressed as linear combinations of finite-element-like basis functions, as expressed by: 
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where ( )
i

z = the ith piecewise basis function. Linear Lagrange functions (Figure 2-53) were 

used by Wilson (1998) as basis functions. With Equations (2.162) and (2.163), Equation (2.161) 

can be rewritten as: 
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Considering a typical element between nodes i and i+1, as shown in Figure 2-54, the 

basis functions for this element can be expressed as: 
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Figure 2-53 Linear Lagrange basis functions  

 

 
Figure 2-54 Basis functions for a typical element  

 

Based on Equations (2.162) and (2.163), the bending moment and shear force in this 

element can be written as:  
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By substituting Equations (2.167) and (2.168) into Equation (2.164), the equation for the first 

element can be obtained and expressed as: 
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Similarly, the equation for the general element is given by: 
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For the last element, the equation can be expressed by: 
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After integrating and simplifying the Equations (2.169) to (2.171), they can be written as 

follows, respectively: 
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The equation group contains 3n equations, which can be expressed by matrices as follows: 
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If the above matrix is expressed by =M Z V , the shear force at each node can be obtained by: 

1
=


V Z M   (2.176) 
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Then, similar procedure can be repeated to shear force Vi to estimate the derivative of 

shear force in term of depth, i.e., the soil reaction, as expressed by: 

' ( )
( ) ( )

d V z
p z V z

d z
     (2.177) 

Finally, the soil reaction at each node can be obtained from bending moment by: 

1 2
= (


p Z ) M    (2.178) 

 

2.7 Impact of High-Strength Reinforcement and Steel Casing 

2.7.1 Impact of High-Strength Reinforcement  

The commonly used types of reinforcing steels for drilled shaft are summarized in Table 

2-6 by Brown et al. (2010). It can be seen that the yield strength of steels for reinforcing cages of 

drilled shafts, ranges from 40 280 MPa (ksi) to 420 MPa (60 ksi). In order to fulfil the structure 

requirement, the amount of steel reinforcement can be very large, which leads to a reduced rebar 

spacing and increased difficulty for concrete flows through the reinforcement. It may cause voids 

in the concrete and results in poor structural and geotechnical performance. In such case, high 

strength steel can be employed in design, which can reduce the amount of steel and increase the 

rebar spacing.  

 

Table 2-6 Reinforcing steel recommended for drilled shaft (after Brown et al. 2010) 

Designation Description Yield Strength, fy 

AASHTO M31 

ASTM A615 

Deformed and plain 

billet-steel bars 

280/420 MPa 

(40/60 ksi) 

AASHTO M42 

ASTM A616 

Deformed and plain 

rail-steel bars 

350/420 Mpa  

(50/60 ksi) 

ASTM A706 
Deformed low-alloy 

steel bars 

420 MPa  

(60 ksi) 

 

Less usage of steel can lead to an economical structural system (Shahrooz et al. 2011), 

and increase the clearance within the reinforcement. Some high strength reinforcing steels, such 

as microcomposite multistructural formable (MMFX) steel have better corrosion resistance, 

which results in reduced the costs of maintenance and replacement of structural elements 

(Darwin et al., 2002 and Shahrooz et al. 2011).  

Hassan et al. (2008) conducted tests with large-size reinforced concrete beams with either 

conventional (fy = 420 MPa or 60 ksi) or high-strength steel (fy = 690 MPa or 100 ksi) and found 

that the beams with high-strength steel had higher shear strength. El-Hacha et al. (2006) reported 
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that the bond characteristics of high-strength steel (fy = 550 MPa or 80 ksi) is similar to that of 

the conventional steel (fy = 420 MPa or 60 ksi). 

However, for the design of reinforced concrete structures, the yield strength values of 

steel are limited to 550 MPa (80 ksi) and 515 Mpa (75 ksi) by American Concrete Institute (ACI) 

edition of ACI 318 (2008) since 1971 and the American Association of State Highway and 

Transportation Officials (AASHTO) LRFD Bridge design Specification (2007), respectively. 

The use of 690 MPa (100 ksi) steel yield strength is permitted only to the spiral transverse 

reinforcement in compression members in ACI 318 (2008). These limits are developed based on 

the maximum stress of steel at a strain of 0.003 (0.3%), which is the prescribed limit on 

compressive strain of concrete, and on the control of crack widths under service loads (Shahrooz 

et al. 2011).  It is worthy to note that both ACI and AASHTO have only limit the value of yield 

strength that may be used in design, but not exclude the used of higher strength grades of steel 

(Zeno 2009). 

2.7.2 Impact of Steel Casing  

As mentioned above, the (temporary) steel casing used to stabilize the borehole during 

the drilling is typically extracted during the placement of concrete, resulting in a rough shaft-to-

ground interface (Lo and Li 2003).  However, the steel casing can be left in place on purpose 

(i.e., permanent casing), and may utilized to provide additional stiffness (or rigidity) to the 

reinforced concrete drilled shaft. This type of deep foundation is called as Cast-In-Steel-Shell 

(CISS) pile foundation or concrete filled steel tubes (CFT) and has been commonly used by the 

Department of Transportation in Washington, California, and Alaska (Gebman et al. 2006, 

Roeder and Lehman 2012, Yang et al. 2012).  

The steel casing can offer large tensile and compressive capacity and provide 

confinement to the concrete infill, which leads to an increase of inelastic deformation capacity 

and better seismic performance (Roeder and Lehman 2012). However, as mentioned by Roeder 

and Lehman (2012), few guidelines on the design of CFT are available, especially, the strength 

and stiffness calculation of the steel tube.   

2.7.2.1 Design Methods for CFT  

American Institute of Steel Construction (AISC) LRFD (AISC 2005), the American 

Concrete Institute (ACI) 318 Specifications (ACI 2008), and the American Association of State 

Highway and Transportation Officials (AASHTO) LRFD Specifications and the Seismic Design 

Guidelines (AASHTO 2009 and 2007) provide three approaches to estimate the strength and 

stiffness of CFT members. Roeder and Lehman (2012) compared these three codes in term of 

estimation of flexural resistance, stability limits, and effective stiffness.  

Estimation of Flexural Resistance 

The AISC Specification (2005) allows using the fully-plastic stress distribution and the 

strain compatibility methods to predict the flexural and axial resistance of circular CFT elements. 

The plastic distribution method assumes that (1) each component in cross-section, i.e., the 

concrete and the steel, has reached the maximum plastic stress, and (2) no slip occurs between 

the steel and the concrete. As shown in Figure 2-55a, the compressive stress of concrete is 0.95, 
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f’c which is higher than the typical value of 0.85 f’c due to the concrete confinement by steel 

casing, and the tensile and compressive stresses of the steel are Fy. Then, the axial load and 

bending capacity can be estimated by equaling the stresses over the cross-section.  

 
Figure 2-55 Approaches for estimating of resistance of CFT; a) AISC plastic stress distribution 

method, b) AISC strain compatibility method, and c) ACI method (after Roeder and Lehman 

2012). 

 

The strain compatibility method summed that (1) no slip occurs between the concrete 

components and the steel components, and (2) the strain distribution is linear, as show in Figure 

2-55b. The commonly used material model for the steel is elastic-perfectly plastic model and for 

the concrete is parabolic model. The axial stress and flexural strength is estimated when the 

concrete strain exceeds 0.003. 

The ACI (2008) method (Figure 2-55c) is similar to the AISC strain compatibility 

method. In this method, the compressive stress of concrete is assumed to be 0.95
'

c
f and acting 



72 

along a depth
1
d c , where d c  is the depth from the neutral axis to the maximum compressive 

strain and 1
  is a function of concrete strength. 

The AASHTO LRFD Specification (2005) assumes that (1) the pure moment capacity is 

only dependent on the steel section’s plastic bending capacity, and (2) the axial load capacity is 

determined by the concrete compressive stress of 0.85
'

c
f and the yield stress of steel. The AISC 

interaction curve for steel wide flange section, as shown in Figure 2-56, can be used directly as 

the axial load and bending moment interaction curve. The AASHTO Guide Specification for 

LRFD Seismic Bridge Design provides a similar design method as the AISC plastic stress 

distribution method. 

 
Figure 2-56 Axial load-bending moment interaction curves for CFT: (a) plastic stress 

distribution, (b) normalized (after Roeder and Lehman 2012). 

 

Stability Limits 

AISC, ACI, and AASHTO LRFD Specification provide expressions to limit local 

buckling of the tube, as expressed by Equations (2.179), (2.180), and (2.181), respectively. 
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where D = diameter of the tube, t = thickness of the tube, E = elastic modulus of CFT, and Fy = 

yield strength of steel.  

AISC and AASHTO provisions offer calculation of column buckling, as given by: 
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where o
P = Ultimate axial crushing load, e

P = Euler buckling load, 
'

c
f = compressive strength of 

concrete,  and c
A and s

A = areas of concrete and steel, respectively. For circular CFT columns, 

the resistance factor is 0.75; and the axial load ratio /
o

P P  in interaction curves (i.e., Figure 2-56) 

is limited to 0.75 in provisions (Roeder and Lehman 2012). 

Effective Stiffness 

AISC, ACI, and AASHTO LRFD Specification have different method to estimate the 

effective member stiffness ( e ff
E I  ) of CFT, as given by Equations (2.185), (2.186), and (2.187), 

respectively. 
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where 
s

E and 
c

E = elastic modulus of steel and concrete, respectively, s
I and c

I = moment of 

inertia of the section for steel and concrete, respectively, s
A and c

A = area of the section for steel 

and concrete, respectively, g
I = moment of inertia of the gross concrete section, d

 = a parameter 

that is close to 1.0, and  

2.7.2.2 Impact of Steel Casing on Axial Capacity  

Owens and Reese (1982) conducted full-scale tests to investigate the effect of permanent 

steel casing on the axial capacity of drilled shafts. Six drilled shafts were tested. Four of them, 

i.e., shaft G-1, G-2, G-3, and G-4, were at the sites in Galveston, Texas. Two shafts, i.e., shaft E-

1 and E-2, were at an undisclosed site in eastern Texas. The soil profiles at the Galveston site and 

the eastern Texas site are shown in Figure 2-57 and Figure 2-58.  
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Figure 2-57 Soil profile at the Galveston site 

(after Owens and Reese 1982) 

Figure 2-58 Soil profile at the Galveston site 

(after Owens and Reese 1982) 

 

In this section, only the comparisons for the shafts with and without permanent casing are 

presented. Shaft G-1, which was 1.2 m (48 inches) and 18 m (60 ft) in diameter and length, 

respectively, was constructed using casing method with casing pulled out during placement of 

concrete. Shaft G-3, which was 0.9 m (36 inches) and 18 m (60 ft) in diameter and length, 

respectively, was constructed with 0.9 m (36 inches) diameter permanent casing installed in an 

over-sized borehole. The permanent casing of shaft G-3 was extended to a depth of 12 m (40 ft).. 

Axial loads were applied in equal increments with gross settlement and loads recorded 

immediately before and after the application of loads. Figure 2-59 shows comparison of the 

maximum load transfer in skin friction versus depth for shaft G-1 and G-3. It can be seen that the 

maximum load transfer in the region 0 to 12 m (40 ft) for G-3 is much smaller than that for G-1. 
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Figure 2-59 Load transfer in skin friction 

versus depth (Owens and Reese 1982) 

Figure 2-60 Load transfer in skin friction 

versus depth (Owens and Reese 1982) 

 

Another comparison was done to shaft E-1, and shaft E-2, both of which were 0.9 m (36 

inches) and 18 m (60 ft) in diameter and length, respectively. Shaft E-1 had a full-length casing, 

which was driven into ground, and shaft E-2 had no casing. In this test, the shaft E-1 carried a 

total load of 246 tons in skin friction; and 445 tons was carried by the shaft E-2 in skin friction. 

A comparison of the ultimate load transfer in skin friction versus depth is shown in Figure 2-60. 

It reveals that the overall load transfer of the shaft E-2 is higher than that of the shaft E-2. 

The authors found that the load capacity of the test shaft was significantly lower if the 

casing was left in place irrespective of whether the casing was driven or installed in an over-

sized borehole. To remove the effects of casing on axial capacity, Owens and Reese (1982) 

recommended using grouting of the annular space, as shown in Figure 2-59, if the steel casing is 

placed in an over-drilled borehole. As shown in Figure 2-59, after grouting of the top 12 m (40 

ft) of the shaft G-3, the maximum load transfer increased significantly in the region. If the casing 

is driven into ground, then the grouting is not applicable because there would be no annular 

space to grout. In this case, one or more drilled shafts can be added next to the drilled shaft with 

casing to increase overall axial capacity. 

2.8 Summary 

This chapter reviewed the : (1) classification of drilled shafts, (2) construction methods 

for drilled shafts, (3) design methods for axially loaded drilled shafts, (4) design methods for 

G-1 = no casing 

G-3 = casing extended to 40 ft 

E-2 = no casing 

E-1 = full-length casing 
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laterally loaded drilled shafts, (5) experimental methods for studying drilled shafts, and (6) the 

impact of high-strength steel and permanent steel casing.  

The drilled shaft can be classified as: short, intermediate, and long. It is determined by 

shaft properties and soil conditions, including the embedded length of the shaft and the relative 

stiffness. The three methods used to construct drilled shafts are: dry construction method, wet 

construction method, and casing construction method. The selection of the appropriate 

construction method depends on site conditions, and a combination of different methods may be 

used for construction of individual shaft. In the design of drilled shafts, the nonlinear reaction of 

soil along or at the tip of the shaft can be modeled with discrete springs (t-z, p-z and p-y curves). 

Various t-z, p-z and p-y curve models have been proposed by researches. Full-scale testing is best 

choice to evaluate the behavior of drilled shafts. A number of apparatus are reviewed for full-

scale testing depending on the purpose of measurement. With the recorded experimental data, p-

y curves can be back-calculated with simple beam theory. Polynomial interpolation method, 

cubic spline method, and weighted residual method are commonly used interpolation techniques 

to fit the discrete bending moment data for further differentiation to estimate lateral soil reaction. 

Owing to the increased understanding of the regional seismic hazards in the Pacific 

Northwest, the amount of steel reinforcement used in drilled shaft construction has increased 

over the past several decades. This may lead to a reduced rebar spacing and increased difficulty 

for concrete flows through the reinforcement, such that it may cause voids and defects within the 

shaft and results in poor structural and geotechnical performance. To mitigate the problem, high 

strength steel can be employed in design to reduce the amount of steel and increase the rebar 

spacing. Due to changes in construction methods and poor near-surface soils, the use of 

permanent steel casing for drilled shaft installation has increased. In addition, the concrete filled 

tube (CFT) has been widely used in some states due to the large inelastic deformation capacity 

and better seismic performance. However, only little information is available on the design of 

CFT and the impact of high-strength steel on the performance of drilled shaft.   
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3. Survey of Departments of Transportation 

3.1 Overview 

One of the objectives of this study was to assess the state-of-the-practice for certain 

drilled shaft design and construction procedures among state department of transportation (DOT) 

and provincial Ministry of Transportations (MTOs) agencies. To accomplish this objective, a 

questionnaire was be prepared for and submitted to state DOTs and provincial MTOs to help 

determine the benchmarks and practices for the use of permanent steel casing and high-strength 

steel reinforcement. Twenty-three surveys, including 22 from US and one from Alberta, CA, 

were returned and analyzed. Table 3.3-1  summarizes the survey participant groups. The 

remainder of this chapter presents each question in the survey and the corresponding responses. 
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Table 3.3-1 Summary of survey participant groups 

STATE GROUP NAME TITLE 

Alaska Statewide Materials David Hemstreet State Foundation Engineer 

Alberta, CA Alberta Transportation Roger Skirrow 
Director, Geotechnical 

Section 

Arizona Bridge Group Amin Aman 
Bridge Tech- Section 

Leader 

California 
Substructure 

Committee 
Amir Malek Senior Bridge Engineer 

Connecticut Soils and Foundations Michael McDonnell Trans Supervising Engineer 

Idaho - Tri Buu Geotechnical Engineer 

Illinois 
Bridge office 

Foundations unit 
Bill Kramer Foundations unit chief 

Iowa - Ahmad Abu-Hawash Chief Structural Engineer 

Kentucky Geotechnical Branch Darrin Beckett 
Transportation Engineer 

Specialist 

Louisiana 
Pavement & 

Geotechnical Services 
Chris Nickel 

Geotechnical Engineer 

Manager 

Michigan -- Richard Endres 
Supervising Engineer 

Geotechnical Services 

Missouri Bridge Division David Hagemeyer Senior Structural Designer 

Montana Geotechnical Section Jeff Jackson Geotechnical Engineer 

Nebraska Department of Roads Nikolas Glennie Bridge Fundation Engineer 

Nevada Geotechnical Mike Griswold 
Chief Geotechnical 

Engineer 

New Hampshire 
Geotechnical Section 

NHDOT 
Thomas Cleany Geotechnical Engineer 

North Carolina 
Geotechnical 

Engineering Unit 

Scott Hidden 

Greg Bodenheimer 
Support Services Supervisor 

North Dakota Materials and Research Jeff Jirava Geotechnical Engineer 

Oklahoma - Steve Jacobi Engineering Manager 

Vermont 
Geotechnical 

Engineering Group 
Chris Benda 

Geotechnical Engineering 

Manager 

Washington  Bijan Khaleghi Bridge Design Engineer 

Wisconsin 
Department of 

Transportation 
Bob Arndorfer 

Geotechnical Engineering 

Supervisor 

Wyoming WYDOT Keith Fulton State Bridge Engineer 
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3.2 Questionnaire Results 

1. What is the approximate breakdown of foundation types used in your bridge structures 

constructed over the last decade? 

a) Shallow Foundations  ______% 

b) Driven Piles   ______% 

c) Drilled Shafts   ______% 

d) Others (specify):   ______% 

 

RESPONSE: 
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Comments: 

There were five respondents had the experience of using micropiles, although the usage of 

micropiles was less than 5% for all of them. Geosynthetic Reinforced Soil (GRS) foundation was 

used by one of the respondents.  
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2. Do you have a preferred type of deep foundation? 

a) Driven Pile 

b) Drilled Shaft 

c) Others (specify): _________________________________________ 

 

RESPONSE: 
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3. How often do you design, specify, and build drilled shaft-supported structures? 

a) 0 to 1 times/year 

b) 1 to 2 times/year 

c) 2 to 4 times/year 

d) 4 to 8 times/year 

e) 8 to 16 times/year 

f) 16+ times/year 

 

RESPONSE: 
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4. What methods does your agency use to characterize the geotechnical conditions of the drilled 

shaft project site(s) (check all that apply)? 

a) Soil survey/geologic maps 

b) Historical embankment construction documents 

c) Test pits 

d) Borings with split-spoon sampling and SPT blow count 

e) Cone penetration testing 

f) Other (specify): ____________________ 

g) No geotechnical investigation performed 

 

RESPONSE: 

 
Comments: 

There were seven respondents used rock coring, two respondents used geophysical testing, and 

one respondent used well logs from agency of Natural Resources.  
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5. What method is your agency’s preferred to characterize the geotechnical conditions of the 

project site (check only one)? 

a) Soil survey/geologic maps 

b) Historical embankment construction documents 

c) Test pits 

d) Borings with split-spoon sampling and SPT blow count 

e) Cone penetration testing 

f) Other (specify): ___________________________________________________ 

g) No geotechnical investigation performed 

 

RESPONSE: 
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6. What are the primary parameters used in your drilled shaft design analysis (Check all that 

apply)? 

a) SPT-N Value 

b) CPT Data 

c) Pressuremeter Data 

d) Dilatometer Data 

e) Friction Angle (’) and Cohesion (c) 

f) Other (specify): ___________________________________________________ 

 

RESPONSE: 

 
 

Comments: 

There were ten respondents used rock compressive strength (qu) and one respondent used soil 

index properties, slake durability index, Rock Quality Designation, and Young's Modulus for 

Rock.  
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7. If friction angle (’) and cohesion (c) or rock compressive strength (qu) are used in design, 

how are these design parameters are determined? 

a) Laboratory tests 

b) Type of test(s): _________________________________________ 

c) Correlation from in-situ tests 

d) Type of test(s): _________________________________________ 

 

RESPONSE: 

 
 

Comments: 

 

The laboratory tests used include direct shear test, unconfined compression test, and triaxial test. 

In-situ test used for correlation is SPT. 
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8. What design methods do you use for the design of axial load transfer of drilled shafts? 

a) α-Method (Total Stress Approach; O'Neill and Reese, 1999; Brown et al., 2010) 

b) β-Methods (Effective Stress Approach; O'Neill and Reese, 19991; Brown et al., 2010) 

c) Kulhawy et al., (2005) Approach for drilled shafts socketed into rock 

d) Horvath and Kenney, (1979) Approach for drilled shafts socketed into rock 

e) O'Neill and Reese, (1999) Approach for intermediate geomaterials (IGMs) 

f) Brown et al., (2010) Approach for intermediate geomaterials (IGMs) 

g) Others ________________________________________________ 

 

RESPONSE: 

 
Comments: 

Kulhawy and Chen (2007) approach for side resistance of cohesionless soils, Mayne and Harris 

(1993) approach for weathered rock, Reynolds and Kaderabek (1980) approach for Side shear 

resistances, and Rowe and Armitage (1987) approach for end bearing were also used by some of 

the respondents.  
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9. What design methods does your agency typically use for assessing drilled shafts supporting 

bridges under lateral loading? 

a) Simplified methods considering a rigid response (e.g., Broms, 1964) 

b) p-y curve methods considering a flexible response 

c) Strain wedge approach 

d) Equivalent cantilever approach (Chai 2002) 

e) Other (specify): ______________________ 

 

RESPONSE: 

 
 

Comments: 

Two respondents used elastic continuum approach (Poulos and Davis 1980).  
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10. What software do you typically use for the axial and lateral design of drilled shafts? 

a) FB Pier 

b) TZ-Pile 

c) LPILE 

d) APILE 

e) GROUP 

f) DFSAP 

g) Other (specify): _______________ 

 

RESPONSE: 

 
 

Comments: 

Five respondents used in-house programs, including spreadsheets and Mathcad sheets, one 

respondent used AllPile, and one respondent used SHAFT. 
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11. If slurry is commonly used to stabilize the drill hole during construction, what type of 

materials and criteria are used? 

a) Mineral Slurry of Processed Attapulgite 

b) Mineral Slurry of Bentonite 

c) Synthetic Polymers 

d) Others (specify): _________________________________________ 

 

RESPONSE: 

 
 

Comments: 

The respondent who chose the option of Others, did not specify the type of slurry.  
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12. Do you frequently perform a static loading test during construction? 

a) No. 

b) Yes. What are the criteria to justify the test?_________ 

 

RESPONSE: 

 

 
 

Comments: 

The criteria used to justify the test includes size of piles, variations in site geotechnical 

characteristics, and savings in dimensions or cost from use of higher resistance factor.  
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13. Regardless of frequency, when a static loading test is performed, what type of test is used? 

a) Conventional top-down static loading test 

b) Bi-directional Loading Test (e.g., Osterberg cell) 

c) Statnamic Loading Test 

d) Dynamic Loading test 

e) Others _________________________________________ 

 

RESPONSE: 

 
 

Comments: 

The respondent who chose the option of Others, did not specify the type of test performed  
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14. Do you use integrity testing for drilled shafts quality control?  

a) No  

b) Yes 

 

RESPONSE: 
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15. If integrity testing is performed, what type of test is used? 

a) Cross-hole Sonic Logging (CSL)  

b) Gamma-Gamma Density Logging 

c) Sonic Echo/Impulse Response (SE/IR) 

d) Crosshole Tomography (CT) 

e) Others _____________________ 

 

RESPONSE: 

 
 

Comments: 

 

Three respondents used Thermal Integrity Profiling (TIP) tests. 
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16. If integrity testing is performed, approximately what percentage of drilled shafts is tested? 

a) 0 to 20% 

b) 20 to 40% 

c) 40 to 60% 

d) 60 to 80% 

e) 80 to 100% 

 

RESPONSE: 
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17. Approximately what percent of these drilled shafts employ a permanent steel casing? 

a) 0 to 20% 

b) 20 to 40% 

c) 40 to 60% 

d) 60 to 80% 

e) 80 to 100% 

 

RESPONSE: 
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18. When permanent steel casing is used, what purpose is it intended for (check all that apply)? 

a) Constructability in marine environments or karst formations 

b) Soils prone to caving  

c) Preserving the integrity of the concrete placed within very soft and loose materials 

d) Providing significant flexural and shear resistance 

e) Difficulty associated with temporary casing retrieval 

 

RESPONSE: 
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19. If permanent steel casing has NOT been used what are your concerns? 

a) Confusion of the design provisions for cased shafts (no unified design code) 

b) Difficulty of incorporating structural connections 

c) Cost concern 

d) Others (specify): _________________________________________ 

 

RESPONSE: 

 
Comments: 

 

Other concerns of using permanent steel casing includes reducing of axial capacity, shaft 

integrity, and corrosion potential.  
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20. How many times was casing not specified but was desirable after the fact? 

a) 0% 

b) 1 to 20% 

c) 20 to 40% 

d) 40 to 60% 

e) 60 to 80% 

f) 80 to 100% 

 

RESPONSE: 

 
 

21. If you answered more than zero, why was casing desirable? 

 

     

RESPONSE: 

When casing was desirable, four respondents were due to caving during construction in the site 

(two of them indicated specifically that the use of slurry alone was not adequate to control some 

caving layers), two were due to unexpected high water, two were due to the difficulty in 

extracting temporary casing, one was due to cage support difficulties, one was due to the 

construction issues related to fluid concrete pressure blowing out into adjacent drill holes  
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22. When computing shaft displacement, is the axial elastic compression of the steel casing 

included in the computation? 

a) No  

b) Yes 

 

RESPONSE: 
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23. When assessing the response of the drilled shaft to lateral loads, is the flexural resistance of 

the casing incorporated in analysis? 

a) No 

b) Yes 

       

RESPONSE: 
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24. In the design of cased drilled shafts (i.e., concrete-filled tubes or CFTs), which codes are 

used? 

a) Does not apply 

b) AASHTO 

c) ACI 

d) AISC 

e) Other (specify): _________________________________________ 

 

RESPONSE: 

 
 

Comment: 

One respondent uses FHWA Manual, and one respondent Uses Canadian Foundation 

Engineering Manual (4th Edition). 
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25. Which methods do you usually use to estimate the resistance of CFT members subjected to 

bending and axial load? 

a) Does not apply 

b) The plastic stress distribution method (AISC Section I1.2a) 

c) The strain-compatibility method (AISC Section I1.2b) 

d) Other (specify): _________________________________________ 

 

RESPONSE: 

 
 

Comments: 

One respondent uses Section 7 AASHTO Guide Specifications for LRFD Seismic Bridge 

Design, and one respondent uses nonlinear moment-curvature analysis. 
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26. Which type of steel casing is commonly used? 

a) Spiral weld  

b) Straight weld  

c) Other (specify): _________________________________________ 

 

RESPONSE: 

 
 

Comments: 

One respondent uses steel casing to meet ASTM A252-10, and one uses CGMP as form liner 

(referred to as double casing method). 
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27. Relative to traditional reinforced concrete drilled shafts, what is the cost of permanently 

cased shafts? 

a) 0 to 10% less than traditional reinforced concrete drilled shafts 

b) 10 to 20% less than traditional reinforced concrete drilled shafts 

c) Less than 20% 

d) 0 to 10% more than traditional reinforced concrete drilled shafts 

e) 10 to 20% more than traditional reinforced concrete drilled shafts 

f) Greater than 20% 

 

RESPONSE: 
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28. How do you evaluate the axial load transfer for shafts with permanent casing? 

a) Reduce shaft resistance 

b) Increase shaft resistance  

c) Design as usual, that is, with concrete interface 

d) Ignore all shaft resistance in cased zone 

 

RESPONSE: 
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29. How is strain compatibility between the concrete and casing maintained? 

a) Welded bar 

b) Weld bead 

c) Cross bar 

d) Tread plate 

e) Shear rings 

f) Shear stud 

 

RESPONSE: 
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30. How do you deal with a large steel area ratio that may result in a small clearance within the 

steel cage and construction defects in the design of drilled shafts? 

a) Increasing shaft diameter 

b) Using high-strength steel (≥ 80 ksi) with the same shaft diameter 

c) Using bundled longitudinal reinforcements 

d) Changing mix design with smaller aggregate or using concrete additives 

e) Other (specify): _________________________________________ 

 

RESPONSE: 
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31. What is the highest value of yield strength that has been used by your agency in design? 

a) ≤ 60 ksi 

b) ≤ 80 ksi 

c) ≤ 100 ksi 

d) ≥ 120 ksi 

 

RESPONSE: 
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32. If high-strength steel has been used, please explain why it is used 

a) Reducing usage of steel and/or member cross sections 

b) Increasing the clearance within the reinforcement (Reducing the congestion 

problems) 

c) Having better corrosion resistance 

d) Providing better structural performance 

e) Other (specify): _________________________________________ 

 

RESPONSE: 

 
Comments: 

The reason for one respondent is to value engineering proposal to improve constructability. 
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33. If high-strength steel has NOT been used, what are your concerns? 

a) Lower overstrength factors and/or other questions regarding performance 

b) Unknown bond characteristics of high-strength steel with concrete 

c) The control of shear/flexural crack widths in the concrete under service loads 

d) Has not been necessary in design 

e) Other (specify): _________________________________________ 

 

RESPONSE: 

 
Comments: 

Two respondents have the concerns of using high-strength steel on cost, two respondents do not 

use it due to the design specifications have not recommended high-strength steel in the design, 

and one respondent is due to unfamiliarity. 
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4. Summary of Test Site and Test Shaft Program 

4.1 Overview and Summary of Global Research Program 

The objectives of the global research project, set in a collaboration of ODOT, WSDOT, 

PacTrans, and the Association of Drilled Shaft Contractors (ADSC) are to study the impact 

of steel casing and high-strength steel reinforcement on the axial and lateral behavior of full-

scale drilled shaft foundation elements and to evaluate the appropriateness of existing design 

procedures.  The objectives for the PacTrans-specific research are to determine the state-of-

practice for the use of high-strength steel reinforcement and casing in drilled shafts and to 

evaluate their behavior using commercially available and advanced numerical techniques.  

This work will be used to inform, guide, and help design the full-scale experiments, and will 

result in a modeling methodology that can be applied immediately once the experimental 

data is obtained.  

This research project directly addresses the theme: “Safe and Sustainable Solutions for 

the Diverse Transportation Needs of the Pacific Northwest,” given the seismic hazards 

present in the Pacific Northwest and the possible improvement in providing more efficient 

life-safety performance of our regional highway bridges.  This project meets two of the five 

strategic goals identified by the Department of Transportation, including Safety and State of 

Good Repair. Additionally, incorporating materials already used for constructability 

purposes (e.g., steel casing) for a specific geotechnical design function will allow for more 

sustainable use of materials and labor (through reduction of redundant materials), leading to 

improved design and function at a lower overall cost. 

 

This Chapter introduces the test site and subsurface conditions, summarizes the proposed 

test plan, presents the results of previous lateral loading test data conducted at the test site for 

calibration of site-specific lateral load transfer design models, and sets the stage for the 

lateral load simulations described in Chapters 5 and 6. 

 

4.2 Geotechnical Characterization of Test Site 

The geotechnical test site at Oregon State University has been used for over twenty years 

as the setting for geotechnical experimentation at full scale. Figure 4-1 shows an aerial 

photograph of the test site, which lies just west of the Hinsdale Wave Research Laboratory. 

The native soil profile (Figure 4-2) consists of stiff to very stiff, cohesive upper and lower 

Willamette Silt (ML/MH, and locally CL/CH), separated by a thin seam of dense silty sand 

(SP/SM).  A slightly thicker medium dense to dense sand layer separates the Willamette Silt 

deposits from a thick and deep deposit of cohesive, stiff to very stiff silt and clay (MH/CH).  

The water table varies between 0.9 and 2.3 m below the ground surface throughout the year.  

Figure 4-2 summarizes the soil profile and results of some in-situ and laboratory tests, Figure 

4-3 shows a seismic cone penetration test conducted with pore pressure measurement 

(SCPTu) to 43 m depth, indicating weathered rock, probably siltstone, beginning at about 33 

m. This information will be used to design and construct the reaction elements for the axial 

loading tests. 
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Although the axial capacity of the drilled shafts will mobilize the soil strength up to 18.3 

m below the ground surface, they will derive all of their lateral support from the upper 4 to 5 

m of soils. These soils consist of layers of low and moderate plasticity clayey silt, separated 

by a thin, 1 m thick, seam of silty sand (Figure 4-2, Table 4-1).  Undrained shear strengths 

range from 43 to 115 kPa (Table 4-2; 900 to 2400 psf), indicating that clayey silt is of medium 

stiff to very stiff consistency. New explorations will be performed during the axial and lateral 

loading tests in order to obtain soil information at the time of testing, as appropriate. 

Table 4-1 Summary of Atterberg Limits, soil classification, overburden stress-

corrected SPT blow count, and undrained shear strength corresponding to the 

stratigraphy at the test site (after Haines 2006; Nimityongskul 2010). 

 

Table 4-2 Results of recent unconsolidated undrained triaxial tests of soil from the 

GEFRS test site (after Nimityongskul 2010). 
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Figure 4–1.  Aerial view of the test site, indicating location of existing drilled shafts. 

 

Figure 4–2. Typical soil profile for the test site (after Nimityongskul 2010). 
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Figure 4–3. Deep cone penetration test performed at the GEFRS. 
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4.3 Summary of Proposed Testing Program 

The objectives of this research are to study the impact of steel casing and high-strength 

steel reinforcement on the axial and lateral behavior of full-scale drilled shaft foundation 

elements and to evaluate the appropriateness of existing design procedures. If necessary, new 

procedures incorporating the effect of steel casing and high-strength steel reinforcement will 

be developed. Specifically, identical, instrumented test shafts will be constructed in order to 

evaluate the behavior of un-cased conventional, cased, and high-strength steel reinforced 

drilled shafts at the OSU Geotechnical Engineering Field Research Site. The axial and lateral 

capacity of these shafts will be evaluated, including axial load transfer (e.g., t-z and q-z 

behavior) and lateral load transfer (p-y behavior). This research will confirm the suitability of 

existing methods, or suggest recommendations for changes to procedures in order to maximize 

the benefit of steel-cased and high-strength steel reinforced shafts. 

Four instrumented test shaft will be constructed to evaluate the targeted design variables. 

The nominal diameter of the shafts will be 0.9 m (36 inches), will be 19.8 m long, and will be 

embedded 18.3 m below the ground surface.  The shafts will stick up about 1.5 m above the 

ground surface, so as to provide sufficient length with which to attach the hydraulic actuators.  

One shaft, consisting of 2% longitudinal, mild, Grade 60 steel with yield strength of 414 MPa 

(60 ksi), will serve as the baseline with which all shafts will be compared. This shaft was 

selected to serve as the baseline shaft based on discussions with ODOT Bridge Section 

engineers, and represents the typical amount of internal steel used for bridge foundations that 

rest on drilled shaft foundations. Owing to its use of mild internal reinforcement (MIR) steel, 

this shaft is abbreviated as MIR (Table 4-3). 

Table 4-3 Summary of experimental, instrumented test shafts to be tested at the GEFRS. 

 Shaft Name 
Diameter, 

m (in) 

Total 

Length, 

m (ft) 

Embedded 

Length, 

m (ft) 

Casing Wall 

Thickness, 

mm (in) 

Percentage of 

Internal and 

External Steel 

(%) 

Mild Internal Steel 

Reinforcement (MIR) 

0.9 

(36) 

19.8 

(65) 

18.3 

(60) 
0 2.00 

High-strength Internal 

Reinforcement (HSIR) 

0.9 

(36) 

19.8 

(65) 

18.3 

(60) 
0 1.50 

Cased, Mild Internal 

Reinforcement (CIR) 

0.9 

(36) 

19.8 

(65) 

18.3 

(60) 

12.5 

(0.5) 
7.20 

Cased, No Internal 

Reinforcement (CNIR) 

0.9 

(36) 

19.8 

(65) 

18.3 

(60) 

12.5 

(0.5) 
5.33 

 

The three remaining shafts will allow the investigation of the use of casing and high-

strength reinforcement steel on the axial and lateral response relative to the baseline MIR.  The 

shaft with the high-strength internal reinforcement (termed HSIR), will use 1.5 percent of 
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Grade 80 internal steel reinforcement 552 MPa (80 ksi).  This quantity was selected on an 

equivalent-resisting force basis to make a direct comparison to MIR (i.e., the product of yield 

strength and area of steel are equal for MIR and HSIR).  For the axial loading case, it is 

expected that the load transfer will be the same between the shafts, however, the comparison 

of the lateral response may indicate a slightly stiffer and stronger ultimate resistance provided 

by MIR, owing to the contribution of tighter spacing on the confinement of the concrete. 

However, the differences should be small enough, and the benefit of opening up the 

reinforcement cage large enough, so as to encourage use of high-strength internal 

reinforcement.  The two cased shafts will be constructed with and without 2% longitudinal, 

mild, Grade 60 steel with yield strength of 414 MPa (60 ksi); these are termed CIR and CNIR, 

respectively. A small amount of internal reinforcement will be used for CNIR so as to ensure 

that instruments, such as resistance and concrete embedment strain gages, are placed at the 

appropriate elevations. By comparing the response of CIR to CNIR, these shafts will allow the 

direct comparison of the performance of internal and external steel on lateral response of shafts. 

Additionally, by comparing the performance of these two shafts to MIR, potential reductions 

in axial resistance owing to a smoother shaft-soil interface may be revealed. Figure 4-4 shows 

the as-built steel cages for each of the four test shafts. 

 

(a) (b) 

(c) (d) 

Figure 4–4. Cross-section of proposed test drilled shafts: (a) MIR, (b) HSIR, (c) CIR, and (d) CNIR. 
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4.4 Site-specific Lateral Loading Test Data 

Nimityongskul (2010) reported the results of a significant lateral pile loading test 

program developed to assess the effect of proximity to a slope on the pile resistance to lateral 

loading.  Among these tests, several were conducted on level ground away from a sloping 

surface, and one of these tests is summarized herein with the aim of presenting the site-specific 

p-y curves. Refer to the literature review (Chapter 2) for a discussion on the development and use 

of p-y curves for evaluating soil-structure interaction.  The test piles evaluated by Nimityongskul 

(2010) were of 324 mm external diameter, and 9.5 mm wall thickness. The pile lengths were 

9.14 m long, and were driven with a rounded, conical (closed) end. Since each pile was 

instrumented with strain gages, two lines of C 3x4.1 channel section were welded on 

diametrically-opposed locations along the length of the pile following instrumentation to protect 

against the possibility of installation damage. Bending tests performed on the composite 

geometry and section were performed to provide the pile-specific moment-rotation relationship 

used for back-calculating p-y curves from the test data. As a result of the bending test, an elastic 

bending stiffness, EI, and yield moment of 34,900 kN-m2 (84,450 k-ft2) and of 564 kN-m (416 

kip-ft) respectively, was determined. 

Lateral loading tests were performed using a hydraulic actuator with a 1.2 m stroke and 

2,225 kN capacity. The lateral load was applied approximately 0.9 m above the ground surface to 

the pile head. The loading tests were conducted using displacement-control, and displacements 

were imposed using 12.7 mm increments to 127 mm, and then 25.4 mm increments to 254 mm 

total pile head displacement. Figure 4-5 shows the lateral load-lateral displacement relationship 

of the pile head as a result of the loading test on a pile embedded in level ground at the OSU test 

site.  Pile head displacements of up to 250 mm were imposed, resulting in approximately 350 kN 

in soil resistance. As shown in Figure 4-5, the soil appeared to have yielded at approximately 100 

mm (4 inches) of displacement; however, the overall response continued to indicate hardening 

behavior.  This finding is of high interest given the back-calculated p-y response shown in Figure 

4-6, which indicates that the overconsolidated soil exhibited a brittle, displacement softening 

response.  The back-calculated p-y curves shows that the initial soil response stiffened with 

depth, and the peak soil resistance peaked at a depth of about 0.9 m, decreasing with depth 

thereafter.  The response plotted in Figure 4-6 demonstrate the importance of understanding the 

interaction between the soil and pile for a given soil unit and stress history.  The p-y curves 

shown in Figure 4-6 are used to make predictions of the lateral shaft response described in 

Chapter 5. 

Nimityongskul (2010) used the back-calculated p-y curves to predict various measures of 

the lateral pile performance, such as the bending moment, displacement, and rotation profiles, as 

shown in Figure 4-7.  The computed lateral pile performance matches the observed performance 

very well to approximately 125 mm of imposed pile head displacement. Thereafter, the bending 

moment and rotation response are less well-predicted; however, the accuracy of the estimated 

performance remained sufficient for these large displacements.  Comparisons such as these 

indicate that the p-y approach for estimation of lateral pile performance provides a viable and 

acceptable method for evaluating lateral loading test data and conducting design calculations. 
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Figure 4–5. Lateral load-displacement response of 324 mm diameter steel pipe pile 

embedded within the native soils and level ground at the OSU Test Site (data after 

Nimityongskul 2010). 

 
Figure 4–6. Experimentally-derived p-y curves on a 324 mm diameter steel pipe pile 

embedded within the native soils and level ground at the OSU Test Site (after 

Nimityongskul 2010). 
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Figure 4–7. Comparison of measured and computed lateral pile response, including 

bending moment, deflection, and rotation for the 324 mm diameter pile in level ground 

(from Nimityongskul 2010). 
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4.5 Summary 

This chapter summarizes the OSU test site, soil conditions, proposed test program, and 

results from previous studies at this site. The OSU test site provides a relatively ideal, well-

characterized test site for the evaluation of deep foundations in plastic soils. Existing and 

proposed subsurface data are sufficient for the interpretation of new and existing test programs, 

such as those proposed herein to evaluate the impact of construction variables on the axial and 

lateral performance of drilled shafts. Previously conducted lateral loading tests provide a unique 

opportunity to make true predictions of the drilled shaft response to lateral loads, which are 

presented in the following section. 
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5. Evaluation and Comparison of Lateral Response of Drilled Shafts using 

Commercially Available Software 

5.1 Overview  

Several tools are available to practitioners for performing routine calculations of the 

lateral response of deep foundations. However, just one software package is typically used to 

make the necessary analyses, and few benchmarking studies have been reported to compare the 

response predicted across various platforms.  In order to assess the suitability of commonly-

available software programs for estimating the lateral response of drilled shafts, a series of 

pushover analyses were performed using LPile (http://www.ensoftinc.com) and DFSAP 

(http://cgi-dfsap.com).   

The lateral response of cased drilled shafts is affected by a number of factors, including 

the shaft diameter (D), ratio of shaft diameter-to-steel casing thickness (D/t), the magnitude of 

transverse and longitudinal internal reinforcement, the loading conditions, and the soil profile.  

For example and with regard to cased shafts, a smaller D/t ratio leads to an increased amount of 

longitudinal reinforcement, and consequently greater lateral resistance owing to the increased 

flexural rigidity (Roeder and Lehman  2012). Although both reinforced and unreinforced 

concrete filled tubes have been used in practice, few, if any, investigations have been conducted 

on the effect of internal reinforcement on lateral behavior of the shaft-soil system. Hypothetical 

conditions were assumed, with trials consisting of nine different shaft diameters, five D/t ratios, 

two internal reinforcement conditions, three different soil profiles, and eight different lateral 

displacements applied to shaft head. The effect of combined axial and lateral loading was 

evaluated for shafts with two diameters and six axial loads. In Section 5.1, a detailed description 

of the studied shafts, soil properties, and loading conditions is given.  

LPile was employed to compute all of the 5,040 cases involving 2,160 cases under pure 

lateral displacement and 2,880 cases under combined loads. DFSAP was used to simulate the 

response of three selected shaft diameters under purely lateral loads, consisting of 720 cases. The 

comparison of lateral responses computed by LPile and DFSAP is given in Section 5.3. Sections 

5.4 through 5.7 present the effect of shaft diameter, effect of internal reinforcement, effect of D/t 

ratio, and effect of axial loading on shaft lateral responses, respectively. In order to ease 

interpolation of the analyses to intermediate, but non-simulated cases, least-squares polynomial 

regression analyses were constructed to fit the computed lateral response performance measures 

including: the shear force at shaft head (Vh), maximum negative shear force (Vmax), depth-to-

maximum negative shear force (HVmax), maximum bending moment (Mmax), and depth-to-

maximum bending moment (HMmax) with the explanatory variables shaft diameter, D/t ratio, and 

the displacement at shaft head. Six situations were considered, consisting of three soil profiles 

and two internal reinforcement conditions.  For each situation, five lateral response performance 

measures (Vh, Vmax, HVmax, Mmax, and HMmax) were independently assessed. The fitted polynomial 

equations and the corresponding coefficients parameters are compiled in Section 5.8.   

5.2 Numerical Model 

In this study, each shaft was assumed to be 45.7 m (150 ft) long with a 0.9 m (3 ft) 

portion above the ground surface. Nine shaft diameters (0.6 m, 0.9 m, 1.2 m, 1.5 m, 1.8 m, 2.1 m, 

2.4 m, 2.7 m, and 3.05 m) and five D/t ratios (20, 40 ,60 ,80 , and 100) were evaluated with and 

http://www.ensoftinc.com/
http://cgi-dfsap.com/
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without internal reinforcement. Owing to the focus of drilled shafts constructed in seismic 

regions, the longitudinal steel ratio was set equal to 2% for the shafts with internal reinforcement 

so as to be representative of typical construction practices. The shaft configuration in terms of 

shaft diameter and thickness of steel pipe is listed in Table 5-1. The compressive strength of 

concrete (f’c), yield strength (fy) of rebar, and yield strength of the steel casing were set equal to 

28 MPa (4.0 ksi), 420 MPa (60 ksi), 350 MPa and (50 ksi) respectively. 

Three soil profiles were modeled to capture basic scenarios associated with appropriate 

drilled shaft foundation candidate sites.  These included the soil profile established at the 

Geotechnical Engineering Field Research Site (GEFRS) at Oregon State University, as well as 

two hypothetical multilayer sand and clay deposits. Table 5-2 summarizes typical soil properties 

at GEFRS as reported by Dickenson (2006) and Nimityongskul (2010). The water table at 

GEFRS was assumed to be 2.13 m (7 ft) below ground surface, representative of the summer 

condition when the proposed tests are planned to be performed. Typical soil properties were 

assumed for the hypothetical clay and sand deposits, as summarized in Table 5-3. Figure 

5-1provides schematics of the soil profile associated with the GEFRS and the hypothetical clay 

and sand deposits. 

 

Table 5-1 Various drilled shaft geometrical configurations investigated 

t, mm (in) 
D/t 

20 40 60 80 100 

D, m (in) 

0.60 (24) 30.5 (1.2) 15.2 (0.6) 10.2 (0.4) 7.6 (0.3) 6.1 (0.2) 

0.90 (36)1, 2 45.7 (1.8) 22.9 (0.9) 15.2 (0.6) 11.4 (0.5) 9.1 (0.4) 

1.20 (48) 60.1 (2.4) 30.5 (1.2) 20.3 (0.8) 15.2 (0.6) 12.2 (0.5) 

1.50 (60) 76.2 (3.0) 38.1 (1.5) 25.4 (1.0) 19.1 (0.8) 15.2 (0.6) 

1.80 (72) 91.4 (3.6) 45.7 (1.8) 30.5 (1.2) 22.9 (0.9) 18.3 (0.7) 

2.10 (84) 106.7 (4.2) 53.3 (2.1) 35.6 (1.4) 26.7 (1.1) 21.3 (0.8) 

2.40 (96) 121.9 (4.8) 61.0 (2.4) 40.6 (1.6) 30.5 (1.2) 24.4 (1.0) 

2.70 (108) 137.2 (5.4) 68.6 (2.7)  45.7 (1.8) 34.3 (1.4) 27.4 (1.1) 

3.05 (120) 152.4 (6.0) 76.2 (3.0) 50.8 (2.0) 38.1 (1.5) 30.5 (1.2) 

Note: 1. Shaded cells indicate those cases with combined lateral and axial loads  

          2. Red italic font indicates those cases computed using both LPile and DFSAP 
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Table 5-2 Soil properties modeled at the GEFRS 

Soil 

Layer 

P-y curve 

model used 

in LPile 

Depth,  

m (ft) 

Unit 

Weight, 

kN/m3 (pcf) 

Undrained 

Cohesion, 

kPa (psf) 

Strain at 

50% peak 

strength ε50 

Friction 

Angle of 

sand (deg) 

Upper 

Cohesive 

Stiff Clay 

w/o Free 

Water 

0 to 2.1  

(0 to 7) 
18.1 

(115) 

62 

(1300) 
0.007 - 

Stiff Clay 

w/ Free 

Water 

2.1 to 3.0  

(7 to 10) 

Upper 

Sand 
API Sand 

3.0 to 4.0 

(10 to 13) 

20.4 

(130) 
- - 40 

Lower 

Cohesive 

Stiff Clay 

w/ Free 

Water 

4.0 to 5.5 

(13 to 18) 

18.1 

(115) 

62 

(1300) 
0.007 - 

Lower 

Sand 
API Sand 

5.5 to 7.0 

(18 to 23) 

20.4 

(130) 
- - 45 

Blue 

Gray 

Clay 

Stiff Clay 

w/ Free 

Water 

7.0 to 50 

(23 to 164) 

17.3 

(110) 

168 

(3500) 
0.005 - 

 

 

Table 5-3 Selected soil properties for the hypothetical soil profiles  

Depth, m (ft) 

Clay (Water Table = 0 m) Sand (Water Table = 0.9 m) 

Unit 

Weight, kN/m3 

(pcf) 

Undrained 

Cohesion, kPa 

(psf) 

Unit 

Weight (pcf) 

Friction 

Angle  

0 to 10 (0 to 33) 17 (108) 30 (630) 17.5 (111) 34° 

10 to 50 (33 to 164) 20 (127) 100 (2100) 21.0 (135) 42° 
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                                     (a)                                                                         (b) 

Figure 5-1 Soil profile and shaft dimension at (a) GEFRS and (b) hypothetical clay deposit and 

sand deposit 

 

Two loading conditions were simulated: the application of lateral displacements with and 

without axial loads. Eight different lateral displacements were imposed on the shaft head:  6.4, 

12.7, 25.4, 50.8, 76.2, 127.0, 203.2, and 304.8 mm (corresponding to 0.25, 0.5, 1.0, 2.0, 3.0, 5.0, 

8.0, and 12.0 in). To evaluate the effect of axial load on the lateral response, six different axial 

loads were applied in combination with the imposed displacements: with 220, 445, 1110, 2225, 

4450, and 8900 kN (corresponding to 50, 100, 250, 500, 1000, and 2000 kips) for the shafts of 

diameter 0.9 m (36 in) and 1.8 m (72 in). Table 5-1 indicates which cases were evaluated with 

combined loading. 

In order to effectively communicate the various trials, each case was assigned a case designation: 

for example, case “0.9-40-1112-NR-G” indicates the shaft diameter in m, the second term 

represents, the D/t ratio, then the applied axial load in kN, then the internal reinforcement 

condition, and finally the soil profile. The internal reinforcement condition labels are “NR” 

representing no internal reinforcement and “IR” representing 2% internal reinforcement. Three 

terms identify the soil conditions: “G” represents GEFRS; “S” represents sand deposit; and “C” 

represents clay deposit. 
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5.3 Effect of Bending Moment-Rotation Models on Lateral Response 

The software package LPile, produced by Ensoft and employs the p-y curve approach, 

was used to conduct all of the pushover analyses. For the analyses carried out using LPile, the 

shafts were discretized into 500 elements, which is the maximum number of increments allowed 

in the program. Table 5-2 indicates which p-y curve was used for each soil layer. 

The software package DFSAP, which is based on strain wedge method (Norris 1986 and 

Ashour et. al. 1998) and produced by Computers & GeoEngineering, Inc, was also used to 

evaluate the lateral response of selected shaft, including those shafts with diameter of 0.9 m (36 

in), 1.8 m (72 in), and 2.7 m (108 in) with displacements of 6.4 mm (0.25 in), 50.8 mm (2.0 in), 

and 304.8 mm (12.0 in) imposed. For the analyses carried out using DFSAP, the shafts were 

divided into 100 elements. Table 5-1 indicates those cases where the results of LPile and DFSAP 

are compared.  Appendix A summarizes the comparison of the results of LPile and DFSAP in 

terms of the moment-curvature relationships of each shaft section and the lateral deflection, 

bending moment, and shear force profiles for the selected shafts with and without internal 

reinforcement embedded in three different soil profiles.  

In this section, the general trends resulting from the analyses are summarized for the 

cases 0.9-100-0-NR-G, 1.8-20-0-IR-C, and 2.7-60-0-IR-S. The moment-curvature relationships 

used to simulate the various shafts are shown in Figure 5-2 through Figure 5-4. It can be 

observed that the selected software packages produce similar moment-curvature relationships. 

However, it is noted that the onset of initial concrete cracking is not consistently modeled in 

DFSAP. 

The lateral responses, in terms of the lateral deflection, bending moment, and shear force profiles 

for each shaft case and selected imposed shaft head displacements are illustrated in Figure 5-5 

through Figure 5-7. It is observed that the lateral deflection profiles from the selected software 

appear similar. However, significant differences between the computed bending moment and 

shear force profiles are observed, with increasing difference with decreasing shaft flexural 

rigidity (i.e., EI). Five lateral response performance measures were (Vh, Vmax, HVmax, Mmax, and 

HMmax) compared in detail, as summarized in  

 

 

Table 5-4 through Table 5-6, based on the results of LPile and DFSAP. The percentage 

difference of Vh, Vmax, and Mmax for each shaft at different shaft head displacements was 

calculated. The difference in the depth to maximum shear and moment (i.e., HVmax and HMmax) 

was evaluated using multiples of shaft diameter (D). It is found that the observed differences to 

shear force at the shaft head, Vh, and the maximum magnitude shear, Vmax can be as high as 60%. 

For example, the percentage difference of Vh for 1.8-20-0-IR-C is 61% with displacements of 

304.8 mm (12.0 in); and the percentage difference of Vmax for 2.7-60-0-IR-S is 60% with 

displacements of 6.4 mm (0.25 in). 

All of the comparisons, which exhibited the same trends, can be found in Appendix A. 
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Figure 5-2 Moment-curvature relationship for the shaft of 0.9-100-0-NR 
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Figure 5-3 Moment-curvature relationship for the shaft of 1.8-20-0-IR 
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Figure 5-4 Moment-curvature relationship for the shaft of 2.7-60-0-IR 
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(c) 

Figure 5-5 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and (c) 

shear force profile for 0.9-100-0-NR-G 
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(c) 

 

Figure 5-6 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and (c) 

shear force profile for 1.8-20-0-IR-C 
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(c) 

 

Figure 5-7 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and (c) 

shear force profile for 2.7-60-0-IR-S 
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Table 5-4 Summary of lateral responses for 0.9-100-0-NR-G 

Displacement 

at shaft head 

Software  

Package 
Vh, kN Vmax, kN HVmax, m Mmax, kN-m HMmax, m 

6.4 mm 

LPile 140.6 -120.8 5.9 386.0 3.7 

DFSAP 138.7 -161.2 5.9 458.0 4.1 

Difference 1% 29% 0 17% 0.41D 

50.8 mm 

LPile 676.0 -571.0 6.3 1924.2 4.1 

DFSAP 469.6 -517.4 6.4 1741.1 4.1 

Difference 36% 10% 0.10D* 10% 0 

304.8 mm 

LPile 980.8 -896.6 7.3 3163.3 4.8 

DFSAP 846.9 -773.9 7.3 3298.1 4.6 

Difference 15% 15% 0 4% 0.30D 

D = shaft diameter, which is 0.9 m in this case 

 

 

 

Table 5-5 Summary of lateral responses for 1.8-20-0-IR-C 

Displacement 

at shaft head 

Software  

Package 
Vh, kN Vmax, kN HVmax, m Mmax, kN-m HMmax, m 

6.4 mm 

LPile 695.9 -542.3 13.9 3417.8 8.0 

DFSAP 490.7 -307.5 13.7 2613.8 9.6 

Difference 35% 55% 0.20D* 27% 1.73D 

50.8 mm 

LPile 2443.8 -2292.4 16.1 17422.0 11.2 

DFSAP 2392.7 -1570.9 16.9 15766.1 11.9 

Difference 2% 37% 0.91D 10% 0.71D 

304.8 mm 

LPile 4034.6 -5814.9 23.0 54104.0 16.4 

DFSAP 7584.0 -4367.2 21.5 56644.6 13.3 

Difference 61% 28% 1.73D 5% 3.45D 

D = shaft diameter, which is 1.8 m in this case 
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Table 5-6 Summary of lateral responses for 2.7-60-0-IR-S 

Displacement 

at shaft head 

Software  

Package 
Vh, kN Vmax, kN HVmax, m Mmax, kN-m HMmax, m 

6.4 mm 

LPile 1525.1 -837.3 15.4 8055.1 8.8 

DFSAP 1630.2 -1555.1 13.7 9405.4 8.8 

Difference 7% 60% 1.83D* 15% 0.00 

50.8 mm 

LPile 8362.6 -5301.7 15.1 47638.0 9.1 

DFSAP 7064.1 -6104.5 16.5 45552.6 10.4 

Difference 17% 14% 1.52D 4% 1.52D 

304.8 mm 

LPile 20048.0 -19919.0 17.8 166635.0 12.3 

DFSAP 23630.7 -18490.1 18.7 165672.9 11.5 

Difference 16% 7% 0.91D 1% 0.91D 

D = shaft diameter, which is 2.7 m in this case 
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5.4 Effect of Shaft Diameter on Lateral Response 

In order to evaluate the effect of shaft diameter with various D/t ratios, a number of 

lateral displacement simulations were conducted.  Appendix B summarizes the results of all of 

the simulations, which consider D/t ratios ranging from 20 to 100, as well as the three soil 

profiles evaluated.  Here, the general trends resulting from the analyses are summarized for 

shafts embedded in the assumed layered sand profile with 2% internal steel reinforcement and a 

D/t = 20, termed generically as D-20-0-IR-S. The first term, D, for shaft diameter, indicates that 

shaft diameters from 0.6 m (24 in) to 3.0 m (120 m) were assessed in this study. Five lateral 

response performance measures were investigated for imposed lateral head displacements 

ranging from 6.4 to 304.8 mm, including shear force at shaft head (Vh; Figure 5-8), maximum 

negative shear force (Vmax; Figure 5-9) and depth-to-maximum negative shear force (HVmax; 

Figure 5-10), and maximum bending moment (Mmax; Figure 5-11) and depth-to-maximum 

bending moment (HMmax; Figure 5-12).  

As expected, the shear force at the shaft head, Vh, the maximum magnitude shear, Vmax, 

and the magnitude of maximum moment, Mmax, increase with the increasing shaft diameter at a 

given imposed lateral shaft head displacement (Figures 5-8, 5-9, and 5-11, respectively). This 

reflects the increased stiffness associated with increasingly larger diameters at the constant D/t 

ratio of 20. The depth to maximum shear and moment, HVmax and the HMmax, respectively, also 

increased with increasing diameter, indicating that the depth to maximum bending moment and 

maximum shear force moved downward along the shaft. The simulations also show that for a 

given D/t ratio and displacement magnitude, the magnitude of Vh, Vmax, and Mmax increased in a 

parabolic manner with increases in shaft diameter.  

 

 

Table 5-7 through Table 5-9 summarizes, respectively, the lateral responses for the shafts 

with diameters equal to 0.6 m (24 in), 1.8 m (72 in), and 3.05 m (120 in). The percentage change 

of Vh, Vmax, and Mmax for each shaft at different shaft head displacements was calculated using the 

response of each shaft with an imposed lateral head displacement 6.4 mm (0.25 in) as a baseline. 

For a given increase in shaft head displacement, the magnitude of Vh, Vmax, and Mmax increased 

with increasing shaft diameter. For example, when lateral displacement increased from 6.4 mm 

(0.25 in) to 50.8 mm (2.0 in), the increasing rate of the magnitude of Vh, Vmax, and Mmax for the 

shaft with diameter of 0.6 m (24 in) was 300%, 499%, 453%, respectively. If the shaft diameter 

increased to 1.8 m (72 in), the increasing rate of the magnitude of Vh, Vmax, and Mmax also 

increased to 425%, 591%, and 541%, respectively; and if the shaft diameter increased to 3.05 m 

(120 in), the increasing rate of the magnitude of Vh, Vmax, and Mmax increased up to 521%, 613%, 

and 593%, respectively. The change in the depth to maximum shear and moment was evaluated 

using multiples of shaft diameter (D). It shows that for a given case the depth to maximum shear 

and moment moved downward with increasing magnitudes of applied displacement.  

Refer to Appendix B for the summary plots showing the analyses conducted for other D/t 

ratios and assumed soil profiles, which indicate similar lateral responses as those described 

above.  
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Figure 5-8 Shear force at shaft head for D-20-0-IR-S 
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Figure 5-9 Maximum negative shear force for D-20-0-IR-S 
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Figure 5-10 Depth-to maximum negative shear force for D-20-0-IR-S 
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Figure 5-11 Maximum bending moment for D-20-0-IR-S 
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Figure 5-12 Depth-to-maximum bending moment for D-20-0-IR-S 
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Table 5-7 Summary of lateral responses for 0.9-20-0-IR-S  

shaft head 

displacement, 
mm 

6.4 12.7 25.4 50.8 76.2 127.0 203.2 304.8 

Vh, kN 117.7 201.9 314.7 470.9 589.7 775.7 954.8 1007.9 

Percentage 

Change 
- 13% 167% 300% 401% 559% 711% 756% 

Vmax, kN -64.9 -120.4 -219.1 -388.8 -535.4 -788.1 -1052.7 -1134.5 

Percentage 

Change 
- 86% 238% 499% 725% 1115% 1522% 1649% 

HVmax, m 5.30 5.40 5.76 6.22 6.58 7.13 7.50 7.68 

Change of 

Depth (×D) 
- 0.15 0.76 1.52 2.13 3.05 3.66 3.96 

Mmax, kN-m 248.7 450.1 794.4 1375.6 1872.9 2727.2 3623.6 3901.6 

Percentage 

Change 
- 81% 219% 453% 653% 997% 1357% 1469% 

HMmax, m 2.93 3.11 3.57 4.02 4.39 4.85 5.21 5.30 

Change of 

Depth (×D) 
- 0.31 1.07 1.83 2.44 3.20 3.81 3.96 

 

 

 

Table 5-8 Summary of lateral responses for 1.8-20-0-IR-S  

shaft head 

displacement, 
mm 

6.4 12.7 25.4 50.8 76.2 127.0 203.2 304.8 

Vh, kN 929.8 1723.9 3055.2 4877.0 6158.8 8172.2 10543.0 12590.0 

Percentage 

Change 
- 85% 229% 425% 562% 779% 1034% 1254% 

Vmax, kN -479.5 -895.8 -1730.3 -3311.4 -4792.4 -7535.0 -11124 -14461 

Percentage 

Change 
- 87% 261% 591% 899% 1471% 2220% 2916% 

HVmax, m 12.80 12.71 12.80 13.35 13.90 14.54 15.36 16.00 

Change of 

Depth (×D) 
- -0.05 0.00 0.30 0.61 0.97 1.42 1.78 

Mmax, kN-m 3939.8 7360.7 13872.0 25253.0 35266.0 53395.0 77393.0 99927.0 

Percentage 

Change 
- 87% 252% 541% 795% 1255% 1864% 2436% 

HMmax, m 6.95 6.95 7.22 7.96 8.69 9.69 10.70 11.34 

Change of 

Depth (×D) 
- 0.00 0.15 0.56 0.97 1.52 2.08 2.44 
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Table 5-9 Summary of lateral responses for 3.05-20-0-IR-S  

shaft head 

displacement, 
mm 

6.4 12.7 25.4 50.8 76.2 127.0 203.2 304.8 

Vh, kN 2299.2 4424.8 8183.3 14287.0 18741.0 25138.0 32333.0 39728.0 

Percentage 

Change 
- 92% 256% 521% 715% 993% 1306% 1628% 

Vmax, kN -1314.4 -2526.2 -4829.6 -9370.6 -13479 -20738 -30289 -41044 

Percentage 

Change 
- 92% 267% 613% 925% 1478% 2204% 3023% 

HVmax, m 17.83 17.83 17.74 18.11 18.65 19.75 20.94 22.04 

Change of 

Depth (×D) 
- 0.00 -0.03 0.09 0.27 0.63 1.02 1.38 

Mmax, kN-m 14841.0 28536.0 53956.0 102829 146320 221489 318828 427697 

Percentage 

Change 
- 92% 264% 593% 886% 1392% 2048% 2782% 

HMmax, m 10.97 10.97 11.06 11.43 11.98 13.08 14.27 15.27 

Change of 

Depth (×D) 
- 0.00 0.03 0.15 0.33 0.69 1.08 1.41 
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5.5 Effect of internal reinforcement on Lateral Response 

To investigate the effect of internal reinforcement, lateral responses were compared for 

the shafts with 2% and without internal reinforcement with various diameters, D/t ratios, and soil 

profiles. The lateral responses of two groups of shafts, D-20-0-Reinf-S (all the shafts embedded 

in layered sand profile with D/t = 20 without axial loads) and D-100-0-Reinf-S (all the shafts 

embedded in layered sand profile with D/t = 100 without axial loads), are selected in this section 

to illustrate the deviations in lateral performance measures for lateral shaft head displacements of 

6.4 mm (0.25 in), 50.8 mm (2.0 in), and 304.8 mm (12.0 in). 

Figure 5-13 through Figure 5-17 compares the five lateral response performance 

measures for shafts D-20-0-Reinf-S to illustrate the effect of internal reinforcement: the shear 

force at shaft head (Vh), maximum negative shear force (Vmax), depth-to-maximum negative shear 

force (HVmax), maximum bending moment (Mmax), and depth-to-maximum bending moment (H-

Mmax), respectively. Somewhat surprisingly, the differences between the shafts with internal 

reinforcement and those without internal reinforcement are relatively negligible. The shafts 3.05-

20-0-Reinf-S, which are the shafts with largest diameter (i.e., 3.05 m) and smallest D/t ratio (i.e., 

20) in this study, are selected to evaluate the changes of lateral responses performance measures 

quantitatively, as summarizes in Table 5-10.  It is seen in this table that with an imposed lateral 

head displacement .6.4 mm (0.25 in) the percentage differences of Vh, Vmax, and Mmax between 

the shafts with and without internal reinforcement are equal or less than 3%, and the change of 

both HVmax and HMmax are only 0.03D (D = 3.05 m). The differences between shafts with and 

without internal reinforcement increased as the imposed lateral head displacement increased. 

However, even when the lateral head displacement reached 304.8 mm (12.0 in), the percentage 

differences of Vh, Vmax, and Mmax are only equal or less than 5%, and the changes of HVmax and 

HMmax are only 0.09D and 0.06D, respectively.  

The lateral responses in terms of Vh, Vmax, HVmax, Mmax, and HMmax for the shafts D-100-0-

Reinf-S are shown in Figure 5-18 through Figure 5-22, respectively. Similarly, the differences 

between the five lateral response performance measures for shafts with and without internal 

reinforcement increase with the increase in lateral head displacement. Table 5-11 summarizes the 

changes of lateral responses for the shafts 0.6-100-0-Reinf-S, which are the shafts with smallest 

diameter (i.e., 0.6 m) and largest D/t ratio (i.e., 100) in this study. When the lateral head 

displacement was 50.8 mm (2.0 in), the percentage differences of Vh, Vmax, and Mmax between the 

shafts with and without internal reinforcement were 9%, 9%, and 12%, respectively; and when 

the lateral displacement at shaft head increased to 304.8 mm (12.0 in), the percentage differences 

of Vh, Vmax, and Mmax, increased to about 23%, 29%, and 32%, respectively.  

Comparing the shafts 3.05-20-0-Reinf-S and 0.6-100-0-Reinf-S, the effect of internal 

reinforcement is more significant for the shafts with relatively smaller diameter and larger D/t 

ratio. For example, the the percentage difference of Vh at imposed lateral head displacements 

ranging from 0 to 304.8 mm (12.0 in) is only 3% for the shafts 3.05-20-0-Reinf-S, whereas 23% 

for the shafts 0.6-100-0-Reinf-S. 

Refer to Appendix C for the summary plots showing the analyses conducted for other 

cases, which indicate similar lateral responses as those described above. 
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Figure 5-13 Shear force at shaft head for D-20-0-Reinf-S 
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Figure 5-14 Maximum negative shear force for D-20-0-Reinf-S 
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Figure 5-15 Depth-to maximum negative shear force for D-20-0- Reinf-S 
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Figure 5-16 Maximum bending moment for D-20-0-Reinf-S 
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Figure 5-17 Depth-to-maximum bending moment for D-20-0-Reinf-S 
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Figure 5-18 Shear force at shaft head for D-100-0-Reinf-S 
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Figure 5-19 Maximum negative shear force for D-100-0-Reinf-S 
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Figure 5-20 Depth-to maximum negative shear force for D-100-0-Reinf-S 
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Figure 5-21 Maximum bending moment for D-100-0-Reinf-S 
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Figure 5-22 Depth-to-maximum bending moment for D-100-0-Reinf-S 
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Table 5-10 Summary of lateral responses for 3.05-20-0-Reinf-S 

Displacement 

at shaft head 
 Vh, kN Vmax, kN HVmax, m Mmax, kN-m HMmax, m 

6.4 mm 

NR 2255.0 -1287.5 17.7 14414.0 10.9 

IR 2299.2 -1314.4 17.8 14841.0 11.0 

Difference 2% 2% 0.03D 3% 0.03D 

50.8 mm 

NR 13937.0 -9123.9 17.9 99082.0 11.3 

IR 14287.0 -9370.6 18.1 102829.0 11.4 

Difference 2% 3% 0.06D 4% 0.03D 

304.8 mm 

NR 38481.0 -39651.0 21.8 408810.0 15.1 

IR 39728.0 -41044.0 22.0 427697.0 15.3 

Difference 3% 3% 0.09D 5% 0.06D 

 

 

 

Table 5-11 Summary of lateral responses for 0.6-100-0-Reinf-S 

Displacement 

at shaft head 
 Vh, kN Vmax, kN HVmax, m Mmax, kN-m HMmax, m 

6.4 mm 

NR 66.7 -37.6 4.3 123.8 2.5 

IR 72.3 -40.8 4.4 136.6 2.6 

Difference 8% 8% 0.15D 10% 0.15D 

50.8 mm 

NR 260.3 -218.4 4.9 607.6 3.2 

IR 284.5 -238.2 5.1 686.6 3.3 

Difference 9% 9% 0.31D 12% 0.15D 

304.8 mm 

NR 356.9 -345.5 5.4 937.4 3.7 

IR 450.9 -463.2 5.9 1293.7 3.9 

Difference 23% 29% 0.76D 32% 0.46D 
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5.6 Effect of Shaft Diameter-to-steel casing thickness Ratio on Lateral Response 

In order to evaluate the effect of D/t ratio on lateral response of shaft, a series of 

simulations were conducted with the consideration of D/t ratios ranging from 20 to 100. In this 

section, a group a drilled shafts embedded in GEFRS without internal reinforcement, designated 

as D-Dt-0-NR-G, with imposed lateral head displacement at shaft head of 6.4 mm (0.25 in), 

50.8 mm (2.0 in), and 304.8 mm (12.0 in) are used as examples to illustrate the effect.  

Figure 5-23 through Figure 5-27 illustrate, respectively, five lateral response performance 

measures: the shear force at shaft head (Vh), maximum negative shear force (Vmax), depth-to-

maximum negative shear force (HVmax), maximum bending moment (Mmax), and depth-to-

maximum bending moment (HMmax), for shafts D-Dt-0-NR-G with lateral displacement imposed 

at shaft head of 6.4 mm (0.25 in). Similarly, Figure 5-28 through Figure 5-37 show the lateral 

responses of shafts for shafts D-Dt-0-NR-G with imposed lateral head displacements 6.4 mm 

(0.25 in) and 304.8 mm (12.0 in). It is seen that for a shaft with a given diameter the magnitude 

of Vh, Vmax, and Mmax increased with the increasing of D/t ratio and the locations of maximum 

bending moment and maximum shear force moved downward along the shaft (i.e., HVmax and H-

Mmax increased). This is because as the D/t ratio decreases, the area of steel is larger, which leads 

to an increase of shaft’s bending stiffness (EI) and lateral stiffness.  

Table 5-12 through Table 5-14 summarizes the lateral responses for the shaft with 

diameters of 0.6 m (24 in), 1.8 m (72 in), and 3.05 m (120 in), respectively, with imposed lateral 

head displacements 50.8 mm (2.0 in). Considering the shafts with D/t = 100 as a baseline, the 

percentage change was calculated when D/t reduced from 100 to 20 for the magnitude of Vh, V-

max, and Mmax. The changes of HVmax and HMmax were evaluated as multiples of shaft diameter (D). 

Since the percentage changes of Vh, Vmax, and Mmax were similar for different shaft diameters as 

shown in the Table 5-12 through Table 5-14, only the shafts 1.8-Dt-0-NR-G (Table 5-13) are 

specifically discussed herein. When D/t ratio reduced from 100 to 60, the magnitude of Vh, Vmax, 

and Mmax increased 20%, 18%, and 28%, respectively, and the HVmax and HMmax changed 0.41D 

and 0.25D, respectively. When D/t ratio reduced from 100 to 20, Vh, Vmax, and Mmax increased 

significantly to 74%, 60%, and 114%, and HVmax and HMmax moved 1.42D and 0.91D deeper, 

respectively.  

Refer to Appendix D for the summary plots showing the analyses conducted for other 

cases, which indicate similar lateral responses as those described above. 

Although a smaller D/t ratio for a shaft with a given diameter can develop greater lateral 

resistance, it is unrealistic for steel manufacturers to fabric steel pipes with very low D/t ratio 

(e.g., D/t = 20) for large diameter shafts (e.g., D = 1.8 m or 3.05 m). Therefore, it is more 

practical to increase the shaft diameter while limiting the casing thickness to that required (see 

Section 2.72), instead of reducing the D/t ratio. 
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Figure 5-23 Shear force at shaft head for D-Dt-0-NR-G with shaft head displacement of 6.4 mm 

(0.25 in) 
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Figure 5-24 Maximum negative shear force for D-Dt-0-NR-G with shaft head displacement of 

6.4 mm (0.25 in) 
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Figure 5-25 Depth-to maximum negative shear force for D-Dt-0-NR-G with shaft head 

displacement of 6.4 mm (0.25 in) 
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Figure 5-26 Maximum bending moment for D-Dt-0-NR-G with shaft head displacement of 6.4 

mm (0.25 in) 

 

 

 

 

 

 

 

 

 

 

 



167 

 
Figure 5-27 Depth-to-maximum bending moment for D-Dt-0-NR-G with shaft head 

displacement of 6.4 mm (0.25 in) 
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Figure 5-28 Shear force at shaft head for D-Dt-0-NR-G with shaft head displacement of 50.8 mm 

(2.0 in) 
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Figure 5-29 Maximum negative shear force for D-Dt-0-NR-G with shaft head displacement of 

50.8 mm (2.0 in) 
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Figure 5-30 Depth-to maximum negative shear force for D-Dt-0-NR-G with shaft head 

displacement of 50.8 mm (2.0 in) 
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Figure 5-31 Maximum bending moment for D-Dt-0-NR-G with shaft head displacement of 50.8 

mm (2.0 in) 
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Figure 5-32 Depth-to-maximum bending moment for D-Dt-0-NR-G with shaft head 

displacement of 50.8 mm (2.0 in) 
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Figure 5-33 Shear force at shaft head for D-Dt-0-NR-G with shaft head displacement of 304.8 

mm (12.0 in) 
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Figure 5-34 Maximum negative shear force for D-Dt-0-NR-G with shaft head displacement of 

304.8 mm (12.0 in) 
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Figure 5-35 Depth-to maximum negative shear force for D-Dt-0-NR-G with shaft head 

displacement of 304.8 mm (12.0 in) 
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Figure 5-36 Maximum bending moment for D-Dt-0-NR-G with shaft head displacement of 304.8 

mm (12.0 in) 
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Figure 5-37 Depth-to-maximum bending moment for D-Dt-0-NR-G with shaft head 

displacement of 304.8 mm (12.0 in) 
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Table 5-12 Summary of lateral responses for 0.6-Dt-0-NR-G with shaft head displacement of 

50.8 mm (2.0 in) 

D/t 100 80 60 40 20 

Vh, kN 287.3 313.9 352.1 414.2 543.4 

 Percentage Change  - 9% 23% 44% 89% 

Vmax, kN -253.5 -278.8 -314.5 -368.2 -468.9 

 Percentage Change  - 10% 24% 45% 85% 

HVmax, m 5.0 5.1 5.3 5.5 5.9 

Change of Depth (×D) - 0.15 0.46 0.76 1.53 

Mmax, kN-m 611.1 689.0 804.8 1003.9 1457.0 

 Percentage Change  - 13% 32% 64% 138% 

HMmax, m 3.2 3.3 3.5 3.7 4.0 

Change of Depth (×D) - 0.15 0.46 0.76 1.37 

 

 

Table 5-13 Summary of lateral responses for 1.8-Dt-0-NR-G with shaft head displacement of 

50.8 mm (2.0 in) 

D/t 100 80 60 40 20 

Vh, kN 2835.9 3072.1 3403.5 3922.5 4948.0 

 Percentage Change  - 8% 20% 38% 74% 

Vmax, kN -2151.8 -2313.7 -2530.4 -2850.2 -3433.2 

 Percentage Change  - 8% 18% 32% 60% 

HVmax, m 10.1 10.3 10.8 11.4 12.6 

Change of Depth (×D) - 0.15 0.41 0.76 1.42 

Mmax, kN-m 12144.0 13520.0 15530.0 18872.0 26035.0 

 Percentage Change  - 11% 28% 55% 114% 

HMmax, m 6.0 6.2 6.5 6.9 7.7 

Change of Depth (×D) - 0.10 0.25 0.51 0.91 
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Table 5-14 Summary of lateral responses for 3.05-Dt-0-NR-G with shaft head displacement of 

50.8 mm (2.0 in) 

D/t 100 80 60 40 20 

Vh, kN 7846.9 8459.9 9308.3 10616.0 13136.0 

 Percentage Change  - 8% 19% 35% 67% 

Vmax, kN -5155.8 -5469.6 -5889.4 -6509.2 -7641.1 

 Percentage Change  - 6% 14% 26% 48% 

HVmax, m 14.2 14.6 15.4 16.4 18.4 

Change of Depth (×D) - 0.15 0.39 0.72 1.38 

Mmax, kN-m 45832.0 50753.0 57778.0 69098.0 92579.0 

 Percentage Change  - 11% 26% 51% 102% 

HMmax, m 8.5 8.8 9.1 9.6 10.6 

Change of Depth (×D) - 0.09 0.21 0.36 0.69 
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5.7 Effect of Axial Loading on Lateral Response 

To investigate the effect of axial loading on shaft’s lateral response, axial loads were 

applied to shafts of diameter equal to 0.9 m (36 in) and 1.8 m (72 in), as indicated in Table 5-1, 

and subsequently displaced laterally. Two groups of drilled shafts with D = 0.9 m (36 in), D/t = 

100 and D = 1.8 m (72 in), D/t = 20 without internal reinforcement, termed generically as 0.9-

100-P-NR-S and 1.8-20-P-NR-S, are taken as examples in this section. The lateral yield force 

(Vy) of the shaft, defined as the lateral load when the extreme steel casing “fiber” yields, for the 

shafts without an axial load is used to facilitate interpretation of the results. The shaft lateral 

yield force is 790 kN (178 kips) for the shafts 0.9-100-0-NR, and 8000 kN (1800 kips) for the 

shaft 1.8-20-0-NR. 

The five lateral response performance measures are presented for shaft 0.9-100-P-NR-S 

in Figure 5-38 through Figure 5-42: the shear force at shaft head (Vh), maximum negative shear 

force (Vmax), depth-to-maximum negative shear force (HVmax), maximum bending moment (M-

max), and depth-to-maximum bending moment (HMmax). As shown in Figure 5-38, for a given 

imposed lateral head displacement, if the shear force at shaft head, Vh, was smaller than the 

lateral yield force, Vy, the differences of Vh caused by axial loads were relatively small (e.g., less 

than 10%). However, after the casing yielded (i.e., Vh  > Vy), the lateral load capacity decreased 

considerably with increases in the axial load. The magnitude of Vmax and Mmax always increased 

with the increases in the axial load. The depth at which the maximum bending moment and 

maximum shear force occurred was influenced very little (e.g., less or equal than 0.5D) by the 

presence of axial loads. The lateral responses were not significantly influenced when the axial 

loads were less than 2225 kN (500 kips), which is about 3 times of the lateral yield force for the 

shaft-soil system. Quantitatively, the lateral responses with imposed lateral head displacements 

of 50.8 mm (2.0 in), when the shaft had not yielded, and 304.8 mm (12.0 in), after the shaft had 

yielded, are summarized in Table 5-16 and 5-17, respectively. It is noted when the axial loads 

were equal or smaller than 2225 kN (500 kips), the percentage changes for the magnitude of Vh, 
Vmax, and Mmax were less than 15% compared to the case without axial loads.  

Figure 5-43 through Figure 5-47 illustrate the variation of Vh, Vmax, HVmax, Mmax, and H-

Mmax with axial loads for shaft 1.8-20-P-NR-S. The effect of axial loading on the shaft was 

negligible for the lateral head displacement investigated herein (from 6.4 mm (0.25 in) to 304.8 

mm (12 in)). Therefore, Table 5-17 only summarizes the lateral performance measures for the 

imposed lateral head displacement of 50.8 mm (2.0 in). The percentage change in the magnitude 

of Vh, Vmax, and Mmax was less than 2%, whereas the change in HVmax and HMmax was less than 

0.05D. The insensitivity of the lateral performance measures resulted from the relatively small 

ratio of the axial to lateral yield forces. 

The simulation results for all the other shafts embedded in GEFRS and clay deposit show 

similar trends, as seen in Appendix E. It appears that when axial loads are small relative to the 

lateral yield capacity (e.g., less than 3Vy), the effect of axial load on the lateral response may be 

ignored, although this finding must be verified on site- and project-specific basis. Decreases in 

the lateral resistance should be expected if the applied axial load exceeds 3Vy.  
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Figure 5-38 Shear force at shaft head for 0.9-100-P-NR-S 
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Figure 5-39 Maximum negative shear force for 0.9-100-P-NR-S  
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Figure 5-40 Depth-to maximum negative shear force for 0.9-100-P-NR-S  
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Figure 5-41 Maximum bending moment for 0.9-100-P-NR-S  
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Figure 5-42 Depth-to-maximum bending moment for 0.9-100-P-NR-S  
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Figure 5-43 Shear force at shaft head for 1.8-20-P-NR-S 
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Figure 5-44 Maximum negative shear force for 1.8-20-P-NR-S  
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Figure 5-45 Depth-to maximum negative shear force for 1.8-20-P-NR-S  
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Figure 5-46 Maximum bending moment for 1.8-20-P-NR-S  
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Figure 5-47 Depth-to-maximum bending moment for 1.8-20-P-NR-S  
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Table 5-15 Summary of lateral responses for 0.9-100-P-NR-S with shaft head displacement of 

50.8 mm (2.0 in) 

P, kN 0 220 445 1110 2225 4450 8900 

Vh, kN 644.5 648.5 652.2 663.2 678.8 699.5 698.3 

 Percentage Change  - 1% 1% 3% 5% 9% 8% 

Vmax, kN -466.1 -468.3 -471.4 -478.9 -494.8 -529.4 -581.7 

 Percentage Change  - 0% 1% 3% 6% 14% 25% 

HVmax, m 6.40 6.49 6.49 6.49 6.68 6.77 6.86 

Change of Depth (×D) - 0.1 0.1 0.1 0.3 0.4 0.5 

Mmax, kN-m 1805.3 1830.4 1854.4 1927.3 2037.9 2216.6 2394.0 

 Percentage Change  - 1% 3% 7% 13% 23% 33% 

HMmax, m 4.02 4.02 4.12 4.12 4.21 4.30 4.30 

Change of Depth (×D) - 0.0 0.1 0.1 0.2 0.3 0.3 

 

 

 

Table 5-16 Summary of lateral responses for 0.9-100-P-NR-S with shaft head displacement of 

304.8 mm (12.0 in) 

P, kN 0 220 445 1110 2225 4450 8900 

Vh, kN 953.8 951.0 947.1 934.8 908.7 831.7 562.0 

 Percentage Change  - 0% -1% -2% -5% -13% -41% 

Vmax, kN -844.8 -852.5 -860.9 -882.5 -915.1 -961.5 -970.3 

 Percentage Change  - 1% 2% 4% 8% 14% 15% 

HVmax, m 7.22 7.22 7.22 7.22 7.22 7.22 6.86 

Change of Depth (×D) - 0.0 0.0 0.0 0.0 0.0 -0.4 

Mmax, kN-m 3162.8 3212.8 3257.2 3388.4 3580.5 3851.2 3947.1 

 Percentage Change  - 2% 3% 7% 13% 22% 25% 

HMmax, m 4.76 4.76 4.76 4.76 4.85 4.85 4.57 

Change of Depth (×D) - 0.0 0.0 0.0 0.1 0.1 -0.2 
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Table 5-17 Summary of lateral responses for 1.8-20-P-NR-S with shaft head displacement of 

50.8 mm (2.0 in) 

P, kN 0 220 445 1110 2225 4450 8900 

Vh, kN 4773.2 4774.0 4774.8 4778.2 4782.0 4790.2 4804.3 

 Percentage Change  - 0% 0% 0% 0% 0% 1% 

Vmax, kN -3223.9 -3225.3 -3226.8 -3228.0 -3235.6 -3248.8 -3277.9 

 Percentage Change  - 0% 0% 0% 0% 1% 2% 

HVmax, m 13.26 13.26 13.26 13.26 13.26 13.35 13.35 

Change of Depth (×D) - 0.0 0.0 0.0 0.0 0.05 0.05 

Mmax, kN-m 24450.0 24465 24480 24533 24608 24761 25050 

 Percentage Change  - 0% 0% 0% 1% 1% 2% 

HMmax, m 7.96 7.96 7.86 7.96 7.96 7.96 7.96 

Change of Depth (×D) - 0.0 -0.05 0.0 0.0 0.0 0.0 
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5.8 Multiple Linear Regression Analyses on Lateral Response Simulations 

Sections 5.3 through 5.7 describe the change in performance of drilled shafts with various 

design variables as a result of numerous simulations.  In order to generalize the results in a 

manner that may make the simulations more accessible to the reader, and allow for interpolation 

of results for intermediate cases, multiple linear regression (MLR) analyses were conducted on 

the lateral simulation results. Thirty cases were independently evaluated for the five lateral 

response performance measures (e.g., Vh, Vmax, HVmax, Mmax, and HMmax) for the three soil types 

considered (sand deposit, clay deposit, and GEFRS) with and without internal reinforcement.  

Three explanatory variables were taken into account when constructing the MLR 

equations, including: the shaft diameter (D), D/t ratio (R), and the displacement at shaft head (S). 

The effect of each explanatory variable depends on the effect of the other variables, as described 

in Sections 5.3 through 5.7. The interaction between the different variables is significant, and 

therefore, these interactions were taken into consideration when conducting the MLR analyses.  

The coefficient of determination, or R2, which presents the percentage of the variation in 

the response  or dependent variable that is explained by the explanatory variable or variables 

(Ramsey and Schafer 2002), was used to evaluate the proposed polynomial MLR model. The 

value of R2 ranges from 0 to 100%; an R2 of 100% indicates that the regression model fits the 

data perfectly. To ensure satisfactory accuracies of the simulated lateral response variable of 

interest, a fifth-order polynomial MLR equation was constructed and fit to produce an R2 greater 

than 99.7% for all cases.  The functional form of the MLR equation is given by: 

5 4 4 4 3 2 3 3 3 2

1 2 3 4 5 6 7 8
L a te ra lR esp o n se D D R D S D D R D R S D R D S               

3 3 2 3 2 2 2 2 2 2 2 2

9 1 0 1 1 1 2 1 3 1 4 1 5 1 6
D S D D R D R S D R D R S D R S D R               

2 3 2 2 2 2 4 3 3 2 2

1 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4
D S D S D S D D R D R S D R D R S                

2 1 2 3 2 4 3

2 5 2 6 2 7 2 8 2 9 3 0 3 1 3 2
D R S D R D R S D R S D R S D R D S D S                

2 5 4 4 3 2 3

3 3 3 4 3 5 3 6 3 7 3 8 3 9 4 0
D S D S D R R S R R S R S                

3 2 3 2 2 2 2 4 3 2

4 1 4 2 4 3 4 4 4 5 4 6 4 7 4 8
R R S R S R S R R S R S R S                

5 4 3 2

4 9 5 0 5 1 5 2 5 3 5 4 5 5 5 6
R S R S S S S S                           

 

where L a te r a lR e s p o n s e = Vh, Vmax, HVmax, Mmax, or HMmax, i
  regression coefficients (i =1, 

2,...,56). The regression coefficients depend on the type of lateral response, the soil types, and 

the assumed internal reinforcement conditions. Table 5-18 lists the regression coefficients need 

to compute Mmax for drilled shafts embedded in the assumed sand soil profile with internal 

reinforcement. A full list of regression coefficients for each case is provided in Appendix F.  

Note that although the regression coefficients are provided to just three significant digits, the 

polynomial MLR equation is extremely sensitive to rounding errors. Thus, for ease of use and 

accuracy, an excel file, has been provided with this report and should be used to generate the 

lateral response for any condition bounded in the analyses conducted herein. Table 5-19 

summarizes the coefficient of determination, R2, for each MLR model. 



194 

Table 5-18 Regression coefficients for calculating Mmax of shafts embedded in sand deposit with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

6.63E+01 1.81E+00 -1.09E+03 -6.40E+02 2.13E-01 -1.89E+02 -4.43E+01 -3.90E+04 

β9 β10 β11 β12 β13 β14 β15 β16 

5.66E+04 3.34E+03 -3.74E-02 2.34E+01 5.79E+00 -2.20E+01 -3.47E+03 -1.88E+02 

β17 β18 β19 β20 β21 β22 β23 β24 

1.20E+05 -1.24E+05 1.34E+05 -3.06E+03 1.28E-03 -8.45E-01 -1.76E-01 1.47E+01 

β25 β26 β27 β28 β29 β30 β31 β32 

1.20E+02 3.32E+00 -2.19E+04 8.58E+03 -4.72E+03 1.82E+02 -3.75E+06 3.24E+06 

β33 β34 β35 β36 β37 β38 β39 β40 

-8.68E+05 6.72E+04 -1.14E+02 -1.58E-05 1.07E-02 2.49E-03 -2.61E-01 -1.73E+00 

β41 β42 β43 β44 β45 β46 β47 β48 

-9.35E-02 5.43E+02 -2.13E+02 1.03E+02 1.19E-01 1.38E+05 -1.19E+05 3.08E+04 

β49 β50 β51 β52 β53 β54 β55 β56 

-3.73E+03 0 -2.17E+07 8.70E+06 3.01E+05 -3.79E+05 4.65E+04 -6.39E+02 

 

 

Table 5-19 R2 of each polynomial equation 

  Vh Vmax HVmax Mmax HMmax 

Sands-IR 99.99% 99.99% 99.95% 99.99% 99.93% 

Sands-NR 99.99% 99.98% 99.92% 99.98% 99.91% 

Clays-IR 99.99% 99.99% 99.88% 99.99% 99.76% 

Clays-NR 99.99% 99.99% 99.87% 99.99% 99.73% 

GEFRS-IR 99.99% 99.99% 99.94% 99.99% 99.85% 

GEFRS-NR 99.99% 99.99% 99.94% 99.99% 99.80% 
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5.9 Summary 

A parametric study was performed to evaluate the effect of shaft diameters (D), shaft 

diameter-to-steel casing thickness (D/t) ratio, internal reinforcement conditions, and combined 

loading for drilled shafts on the lateral response of drilled shafts embedded in typical layered soil 

profiles. Additionally, two different, commercially available software programs, LPile and 

DFSAP, were used to investigate the lateral responses. It was observed that the lateral deflection 

profiles from the selected software packages appear similar, however, some differences between 

the computed bending moment and shear force profiles were observed, with increasing 

difference with decreasing shaft flexural rigidity (i.e., EI). Further comparison will be conducted 

based on the full-scale tests results as soon as the field tests are finished.  

The remainder of the investigation of the lateral response was conducted using LPile. It 

was determined that the flexural rigidity, as modeled in proxy by the shaft diameter, contributed 

significantly to the difference in the lateral performance measures. The effect of internal, 

longitudinal reinforcement on the performance of shafts is greater for the shafts with smaller D/t 

ratio and larger imposed lateral head displacements. Cased drilled shafts with small D/t ratios 

leads to greater magnitudes of longitudinal reinforcement, and therefore flexural rigidity. 

However, due to the limitation in maximum thickness that can be manufactured, it will often be 

more practical to increase the shaft diameter instead of reducing D/t ratio for certain situations. 

With regard to the impact of combined loading, when axial loads are less than three times of 

lateral yield force (Vy), the effect of axial loading can be ignored. However, decreases in the 

lateral response should be expected, and accounted for, when axial loads larger than 3Vy are 

anticipated. 
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6. Development and Evaluation of OpenSees Models for Lateral Response of Drilled 

Shafts 

6.1 Overview 

As mentioned in Chapter 4, this project aims to evaluate the behavior of drilled shafts 

with high strength reinforcement and casing. For this purpose, full-scale tests are performed, and 

independently, numerical models are developed to predict the full-scale tests results using 1D 

conventional and 3D finite element models based on the mechanical parameters of soil and 

prototype dimensions of the piles. This chapter describes the development of 1-D conventional 

(p-y method) and 3-D finite element models using the OpenSees framework, and presents results 

obtained using these models. The purpose of this study is to explore the capabilities of OpenSees 

to capture the 3-D response of piles subjected to lateral loads. For this purpose, 1-D simulations 

are compared to results from 3-D models.  

To be consistent with the rest of this study, the same pile geometry and soil conditions 

described in Chapter 5 are used in this chapter. For completeness, the mechanical properties of 

the soils used in both 1-D conventional and 3-D finite element models are revisited. In addition, 

the four pile sections along with their properties used in Chapter 5 are presented. The sections 

include a baseline shaft, shaft with high-strength steel, shaft with casing and shaft with casing 

and internal reinforcement. Finally, appropriate constitutive models for steel and concrete and 

the concept of fiber elements are introduced and defined in the context of the OpenSees 

framework.  

Defining material models and pile elements for a pile numerical model leads to 1-D 

conventional models. As explained in Section 6.5, 1-D conventional models, or p-y curve 

models, are finite element models based on the concept of a beam on a nonlinear Winkler 

foundation (BNWF). This modeling technique is widely used in geotechnical engineering 

practice. Implementation of this modeling approach requires definition of t-z, q-z and p-y springs 

for both axial and lateral loading. For the purpose of the analyses described in this chapter, the 

numerical framework OpenSees is used.  

The benefit of using OpenSees is that in addition to 1-D models, OpenSees also provides 

the possibility of generating 3-D finite element models representative of the same 1-D problems; 

in this case soil pile interaction models. Although 3-D finite element analyses are expensive in 

terms of time and computational cost, this study uses them to validate results from 1-D 

conventional analyses. This requires generating 3-D models representative of 1-D models. For 

this purpose input parameters required to define 3-D materials must be obtained. So, a procedure 

is proposed to estimate input parameters for multi-dimensional constitutive models.  

Finally, to prepare 3-D input files and visualize results from OpenSees, a pre- and post-

processor tool is required. In this project, the commercial tool GiD is used. GiD not only helps 

produce a numerical model in 3-D space, but also allows visualization of key results in a very 

effective way. Having this tool, deformation, shear force and bending moment curves can be 

created and compared to results from 1-D conventional analysis models. The results can be used 

to show and interpret the effect of casing on lateral pile response.    
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6.2 OpenSees 

In this study, OpenSees is used as a framework to develop both 1-D conventional and 3-

D finite element models. The Open System for Earthquake Engineering Simulation (OpenSees) 

is an open source and object-oriented framework developed at the Pacific Earthquake 

Engineering Research Center (PEER) at the University of California, Berkley (the free source 

can be downloaded from http://opensees.berkeley.edu/). OpenSees is widely used for research in 

modeling, implementing and analyzing the nonlinear response of geotechnical and structural 

systems. OpenSees has a large library of constitutive models for steel, concrete, sand, clay and 

other materials in both uniaxial and multi-dimensional spaces, elements, sections, and loading 

patterns. Its main application is for the analysis of structural and geotechnical systems subjected 

to static and dynamic loads; in particular earthquake loads.  

6.3 Soil Properties and Pile Section 

As described in Chapter 4, the selected test site is located at Oregon State University’s 

geotechnical site. The site has been used for geotechnical full-scale tests for over twenty years. 

Several surface investigations and site exploration programs are available and can be used to 

reliably estimate mechanical properties of the soil down to a depth of 60 feet (18.3 m) which is 

the length of the selected piles. Using in-situ and laboratory tests including Atterberg limits, 

water contents, and percent fines, SPT (Standard Penetration Test), CPT (Cone Penetration Test), 

DMT (Dilatometer Tests), Unconsolidated Undrained triaxial tests (UU), Consolidated 

Undrained triaxial tests (CU) and other tests performed over the years and presented in Chapter 

4, soil patterns and soil properties can be estimated. Using this information, three different soil 

layers are identified and are shown in Figure 6-1. It should be noted that although ground water 

level varies seasonally, it is observed and taken at 7 feet (2.1 m) below the ground surface. This 

level represents the conditions during the summer when the real tests were performed. A 

summary of the relevant soil data available to perform 1-D and 3-D numerical simulations is 

presented in Figure 6-1 Soil profile and Table 6-1 Soil properties.    

 

Table 6-1 Soil properties 

Soil Profile 

Effective 

Unit Weight 

(KN/m3) 

Undrained 

Cohesion 

(KPa) 

Strain 

Factor, 

ε50 

Friction 

Angle 

(degree) 

Soil Modulus 

Parameter, k 

(MN/m3) 

Cohesive 8.26 62.2 0.007 - 135.7 

Sand 10.62 - - 40 40.7 

Blue Gray Clay 7.48 167.6 0.005 - 271.4 

 

http://opensees.berkeley.edu/
http://opensees.berkeley.edu/
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Figure 6-1 Soil profile 

 

In this study, four reinforced concrete drilled shafts sections are considered to evaluate the 

axial and lateral capacity of piles. For all piles, total and embedded lengths are 65 and 60 feet 

(18.3 and 19.8 meters). Lateral loads are applied 2 feet (0.6 meter) below the pile’s head. The 

section diameter for all cases is 36 inches (914.4 mm). Each section is different in terms of 

reinforcement. The first section, referred in this chapter as baseline shaft or MIR (Mild Internal 

Steel Reinforcement) is a common concrete shaft reinforced with 13 mild bars (strength of 420 

MPa and No. 11 rebar size). The second section referred as shaft with high-strength steel or 

HSIR (High-Strength Internal Reinforcement) is the same as the baseline shaft except having 12 

high-strength bars (strength of 550 MPa and No. 10 rebar size). The third section is simply a 

concrete-filled steel tube (CFT) without internal reinforcement or CNIR (Cased, No Internal 

Reinforcement), and the forth section is a CFT with the same bars as the baseline shaft referred 

as CIR (Cased, mild Internal Reinforcement). Note that the thickness and strength of the casing 

for the two last sections are 0.5 inch (12.7 mm) and 50 ksi (350 MPa) respectively. The sections 

are schematically shown in Figure 6-2. 
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Figure 6-2 Pile sections used in OpenSees 

 

The concrete properties are the same for all sections. The selected compression strength is 

4 ksf (28 MPa), Young’s modulus is 3605 ksi (25 GPa) and modulus of rupture of concrete is 

estimated at 0.4743 ksi (3.3 MPa). Also, the tensile strain at fracture is 0.00011537. The piles 

geometry is summarized in Table 6-2.  

 

Table 6-2 Summary of shafts properties used in OpenSees 

Shaft name 
Diameter 

m (in) 

Total 

Length 

m (ft.) 

Embedde

d Length 

m (ft.) 

Casing 

Wall 

Thickness 

mm (in) 

Percentage of 

Internal and 

External Steel 

Mild Internal Steel 

Reinforcement 

(MIR) 

0.9 (36) 19.8 (65) 18.3 (60) 0 2 % 

High-strength 

Internal 

Reinforcement 

(HSIR) 

0.9 (36) 19.8 (65) 18.3 (60) 0 1.5 % 

Cased, No Internal 

Reinforcement 

(CNIR) 

0.9 (36) 19.8 (65) 18.3 (60) 12.7 (0.5) 5.5 % 

Cased, Mild Internal 

Reinforcement 

(CIR) 

0.9 (36) 19.8 (65) 18.3 (60) 12.7 (0.5) 7.5 % 
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6.4 Section Analysis 

The first step in creating an OpenSees model for a soil-pile interaction system is to define 

a section and obtain a moment-curvature relationship representative of the nonlinear structural 

response to bending. For the purpose of capturing the actual pile performance in axial and lateral 

loading, and simultaneously decrease computational cost, the concept of a fiber section, available 

in OpenSees, is used. As shown in Figure 6-3, a fiber section consists of numerous uniaxial 

fibers distributed in radial and angular divisions. 

 
Figure 6-3 Discretized fiber section 

 

The fibers are uniaxial, can be used to represent steel and concrete, and provide the 

correct 1-D nonlinear constitutive behavior for each material. The fiber section concept assumes 

there is no slip between fibers and that plane sections remain plane. In OpenSees, to define steel 

fibers, the Steel01 uniaxial constitutive model is used. The model is a simple bilinear model, 

symmetric in terms of tension and compression strength and stiffness. As schematically shown in 

Figure 6-4, the Steel01 model is a function of yield stress, Fy, initial stiffness, Es, and secondary 

stiffness per initial stiffness ratio. Kinematic hardening and isotropic hardening are applicable 

and consider optional for this model. Table 6-3 lists the steel parameters necessary to describe 

the reinforcement for each cross-sections using Steel01 Material.   

 

Table 6-3 Steel model paramaters used in OpenSees 

Section Element Type 

Fy 

MPa (ksi) 

Es 

GPa (ksi) 

b ρs 

rebar casing 

MIR uniaxialMaterial Steel01 420 (60) - 200 (29,000) 0.0001 2 % 

HSIR uniaxialMaterial Steel01 550 (80) - 200 (29,000) 0.0001 1.5 % 

CNIR uniaxialMaterial Steel01 - 350 (50) 200 (29,000) 0.0001 5.5 % 

CIR uniaxialMaterial Steel01 420 (60) 350 (50) 200 (29,000) 0.0001 7.5 % 
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Figure 6-4 Stress-strain relationship and input parameters for Steel01 model in OpenSees 

To capture the concrete response, the confinement condition must be considered since it 

strongly affects sectional properties. Confined concrete sections not only show higher 

compression resistance, but also higher ductility. Therefore, confined concrete sections are able 

to store more energy than unconfined sections. Moreover, unconfined concrete sections are weak 

and do not resist tensile stresses. On the other hand, confined concrete sections show tension 

resistance which is vital for cyclic and dynamic loading. The differences in stress-strain response 

are illustrated in Figure 6-5 for the confined and unconfined concrete cases. 

 

 
Figure 6-5 Stress-strain relationship for confined and unconfined concrete 
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To define concrete fibers in OpenSees, the concrete01 and concrete02 uniaxial 

constitutive models are used. concrete01 captures the response of unconfined conditions, and 

concrete02 captures the response of confined cases. The confined and unconfined regions in the 

sections considered in this study are shown in Figure 6-6. concrete01 does not take into account 

tension resistance. All parameters necessary to define this model are compression strength, 
c

f  , 

strain at compression strength, 
0c

 , ultimate strength, 
u

f , and ultimate strain, 
cu

 . For the cases 

considered in this study, the compression strength is defined as 28 MPa (4 ksi) while the ultimate 

strength is assumed zero to show the failure in the cross-section. In concrete01, the compressive 

stress-strain relationship is based on Kent, Scott and Park’s model. This model response is 

schematically shown in Figure 6-7. 

 
Figure 6-6 Confined and unconfined areas in cross-sections 

 
Figure 6-7 Stress-strain relationship and input parameters for concrete01 model in OpenSees 
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concrete02 is based upon Yassin/ Modified Kent and Park (2006) constitutive model. 

This is a modified version of the original model proposed by Kent and Park in 1971. As shown 

in Figure 6-8, Yassin’s model is composed of three parts in compression. A first part is depicted 

by an ascendant parabolic function from a start point to a maximum stress state. The maximum 

stress for confined concrete is amplified with an effective confinement factor, K, which is greater 

than one. A second part called compression softening is characterized by a linear stress decrease 

until the concrete loses 80% of its confined compression strength (usually referred as crushing 

strength). The third part is characterized by perfect plasticity until failure. Yassin’s model is 

developed for extension too. In the extension region, the stress-strain relation is linearly 

ascendant until cracking starts. Then, it linearly softens until it loses all its tension strength. As 

indicated, the model is able to capture the main characteristic behavior of confined concrete, and 

in this study, we used concrete02 for confined cases.  

Definition of concrete02 in OpenSees requires four compression parameters and two 

tension parameters as shown in Figure 6-8. To obtain these parameters the following procedure 

is applied:  

 

 
Figure 6-8 Stress-strain relationship and input parameters for concrete02 model in OpenSees  
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I. Confined concrete compressive strength 

 cecc
fKf   (6.1) 

    
clcle

ffffK  294.71254.2254.1  (6.2) 

where 
l

f  is lateral the confining pressure on concrete and 
c

f   is the unconfined 

concrete compressive strength.  

 With casing:   
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For Concrete Filled Tubes (CFTs), Elremaily and Azizinamini (2002) proposed 

the following equation, 
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where D, t, 


  and 
y

f are the diameter, the thickness, the hoop stress and the 

yielding stress of the casing, respectively.  

 Without casing:   
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where 
e

k  is the confinement effectiveness coefficient, 
yh

f  is the yield strength of 

the transverse reinforcement and 
s

  is ratio of the volume of transverse confining 

steel to the volume of confined concrete core defined as, 
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where 
sp

A  is the transverse bar area, and s is the center to center spacing, 
s

d  is 

diameter of the spiral between bar centers, and the confinement effectiveness 

coefficient is 
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where s   is the clear vertical spacing between spirals, and 
s

A  is the area of the 

core section enclosed by the center lines of the perimeter spiral or hoop.  

 

II. Strain corresponding to maximum stress in confined concrete  
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where 
0c

  is the strain corresponding to the maximum stress in unconfined 

concrete  

 

III. Ultimate strain in confined concrete  
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where 
sm

e  is the steel strain corresponding to the maximum stress which is 0.15 or 

0.2       

 

IV. Ultimate stress in confined concrete 
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where r is obtained from 
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and 
sec

E  is defined as  
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and x is   
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Therefore, for the ultimate state, 
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V. Tension strength 

Based on Wong and Vecchio’s study in 2006, the ultimate tension stress is 

estimated as 

 
ct

ff  4  (6.18) 
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notice that the unit is psi  

 

VI. Post-peak tension slope 

VII.  ct
EE   (6.19) 
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where 
c

E  and 
t

E are the compressive and tensile stiffness.  

Following the procedure described above, the parameters that represent the confined and 

unconfined portions of each cross section used in this study are included in Table 6-4.  

 

 

Table 6-4 Concrete models used in OpenSees 

Material 

model 

Applied 

to 

section 

compressive 

strength, 

𝑓�́� 
(MPa) 

ultimate 

strength, 

𝑓𝑢 
(MPa) 

𝜀𝑐 𝜀𝑐𝑢 𝜆 

extensive 

strength, 

𝑓𝑡 
(MPa) 

𝐸𝑡𝑠 
(GPa) 

C
o
n

cr
et

e0
1

 

MIR 28 0 0.001886 0.0038 -- -- -- 

HSIR 28 0 0.001886 0.0038 -- -- -- 

C
o
n

cr
et

e0
2

 MIR 37.6 8.1 0.005136 0.0663 0.1 3.27 1.24 

HSIR 35.8 7.5 0.004519 0.0694 0.1 3.27 1.24 

CNIR 48.6 23.9 0.008835 0.1395 0.1 3.27 1.24 

CIR 48.6 29.0 0.008835 0.1856 0.1 3.27 1.24 

 

 

Table 6-4 shows that the reinforcement in sections MIR and HSIR increases the 

compressive strength of the concrete by 34% and 28%, while the casing amplifies the 

compression strength by 74%. Moreover, although the crushing strain in the unconfined concrete 

section is estimated at 0.0038, it extends in the confined sections to 17, 18, 37 and 49 times in 

sections MIR, HSIR, CINR and CIR, respectively.  

Using fiber sections and the uniaxial materials for steel, confined and unconfined 

concrete described above, moment curvature relationships can be generated for each cross 

section. These moment-curvature curves are shown in Figure 6-9.  
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Figure 6-9 Moment-curvature relationships extracted from OpenSees model 

The figure shows that sections MIR and HSIR perform similar. It also shows that using 

casing increases the moment capacity of the section. As inferred from Table 6-4 and Figure 6-9, 

comparing sections reinforced by rebar (MIR and HSIR) and sections reinforced by casing 

(CNIR and CIR) it is clear that casing increases the ductility significantly. As the ductility and 

the moment capacity increase, the piles are able to store more energy in lateral loading and 

plastic deformation.  

6.5  1-D Conventional Finite Element Analysis 

Soil-pile interaction is a complicated physical problem to capture numerically. In theory, 

to simulate details and complexities of soil-pile interaction systems a full 3-D finite element 

model must be used. In practice, Beam on Nonlinear Winkler Foundation (BNWF) models are 

commonly used, remarkably decreasing the computational cost, time and complexity. This 

approach greatly simplifies a complicated 3-D model into a simple 1-D model if assumptions 

used to extract the 1D differential equation are satisfied. In this approach the pile is represented 

by beam elements and the soil is represented by springs oriented at different directions. For the 

site under consideration in this study, the soil is reported homogenous and the pile deformation is 

small compared to the pile length. Therefore, the BNWF approach is applicable for both axial 

and lateral loading. 

In 1-D conventional finite element methods, the axial and lateral deformations are 

decoupled such that axial and lateral loads are applied, and deformations calculated, 

independently. In axial loading, as shown in Figure 6-10, there are two different components of 

resistance to consider including: side resistance, modeled using t-z springs along the sides of the 

pile, and tip resistance modeled using a q-z spring at the end of the pile. The soil lateral 

resistance is modeled using p-y springs representing the soil resistance to lateral loads.   
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Figure 6-10 Schematic models for 1D analysis in vertical and lateral loading 

As described in Chapter 2, different theories have been developed to represent t-z, q-z 

and p-y springs, and different implementations are available in different codes. OpenSees uses 

uniaxial materials for sands and clays to characterize these springs. The procedure required to 

define t-z, q-z and p-y curves in OpenSees is described in this section.  

6.5.1 Axial Loading 

The vertical resistance of the soil-pile system is simulated using t-z and Q-z springs. 

OpenSees provides t-z and Q-z uniaxial material models for this purpose. To define t-z springs in 

OpenSees, two parameters must be determined and assigned to the material models, including: 

the ultimate capacity of the t-z spring, 
u

t , and the vertical displacement at which 50% of 
u

t  is 

mobilized in monotonic loading, z50.  

The ultimate vertical soil resistance, 
u

t , can be obtained following Kulhawy (1991) 

equation for cohesionless soils in terms of effective vertical stress, 
v

  , at-rest lateral earth 

pressure coefficient, 
0

K , and interface friction angle between pile and soil,  . According to this 

equation 

 

 

D

u
dzKzBt

0

0
tan   

(6.21) 

where B and D are the pile diameter and depth, respectively. The interface friction angle, δ, is 

assigned 0.1  for concrete, 9.0  for timber and 8.0  for steel. 

For cohesive soils, the American Petroleum Institute (API) approach is employed to estimate the 

ultimate vertical resistance. According to this equation 
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where fs is the side friction determined as follow        
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and α is obtained from 
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where 0.1  and ψ is calculated at each depth of interest from the equation below 

 

p

c


  

(6.25) 

where c  and p   are the undrained shear strength and the effective overburden pressure, 

respectively.  

To find
50

z , different approaches are used for sand and clay. For sand, the procedure 

proposed by Mosher and Dawkins (2000) is used. In this model, the t-z relationship is defined as        
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Since 
50

z  is the displacement at which 50% of the ultimate vertical resistance is mobilized in 

monotonic loading,  
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Therefore,  
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where 
f

k  is given based on friction angle as shown in Table 6-5.  

Table 6-5 
f

k  based on internal friction angle  

Friction angle f
k  (ksf/in) 

f
k  (MN/m) 

28-31 6 to 10 11.3 to 18.9 

32-34 10 to 14 18.9 to 26.4 

35-38 14 to18 26.4 to 33.9 
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For cohesive soils, the procedure proposed by Reese and O’Neill (1988) is used. 

According to this method, the maximum load transfer occurs at approximately 0.6% of the 

diameter of the pile (Reese et al. 2006). Based on the proposed relationship, 
50

z  is estimated 

about 0.1% of the shaft diameter. That is, 

 Bz 001.0
50

  (6.29) 

Having expressions and parameters to define the ultimate axial load, 
u

t , and 
50

z  for clay 

and sand allows us to define t-z springs. Following this approach, Boulanger et al. (1999) 

implemented the TzSimple1 material in OpenSees.  

To define Q-z springs, to be applied at the pile tip, the following procedure can be used. 

The ultimate capacity at the tip, 
u

Q , can be expressed in terms of ultimate capacity expressions, 
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where c is cohesion, 
t

A  is tip area, 
0

p  is the effective overburden pressure and 
q

N  is taken as 

50 based on API guidelines (1993). 

According to Vijayvergiya (1977), the critical tip deflection, 
c

z , is estimated as,         
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Then, a Q-z relationship is proposed as, 
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So, the tip deflection at which 50% of the ultimate resistance is mobilized in monotonic 

loading can be calculated as, 
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therefore, 
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  (6.34) 

Having expressions and parameters to define the ultimate axial load, 
u

Q , and 
50

z  for clay 

and sand allows us to define Q-z springs. Following this approach, Boulanger et al. (1999) 

implemented the QzSimple1 material in OpenSees. 

To define structural (pile) elements, several options are available in OpenSees. Among 

them, displacement based elements are commonly used (element dispBeamColumn) in 
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OpenSees. This element considers plasticity along the element and is appropriate to characterize 

the nonlinear response of a pile. 

Using these OpenSees modeling elements Figure 6-11 presents results of axial analyses 

for sections MIR/HSIR and CIR/CNIR. 

  
Figure 6-11 Axial load capacity of piles 

As shown it Figure 6-11 and presented in Table 6-6, axial capacity of sections MIR and 

HSIR is 4000 KN, while axial capacity of sections CNIR and CIR is 3963 KN. The difference is 

originated from interface friction angle which is 40 degrees for the sections without casing and 

32 degrees for the cased sections. For both types, the tip resistance is the same and equal to 990 

KN. 

Table 6-6 Axial load capacity of each section 

Sections MIR HSIR CNIR CIR 

Side Resistance (KN) 3010 3010 2973 2973 

Tip Resistance (KN) 990 990 990 990 

Total Axial Resistance 

(KN) 
4000 4000 3963 3963 

 

6.5.2 Lateral Loading 

Lateral load pile analysis is performed using a similar approach as for axially loaded piles 

but in addition to the axial springs, lateral uniaxial springs are necessary. The lateral springs are 

referred as p-y springs. To model p-y springs in OpenSees, the uniaxial material PySimple1 is 

used. PySimple1 is based on the equation proposed by Boulanger et al. (1999). The nonlinear p-y 

curve is defined using elastic and plastic force-deformation relationships and includes a gap 
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component. Main parameters to define the p-y curve include soil type (clay or sand), the ultimate 

capacity of the p-y curve, 
u

p , and the displacement at which 50% of 
u

p  is mobilized in 

monotonic loading. Soil type 1 captures the p-y backbone curve proposed by Matlock (1970) for 

soft clays. Soil type 2 uses API (1993) relationship for sand. As for the axial springs, a procedure 

to determine PySimple1 parameters in OpenSees is presented in this section for different soil 

conditions (Reese et al. 2006), 

A. Unsaturated Stiff Clay 

In order to find the ultimate lateral resistance of a clay, the minimum value between the 

two expressions below is taken:  
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where J is an experimentally determined parameter which is taken 0.5 for unsaturated 

stiff clay [Reese et al.], and  
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B. Saturated Stiff Clay 
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C. Saturated Sand 
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In order to find y50, the p-y relationship proposed by API (1987) for cohesionless soil is 

used, 
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where A is assumed 1.0, and ks is a subgrade reaction modulus given in Figure 6-1. Then,  
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Now, y50 can be obtained from the equation above, as 
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Therefore,  
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Having expressions and parameters for 
u

p  and  
50

y  allows us to define the p-y springs 

PySimple1 in OpenSees. Figure 6-12 shows the lateral load-displacement response for sections 

MIR, HSIR, CNIR and CIR as obtained using an OpenSees model. As can be seen in the figure, 

the lateral resistance of sections MIR and HSIR are very close to each other, while the cased 

sections CNIR and CIR show significantly higher resistance. In addition to the load-

displacement relationship presented in Figure 6-12, deformation, shear force and bending 

moment versus depth are necessary to properly evaluate the pile response. Thus, Figure 6-13 to 

Figure 6-15 display for each section deflection versus depth, shear force versus and bending 

moment for different deflections at the top of the pile as calculated by OpenSees.   

 

 
Figure 6-12 Lateral load-displacement at the top of the pile 
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Figure 6-13 Deflection versus depth at selected imposed displacements at the top of the pile for 

each section 
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Figure 6-14 Shear force versus depth at selected imposed displacement at the top of the pile for 

each section 
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Figure 6-15 Bending moment versus depth at selected imposed displacements at the top of the 

pile for each section 
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Based on these 1-D models, the lateral capacities of the piles are predicted roughly as 

745, 743, 1289 and 1546 kN for sections MIR, HSIR, CNIR and CIR respectively. The results 

show that using casing around the shaft (MIR) adds 107% extra lateral strength to section (CIR). 

Also, using casing without the internal reinforcement increases the lateral resistance of the pile 

by 73%.   

Figure 6-13 presents lateral displacements versus depth for each section separately for 

0.25, 0.5, 1, 3 and 6 in (0.64, 1.27, 2.54, 7.62 and 15.24 cm) of lateral displacement at the top of 

the pile. The results show that the maximum rotation in sections without casing occurs at four 

meters below the ground surface, while for sections with casing it is observed at six meters 

below the surface. Figure 6-14 shows the shear force versus depth for all sections, and Table 6-7 

presents lateral loads for different displacements at the top of the pile. As can be observed in 

Figure 6-14, the sections with casing show higher shear force compared to sections without 

casing. In addition, the maximum shear force occurs at lower depths when using casing. In Table 

6-7, relative lateral load ratios are calculated as lateral load for a section per lateral load for the 

baseline shaft for a similar deflection at the top of the pile.  Relative lateral load ratios for CNIR 

are 111%, 123%, 142%, 155% and 170% for 0.25, 0.5, 1, 3 and 6 inches of deflection, and 

121%, 133%, 155%, 169% and 195% for CIR. Figure 6-15 and Table 6-8 present bending 

moment versus depth for each pile section. Bending moment is generally use in the structural 

design of the pile. Relative bending moment ratios for CNIR are 116%, 134%, 167%, 181% and 

207%, and 131%, 152%, 189%, 202% and 249% in CIR, showing a similar trend to that 

observed for lateral forces. In other words, although piles with casing show an increase in 

performance at very low deflections, the advantage of using casing becomes significant for large 

deformations. So, it can be concluded that if a pile is subjected to large deformation such as in 

the case of liquefaction, casing is a reasonable option compared to concrete shafts.  

 

Table 6-7 Lateral load induced for 0.25, 0.5, 1, 3 and 6 inches using 1-D analysis 

Section Load Type 
Displacement at the top of the pile 

0.25 in 0.5 in 1 in 3 in 6 in 

MIR 

(Baseline Shaft) 

Absolute Lateral Load (KN) 121 204 290 576 702 

Relative Lateral Load* 100% 100% 100% 100% 100% 

HSIR 
Absolute Lateral Load (KN) 119 192 286 531 690 

Relative Lateral Load 98% 94% 99% 92% 98% 

CNIR 
Absolute Lateral Load (KN) 134 250 411 894 1193 

Relative Lateral Load 111% 123% 142% 155% 170% 

CIR 
Absolute Lateral Load (KN) 146 272 450 972 1371 

Relative Lateral Load 121% 133% 155% 169% 195% 

* Relative lateral load is absolute lateral load for a section per lateral load in the baseline shaft. 
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Table 6-8 Maximum bending moment induced for 0.25, 0.5, 1, 3 and 6 inches, using 1D analysis 

Section Load Type 

Displacement at the top of the pile 

0.25 

in 

0.5 

in 
1 in 

0.25 

in 
6 in 

MIR 

(Baseline 

Shaft) 

Maximum Bending Moment  (KN.m) 277 467 697 1578 1914 

Relative Bending Moment**   
100% 100% 100% 100% 100% 

HSIR 
Maximum Bending Moment  (KN.m) 271 429 623 1402 1866 

Relative Bending Moment   98% 92% 89% 89% 97% 

CNIR 
Maximum Bending Moment  (KN.m) 320 629 1161 2859 3954 

Relative Bending Moment   116% 134% 167% 181% 207% 

CIR 
Maximum Bending Moment  (KN.m) 363 710 1315 3191 4766 

Relative Bending Moment   131% 152% 189% 202% 249% 

** Relative bending moment is bending moment for a section per bending moment in the baseline 

shaft. 

 

6.6  3-D Finite Element Analysis 

As mentioned in the previous section, 3-D finite element modeling is considered the most 

accurate way for simulating an embedded pile subjected to lateral loading. 3-D FEM models 

equip researchers with more tools to estimate the real behavior of piles. OpenSees provides a 

framework in which materials, elements, and other components necessary for modeling soil-pile 

interaction within a 3-D finite element environment are possible. To make modeling easier in 

OpenSees, the GiD program (http://gid.cimne.upc.es/) is used as a pre- and post-processor.  

6.6.1  3-D FE Model Creation 

The procedure to create a 3-D finite element model of a pile subjected to lateral loading is 

described in detail in this section. For this purpose, the general steps required to create the 3-D 

model are summarized in Figure 6-16. As indicated in Figure 6-16, the first step in creating a 3-

D model is to define nodes, nodal fixities, materials and soil elements. It is worth noting that 

taking advantage of symmetry only half of the model must be created. Since 3-D finite element 

analyses are time-consuming, using half of the model significantly reduces the computational 

cost. The model is extended in the lateral direction such that the pile response is not affected by 

boundary effects near the surfaces. For this purpose, the model is elongated in the direction of 

loading as shown in Figure 6-17. Beside of model size and boundary, the soil layers are assigned 

different material properties based on given field and laboratory data. 
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Figure 6-16 Procedure to create 3-D model in OpenSees 

 
Figure 6-17 3D finite element model using GiD 
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For this purpose, the commercial tool, GiD, provides tools to choose appropriate 

elements and materials for each soil layer. With regard to available element types in OpenSees, 

element SSPbrick is used in this model. The SSPbrick element is an eight-node hexahedral 

element using physically stabilized single-point integration. The size of the elements is also 

considered in the model based on proximity of elements to the pile and ground surface. As 

shown in Figure 6-18, soil elements become smaller as they are closer to the surface and pile.   

 
Figure 6-18 3D finite element mesh using GiD 

 

There are various multi-dimensional soil constitutive models available in OpenSees. In 

this study, an elasto-plastic constitutive model proposed by Z. Yang, A. Elgamal and E. Parra in 

2003, and here referred as PressureIndependentMultiYield material, is used to model the clay 

response. Although the model is linearly elastic in terms of volumetric response, the plasticity is 

simulated in the deviatoric space. The model formulation and relationships in terms of plasticity 

are based on multi-surface (nested surfaces) theory, and the flow rule is assumed associative. 

Yielding is formulated based on a Von Mises criterion.  

For sands, a pressure dependent model referred as PressuredependentMultiYield material 

is used in OpenSees. This constitutive model is also presented by Z. Yang, A. Elgamal and E. 

Parra in 2003 and is suitable for pressure sensitive soil materials. The model is able to capture 

sand characteristics including volume contraction and dilation and cyclic mobility of liquefied 

sands. The elastic region is defined inside of an open-ended conical surface which represents the 
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yield surface. Deviatoric stresses or strains are assumed elasto-plastic based on multi-surface 

theory. To capture realistic deformation in shear stress, a non-associative flow rule is used, and 

the yield surfaces are based on a Dracker-Prager criterion. The main parameters required to 

define the sand and clay materials in OpenSees are presented in Table 6-9. Details on how to 

estimate the soil parameters for this model are discussed in the following section. 

Table 6-9 Soil properties used to define materials in OpenSees 

Layer 
Material 

model 

Saturated 

mass 

density 

Shear 

Modulus 

(MPa) 

Bulk 

Modulus 

(MPa) 

Peak 

Shear 

Strain 

Friction 

angle 

Cohesion 

(KPa) 

First PIMY* 1.841 3 9 0.0515 0 62.2 

Second PIMY 1.842 6 54 0.0515 0 62.2 

Third PDMY 2.082 100 220 0.031 40 0 

Forth PIMY 1.842 6 54 0.0515 0 62.2 

Fifth PDMY 2.082 100 220 0.031 40 0 

Sixth PIMY 1.762 22 198 0.0495 0 167.7 

* PIMY is PressureIndependentMultiYield and PDMY stands for PressureDependentMultiYield 

 

After generating the soil domain, the pile is added to the model using the same properties 

mentioned in Section 6.3 and 6.4. Note that half-sections are needed due to symmetry. Using 

beam elements to define the pile creates the need to use appropriate contact elements between 

the pile and soil; such that the pile and soil movements are compatible. For this purpose, a beam-

solid contact element is employed to simulate the interaction between soil and pile. The contact 

elements are developed and implemented in OpenSees by Petek (2006) and it is here referred as 

element BeamContact3D. Before applying lateral displacements at the top of the pile, the contact 

forces increase with depth and are equal in all directions. As the pile moves forward, additional 

contact forces are observed at the top of the pile in the leading side as shown in Figure 6-19 and 

Figure 6-20. On the other hand, the contact forces decrease in the back side as the pile moves and 

creating a gap between the soil and pile.  
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Figure 6-19 Contour fill of contact forces 

 
Figure 6-20 Vectors of contact forces 
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3-D analyses of piles are performed in three steps including self-weight, axial load on the 

pile and lateral displacement at the top of the pile. As presented in Table 6-1, and for the 

particular case under study, the effective unit weight of the layers referred as cohesive, sand and 

Blue Gray clay are 8.26, 10.62 and 7.48 KN/m3, respectively. Using these values a self-weight 

analysis can be performed.  Contours of vertical effective stress are depicted in Figure 6-21.  

 
Figure 6-21 Vertical stress before applying lateral loading 

 

After computing the self-weight step, axial loading starts by increasing the load at the top 

of the pile. Since the main concern in this study is with lateral loading, the estimated pile weight, 

equal to 500 KN, is applied as a concentrated axial load on the pile. Finally, lateral 

displacements are gradually imposed to the top of the pile. Figure 6-22 shows contours of nodal 

displacements when 30 cm of lateral displacement is applied at the top of the pile.  

It should be noted that additional analysis commands are needed in the OpenSees model 

to complete the lateral displacement analysis. These commands are listed in Table 6-10.  
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Table 6-10 Analysis commands used for applying loads 

constrains test algorithm numberer system integrator analysis 

Transformation NormDispIncr NewtonLineSearch RCM Mumps LoadControl Static 

 

 
Figure 6-22 The 3-D finite element model, lateral displacement 

 

6.6.2 Limitation of Properties of Clay 

As described earlier, to define stress-strain relationships for clay using a 3D model in 

OpenSees, a pressure independent multi-yield surface model is used. The model is a hyperbolic 

elastic-plastic constitutive model based on nested surfaces. In general the experimental soil data, 

presented in Table 6-1 for our case of study, is not enough to define the input parameters 

required for the 3-D material model for clays. So, some of the parameters must be estimated. 

Generally speaking, a wide range of input parameters can be used in these models. The following 

discussion offers a methodology to narrow down valid ranges for several parameters. The 

purpose of this section is to use the experimental data including 
50

  and c in order to find 

minimum and maximum values for some of the input parameters required for the 3D constitutive 
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models; including the elastic moduli and 𝛾𝑚𝑎𝑥. The basis of this approach is to use relationships 

to define the constitutive model.  

The pressure independent model uses a octahedral shear stress shear strain relationship 

(   ) of the form 

 
r
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 (6.46) 

where 
r

 can be obtained from the ultimate stress and strain condition (
f

 and 
m

 ) and the 

stress-strain backbone curve is shown in Figure 6-23. 
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Figure 6-23 Schematic of the pressure independent multi-yield model 

Plugging 
r

 from Equation (6.47)(6.47 in Equation (6.48), the stress-strain relationship results   
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The ultimate octahedral shear strength for a pure cohesive soil is assumed  
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where c is cohesion. So, cohesion can be found to be    
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The octahedral shear strain,  , is defined as 

       222222
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   (6.51) 

and 
50

 is the axial strain observed in an undrained triaxial compression test on a sample of the 

clay at a shear stress is equal to one half of the final shear strength, c, of the sample (Salgado 

2008). In an undrained triaxial compression test, the strain matrix is  
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Plugging the strain components from Equation (6.52) into Equation (6.51), results in 
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Therefore, the stress-strain relationship can be rewritten based on 
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  as  
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As indicated earlier, the octahedral shear stress-strain relationship in this model is 

hyperbolic and the general view of this relationship is depicted in Figure 6-24.  

 
Figure 6-24 Schematic of the hyperbolic model 
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Obviously, just the right side of the shear strain represented in Figure 6-24 is useful for 

our purposes. So, the parameters in the hyperbolic curve should be set up such that 
f

  occurs 

at 0 .  

 f







lim  (6.55) 

Plugging Equation (6.54) results in  
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Replacing Equations (6.49) and (6.53) in Equation (6.56) introduces an upper bound for the 

initial shear modulus, 
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Going back to Figure 6-24, the hyperbolic formulation states that as the shear strain approaches 

the variable a, the shear stress will go to infinity. 
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Substituting Equation (6.47) in Equation (6.58) results in  
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This indicates that the variable a is required to be negative, and consequently, 
r

  to be positive.  

r
  can be extracted from Equation (6.54). 
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From this equation, another limitation on the shear modulus can be deduced as   
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Using Equations (6.57) and (6.61), the lower and upper bounds of the shear modulus are 

estimated as 
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Bulk modulus, K, is another elastic property of soil which is related to the shear modulus 

and Poisson’s ratio as   

 GK
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  (6.63) 

EPRI EL-6800 presents correlations between Poisson’s ratio and soil stiffness for sands 

and clays. These correlations are shown in Table 6-11. 

 

Table 6-11 Recommended Poisson’s ratios for different soils based on EPRI EL-6800 

Soil Drained Undrained 

Clay 0.3 – 0.4 0.5 

Dense Sand 0.3 – 0.4 0.5 

Loose Sand 0.2 – 0.3 0.5 

 

In this study, Poisson’s ratios are taken as 0.3, 0.35 and 0.45 for sand, unsaturated clay 

and saturated clay, respectively. Having Poisson’s ratio, ν, and the shear modulus, G, bulk 

modulus can be estimated from Equation (6.63). The maximum octahedral shear strain occurs at 

failure and satisfies the equation below  
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Additionally, 
m

  is estimated as a function of c and 
50

  as 
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Therefore, the shear modulus, G, bulk modulus, K, and the maximum octahedral shear 

strain, 
m

 , are restricted between the lower bound and upper bounds presented in Table 6-12 for 

the project’s field soils.  

Table 6-12 Upper and lower bounds for G, K and 
m

  

layer depth (m) c (KPa) 
50

    G (MPa) K (MPa) 
m

  

1st 0 – 2.1 62.2 0.007 0.35 3.0 – 6.0 8.9 – 17.8 0.0198 - ∞ 

2nd 2.1 – 3.0 62.2 0.007 0.45 3.0 – 6.0 26.7 – 53.3 0.0198 - ∞ 

4th 4.0 – 5.5 62.2 0.007 0.45 3.0 – 6.0 26.7 – 53.3 0.0198 - ∞ 

6th 7.0 – 18.3 167.6 0.005 0.45 11.2 – 22.4 108.3 – 216.5 0.0094 - ∞ 



229 

 Based on the range of variables for G, K and 
m

 , obtained using the above procedure, the 

response of laterally loaded piles can be bounded. The minimum response occurs within the 

minimum values of K and G and the maximum value of 
m

 . While, the maximum response 

occurs within the maximum values of K and G and the minimum value of 
m

 . To show the lower 

and upper bound response for the laterally loaded piles considered in this study, 0.25 and 6 in 

(6.35 and 152.4 mm) displacements are imposed at the top of each pile using the four different 

sections. For both cases, the deformation, shear force and bending moment in the pile versus 

depth are plotted in Figure 6-25 to Figure 6-27.  
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Figure 6-25 Upper and lower bounds response for 0.25 and 6 in displacement at the top of the 

pile - deflection versus depth relationship 
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Figure 6-26 Upper and lower bounds responses for 0.25 and 6 in displacement at the top of the 

pile - shear force versus depth relationship 
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Figure 6-27 Upper and lower bounds responses for 0.25 and 6 in displacement at the top of the 

pile - bending moment versus depth relationship 
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6.6.3 Result of 3-D FE Model 

 In this section, a 3-D finite element model is created using the OpenSees platform to 

simulate the response of laterally loaded piles. After developing the model, three loading phases 

are applied including self-weight, axial loading and lateral loading at the top of the pile. Since 

the lateral response is the main concern in this study, lateral displacements are imposed at the top 

of the pile. In the following figures, plots of deformation versus depth for four different piles are 

depicted for 0.25, 0.5, 1, 3 and 6 inches of displacement at the top of the pile. The results shown 

in Figure 6-28 show that sections MIR and HSIR behave similar. As expected, the sections with 

casing, CNIR and CIR, show a stronger response. Figure 6-29 shows shear force versus depth for 

different deflections at the top of the pile. Figure 6-30 displays bending moment versus depth. As 

observed in Figure 6-28 to Figure 6-30, casing improves the shear force capacity and bending 

moment capacity of the piles. Besides, the 3-D model results indicate that casing causes a 

significant stronger response as the lateral load increases.  
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Figure 6-28 Deflection versus depth at different displacements at the top of the pile 
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Figure 6-29 Shear force versus depth at different displacements at the top of the pile 
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Figure 6-30 Bending moment versus depth at different displacements at the top of the pile 

 

 Table 6-13 lists the required lateral loads corresponding to different displacements at the 

top of the pile for all different cross-sections. It also includes relative lateral loads (i.e. absolute 

lateral load for a section per lateral load in the baseline shaft). Finally, Table 6-14 presents 

bending moment and relative bending moment compared with bending moment in the baseline 

shaft for different sections.   
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Table 6-13 Lateral loads induced at 0.25, 0.5, 1, 3 and 6 in, using 3D analysis 

Section Load Type 
Displacement at the top of the pile 

0.25 in 0.5 in 1 in 3 in 6 in 

MIR 

(Baseline Shaft) 

Absolute Lateral Load (KN) 112 190 287 582 775 

Relative Lateral Load*  100% 100% 100% 100% 100% 

HSIR 
Absolute Lateral Load (KN) 110 189 280 562 780 

Relative Lateral Load 99% 99% 98% 97% 101% 

CNIR 
Absolute Lateral Load (KN) 114 208 374 874 1314 

Relative Lateral Load 102% 109% 130% 150% 170% 

CIR 
Absolute Lateral Load (KN) 124 224 403 949 1523 

Relative Lateral Load 111% 118% 141% 163% 196% 

* Relative lateral load is absolute lateral load for a section per lateral load in the baseline shaft. 

Table 6-14 Maximum bending moment induced at 0.25, 0.5, 1, 3 and 6 in, using 3D analysis 

Section Load Type 
Displacement at the top of the pile 

0.25 in 0.5 in 1 in 0.25 in 6 in 

MIR 

(Baseline Shaft) 

Maximum Bending 

Moment  (KN.m) 285 484 693 1436 1905 

Relative Bending 

Moment**   
100% 100% 100% 100% 100% 

HSIR 

Maximum Bending 

Moment  (KN.m) 280 477 670 1366 1925 

Relative Bending Moment   98% 99% 97% 95% 101% 

CNIR 

Maximum Bending 

Moment  (KN.m) 293 548 1019 2570 4016 

Relative Bending Moment   103% 113% 147% 179% 211% 

CIR 

Maximum Bending 

Moment  (KN.m) 328 611 1131 2876 4892 

Relative Bending Moment   115% 126% 163% 200% 257% 

** Relative bending moment is bending moment for a section per bending moment in the baseline 

shaft. 
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6.7 Comparison of the 1-D Model to the 3-D Model  

In this section the response of laterally loaded shafts obtained from the 1-D conventional 

models and the 3-D finite element models are compared in the terms of deflection, shear force 

and bending moment versus depth.  As shown in Figure 6-31 to Figure 6-33, the response 

obtained using 1-D and 3-D models are in reasonable agreement. Figure 6-31 shows comparisons 

of deflection versus depth for all sections using both methods. The results show that both 

approaches result in very similar deflection profiles. Shear forces along the shafts are depicted in 

Figure 6-32. It is noticed that for small lateral displacements, the maximum absolute shear force 

for all sections obtained from 1-D conventional models is higher than that obtained using 3-D 

finite element models. For larger imposed displacements, however, the 3-D models show higher 

values for maximum absolute shear force. The same trend is observed in Figure 6-33 where the 

bending moment profile for different shafts is depicted using both approaches.  

Table 6-15 compares maximum absolute shear force for different sections and imposed 

displacement based on results from both methods. In Table 6-16, maximum bending moment 

versus depth is presented and the results obtained from different methods are compared together. 

Take MIR for example, the ratios of applied lateral loads from the 1-D model over those from 

the 3-D model were 1.08, 1.07, 1.01, 0.99 and 0.91 with the imposed head displacements of 0.25, 

0.5, 1.0, 3.0, and 6.0 inches, respectively; and the ratios of maximum bending moments were 

0.97, 0.97, 1.0, 1.1, and 1.0, respectively. 

This study confirms that results obtained from 1-D conventional and 3-D finite element 

approaches are similar. As observed in Tables 6.12 and 6.13, the difference between the response 

obtained using different approaches is limited to 21%. However, as depth increases, the 

differences between the results of laterally loaded piles are clearly observed. Generally speaking, 

for small lateral loading the 1-D conventional models generate higher response compared to the 

3-D finite element models. But, as lateral loading increases, the 3-D models show higher 

response. 
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Figure 6-31 Comparison between results from 1D and 3D models - deflection versus depth at 

different displacements at the top of the pile for each section 
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Figure 6-32 Comparison between results from 1D and 3D models – shear force versus depth at 

different displacements at the top of the pile for each section 
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Figure 6-33 Comparison between results from 1D and 3D models - Bending moment versus 

depth at different displacements at the top of the pile for each section 
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Table 6-15 Comparison of 1D and 3D shear forces (in kN) induced by 0.25, 0.5, 1, 3, and 6 in 

deflection at the top 

Section Analysis 0.25 in 0.5 in 1 in 3 in 6 in 

MIR 

1D 121 204 290 576 702 

3D 112 190 287 582 775 

1D/3D 108% 107% 101% 99% 91% 

HSIR 

1D 119 192 268 531 690 

3D 110 189 280 562 780 

1D/3D 108% 102% 96% 94% 88% 

CNIR 

1D 134 250 411 894 1193 

3D 114 208 374 874 1314 

1D/3D 117% 120% 110% 102% 91% 

CIR 

1D 146 272 450 972 1371 

3D 124 224 403 949 1523 

1D/3D 118% 121% 112% 102% 90% 

 

Table 6-16 Comparison of 1D and 3D maximum bending moment (in kN-m) induced by 0.25, 

0.5, 1, 3 and 6 in deflection at the top 

Section Analysis 0.25 in 0.5 in 1 in 3 in 6 in 

MIR 

1D 277 467 697 1578 1914 

3D 285 484 693 1436 1905 

1D/3D 97% 97% 100% 110% 100% 

HSIR 

1D 271 429 623 1402 1866 

3D 280 477 670 1366 1925 

1D/3D 97% 90% 93% 103% 97% 

CNIR 

1D 320 629 1161 2859 3954 

3D 293 548 1019 2570 4016 

1D/3D 109% 115% 114% 111% 98% 

CIR 

1D 363 710 1315 3191 4766 

3D 328 611 1131 2876 4892 

1D/3D 110% 116% 116% 111% 97% 
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6.8 Conclusion  

In this chapter, two different modeling approaches including a 1-D conventional finite 

element and a 3-D finite element approach were used to evaluate the response of laterally loaded 

shafts. The OpenSees numerical platform was used for all simulations. In order to compare the 

performance of shafts with and without casing, four different sections, including MIR, HSIR, 

CNIR and CIR were defined in OpenSees. Section 6.4 presents a methodology to extract the 

moment curvature relationship for the piles separately. A procedure to develop a 1-D 

conventional pile models and a 3-D Finite element model in OpenSees was described in 

Section 6.6 and 6.7, respectively. Results of lateral loading obtained by imposing displacements 

at the top of the free-head piles using different methods were presented in corresponding 

sections. 

The ultimate lateral resistance of the test shafts were predicted roughly as 745, 743, 1289 

and 1546 kN for shafts MIR, HSIR, CNIR, and CIR, respectively, indicating that using casing 

around the shaft of MIR added 107% extra lateral strength to shaft CIR. In addition, using casing 

without the internal reinforcement (CNIR) increased the lateral resistance of the shaft (MIR) by 

73%. The results indicated that for sections with casing the depth of maximum rotation is deeper 

than the sections without casing. Lateral responses with different imposed displacements were 

compared between the test shafts. Table 6-7 and Table 6-8 summarized the applied lateral load 

and maximum bending moment for each test shaft under different imposed displacements. It 

revealed that although cased shafts showed an increase in performance at very low deflections, 

the advantage of using casing becomes more significant for large deformations. Therefore, if a 

shaft is subjected to a large deformation such as in the case of liquefaction or in slickensided 

(pre-sheared) soil deposits, casing is a reasonable option comparing to the conventional concrete 

shafts.  For the 3-D finite element models, results of lateral loading obtained by imposing 

displacements at the top of the free-head shafts were presented. The lateral responses in terms of 

deflection, shear force and bending moment profile obtained from 3-D models agreed well with 

the lateral responses from 1-D models.   
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7.  Prediction of Test Shafts Responses 

7.1 Overview 

The final objective of this study was to make a true prediction of the lateral response of 

four test shafts at the OSU Geotechnical Engineering Field Research Site. Analytical methods 

were used to predict the static axial capacity of the test shafts. The lateral response of each test 

shaft was predicted using OpenSees and LPile. Section 7.2 presents the soil and shaft model and 

parameters used in analyses. The predictions of axial and lateral response are provided in 

Sections 7.3 and 7.4, respectively.  

7.2 Soil Model Parameters 

Chapter 4 presented the details regarding the geotechnical characterization of the test site. 

The site-specific p-y curve obtained by Nimityongskul (2010) for the top 2.1 m (7 ft) was 

employed in LPile model. The soil properties used to predict the lateral test shaft responses are 

summarized briefly in Table 7-1, below. The groundwater table was assumed to lie at a depth of 

0.6 m (2 ft) for the purposes of the predictions.  

Table 7-1 Soil model and parameters used for LPile model 

Soil Model 

in LPile 

Thickness, 

m (ft) 

Effective 

Unit  

Weight, 

kN/m3 (pcf) 

Undrained  

 Shear 

Strength, 

kPa (psf) 

Strain  

Factor 

ε50 

Friction  

Angle 

(deg) 

Subgrade 

Modulus 

Parameter k 

Stiff Clay 

w/o Free 

Water 

0.6 

(2) 

18.1 

(115) 

62.2 

(1300) 
0.007 - - 

Stiff Clay 

w/ Free 

Water 

2.4 

(8) 

8.3 

(52.6) 

62.2 

(1300) 
0.007 - 500 

API Sand 
1.0 

(3) 

10.6 

(67.6) 
- - 40 150 

Stiff Clay 

w/ Free 

Water 

1.5 

(5) 

8.3 

(52.6) 

62.2 

(1300) 
0.007 - 500 

API Sand 
1.5 

(5) 

10.6 

(67.6) 
- - 45 150 

Stiff Clay 

w/ Free 

Water 

12 

(40) 

7.5 

(47.6) 

167.6 

(3500) 
0.005 - 1000 
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As discussed in Section 4.3, the test shafts consist of a shaft with mild internal steel 

reinforcement (MIR), a shaft with high-strength internal reinforcement (HSIR), a cased shaft 

with mild internal reinforcement (CIR), and a cased shaft with no internal reinforcement (CNIR). 

The configuration for each shaft is summarized in Table 4-3. In the LPile and OpenSees models, 

the embedded length for each shaft was 18.3 m (60 ft); and the head of each shaft was 0.6 m 

(2 ft) above ground surface, corresponding to the resultant location of the applied displacement. 

OpenSees was used to construct three dimensional finite element (FE) models.  The material 

models were the same as those used in Chapter 6. 

7.3 Prediction of Axial Response 

The axial resistance of drilled shafts consists of shaft and toe bearing resistance. The 

axial compression capacity was computed using (Kulhawy 2004): 

   
c sc tc

Q Q Q W                 (7.1) 

where Qsc = shaft resistance, Qtc = toe bearing resistance, and W = weight of the shaft. Section 

2.4 discussed several methods available to estimate shaft and toe bearing resistance of drilled 

shafts. In this chapter, the methods recommended by Brown et al. (2010) were used. Since the 

test shafts will bear in blue-gray clay (Table 4.1), the unit toe bearing resistance was calculated 

by (O’Neill and Reese, 1999): 

*

c u
q N s                                       (7.2) 

where 𝑁𝑐
∗ = bearing capacity factor, which is a function of shaft dimensions and soil conditions, 

and su = mean undrained shear strength over the depth of 2D (diameter) below the base. For the 

test shafts, the embedded depth (18.3 m) of shafts is more than three times of the diameter 

(0.9 m) and the mean undrained shear strength (167.6 kPa) is greater than 95.8 kPa. Therefore, 

the bearing capacity factor was taken as 9.0 (Brown et al., 2010). The toe bearing resistance was 

estimated by: 

2

4
b a s etc

qQ
D

A q


                                               (7.3) 

 The shaft resistance was calculated separately for each soil layer. Alpha and beta 

methods, were used to calculate unit shaft resistances, f, of the test shafts in cohesive and 

cohesionless soils, respectively, as given by: 

u
f s        for cohesive soils         (7.4) 

' ' 'K
m in ( , ) ( ) ta n

v o p v

o

f K K
K

       for cohesionless soils      (7.5) 

where α and β = coefficients used to estimate the unit shaft resistance along the shaft, su = 

average untrained shear strength over the interested depth, σ’v = average vertical effective stress 

over the interested depth, Ko = coefficient of earth pressure at rest, Kp = coefficient of passive 
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earth pressure, K =  coefficient of horizontal earth stress, K/Ko = a factor that represents the 

change in the horizontal total stress as a function of the construction method, which is equal to 

1.0 for dry construction, 5/6 for casing construction, 2/3 for slurry construction, and 11/12 for 

combined dry/casing construction (Chen and Kulhawy 2002), σ’v = vertical effective stress over 

the interested depth, ϕ’ = effective stress friction angle. The coefficient α was obtained by using 

Equation (2.8) and (2.9). The coefficient of passive earth pressure, Kp, and the coefficient of 

earth pressure at rest, Ko, were calculated by: 

'

2
ta n ( 4 5 )

2
p

K


                 (7.6) 

'
' s in

(1 s in ) O C R
o

K


                (7.7) 

'

'
O C R

p

v




                (7.8) 

where OCR = overconsolidation ratio, σ'
p = effective vertical preconsolidation stress and was 

calculated by (Mayne 2007): 

' 0 .8
0 .4 7 ( )

p 6 0 a tm
N p               (7.9) 

where patm = atmospheric pressure, N60 = average field N-value over the interested depth. The 

total shaft resistance was assessed by: 

1 1

( )

n n

sc s id e i i i

i i

Q A f D L f

 

                          (7.10) 

To account for the permanent casing, casing reduction factor of 0.7 and 0.65 were used for 

cohesionless (AASHTO 2007) and cohesive soils (Brown et al. 2010), respectively. Table 7-2 

summarized the predicted axial capacity for the test shafts. 

 

Table 7-2 Summary of the predicted axial capacity for the test shafts 

 MIR/HSIR CIR/CNIR 

Shaft Resistance, kN 6210 4109 

Toe bearing Resistance, kN 990 990 

Shaft Weight, kN 384 387 

Axial Resistance, kN 6816 4712 
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7.4 Prediction of Lateral Response 

For the analyses carried out by LPile, the shafts were discretized into 500 elements. 

Default p-y curves were used for different types of soils. In OpenSees, a fiber section was used to 

simulate the test shafts. The effect of confinement of concrete due to transverse reinforcement or 

casing on the strength and stiffness of the concrete was considered in the OpenSees analyses. For 

each shaft, a series of displacements (6.4, 12.7, 25.4, 76.2, and 152.4 mm)was imposed at the 

shaft head, which was 0.6 m (2 ft) above ground surface. In this section, the general trends are 

summarized for the case with lateral displacement of 152.4 mm. 

The bending moment-curvature relationship for each shaft using LPile and OpenSees is 

shown in Figure 7-1. Both software packages produce similar moment-curvature relationships. 

The effect of initial concrete cracking is observed in the bending moment-curvature model used 

in the LPile package. 

 

Figure 7-1 Comparison on bending moment-curvature relationship of each shaft 
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Figure 7-2 through Figure 7-4 show the lateral deflection, bending moment and shear 

force profile, respectively, for each shaft using LPile and OpenSees. The lateral response 

performance measures, including the shear force at shaft head (Vh), maximum negative shear 

force (Vmax) and depth-to-maximum negative shear force (HVmax), and maximum bending 

moment (Mmax) and depth-to-maximum bending moment (HMmax), are summarized in Table 7-3. 

The percentage differences between the LPile and OpenSees results for the magnitude of Vh, 

Vmax, and Mmax and the changes of HVmax and HMmax as multiples of shaft diameter (D) are also 

listed in Table 7-3. 

The general trends of the various lateral drill shaft performance measures from OpenSees 

and LPile are consistent with one another. The percent differences of the magnitude of the shear 

force at shaft head, maximum negative shear force, and maximum bending moment between 

LPile and OpenSees results are equal or smaller than 5%; and the changes of depth-to-maximum 

negative shear force and depth-to-maximum bending moment are smaller than 1D. The 

differences can be attributed to the following: (1) OpenSees models the soil as a three 

dimensional continuum whereas LPile models soil using a series of independent springs 

distributed along the shaft; (2) OpenSees considers the hardening of steel after yield whereas 

LPile uses a linear elastic-perfectly plastic constitutive response for steel..  

To compare the lateral responses between each shaft, the more sophisticated OpenSees 

model is used, and is summarized in Table 7-4. The percentage increase of Vh, Vmax, and Mmax for 

HSIR, CIR, and CNIR were calculated using shaft MIR as the baseline. The changes of HVmax 

and HMmax were evaluated as multiples of shaft diameter (D). The predicted lateral responses of 

HSIR is quite similar as those of MIR, which indicates a 0.6%, 3%, and 1% percentage 

difference for Vh, Vmax, and Mmax, respectively. These differences are attributed to the 

contribution of concrete confinement effects from the tighter shear reinforcement spacing for 

MIR and the difference of stress-strain behavior of mild and high strength steel. Comparing to 

the uncased shafts, the cased shafts exhibited a much stiffer lateral response.  For example, at a 

lateral displacement of 152.4 mm (6 in), the lateral shear resistance developed at the shaft head 

increased from 775.1 kN for MIR to 1314.4 kN for CNIR, a 70% increase, and 1522.8 kN for 

CIR, a 96% increase. 
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Figure 7-2 Lateral deflection profile of test shafts at an imposed lateral head displacement of 

152.4 mm 
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Figure 7-3 Bending moment profile of test shafts at an imposed lateral head displacement of 

152.4 mm 

 

 

 

-1000 0 1000 2000 3000 4000 5000 6000
-20

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

Bending Moment (kN-m)

D
e
p

th
 (

m
)

 

 

LPile-MIR

LPile-HSIR

LPile-CIR

LPile-CNIR

OpenSees-MIR

OpenSees-HSIR

OpenSees-CIR

OpenSees-CNIR



251 

 

 

 

Figure 7-4 Shear force profile of test shafts at an imposed lateral head displacement of 152.4 mm 
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Table 7-3 Summary of lateral response simulations 

Test Shaft Model 
Vh 

(kN) 

Vmax 

(kN) 

HVmax 

 (m) 

Mmax 

(kN-m) 

HMmax 

 (m) 

MIR 

OpenSees 775.1 502.5 5.33 1905.2 2.90 

LPile 728.4 621.6 4.65 1864.6 2.73 

Difference 2% 5% 0.75 m 0.5% 0.18 m 

HSIR 

OpenSees 780.1 517.3 5.33 1924.8 2.90 

LPile 727.2 640.9 4.65 1858.8 2.73 

Difference 2% 5% 0.75 m 0.9% 0.18 m 

CNIR 

OpenSees 1314.1 894.1 6.55 4016.0 3.20 

LPile 1251.1 1107.8 6.77 4215.6 3.89 

Difference 1% 5% 0.24 m 1% 0.76 m 

CIR 

OpenSees 1522.8 1042.1 6.86 4891.9 3.50 

LPile 1412.8 1298.8 7.15 5077.0 4.27 

Difference 2% 5% 0.33 m 1% 0.85 m 

 

 

Table 7-4 Comparison of lateral responses to shaft MIR as calculated using OpenSees 

 MIR HSIR CNIR CIR 

Vh, kN 775.1 780.1 1314.1 1522.8 

Percentage Change - 0.6% 70% 96% 

Vmax, kN 502.5 517.3 894.1 1042.1 

Percentage Change - 3% 78% 107% 

HVmax, m 5.33 5.33 6.55 6.86 

Change of Depth (×D)  0.0 1.35 1.69 

Mmax, kN-m 1905.2 1924.8 4016.0 4891.9 

Percentage Change - 1% 111% 157% 

HMmax, m 2.90 2.90 3.20 3.50 

Change of Depth (×D) - 0.0 0.34 0.68 
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7.4 Conclusions 

The final objective of this study was to make a true prediction of the lateral response of 

four test shafts at the OSU Geotechnical Engineering Field Research Site. Analytical methods 

were used to predict the static axial capacity of the test shafts. The lateral response of each test 

shaft was predicted using OpenSees and LPile. The predicted axial resistance for uncased (MIR 

and HSIR) and cased (CIR and CNIR) shafts was 6816 kN and 4712 kN, respectively. The 

general trends of the lateral deflection, bending moment and shear force profile from OpenSees 

and LPile were found to be similar. Using the more sophisticated OpenSees model as the most 

representative estimation method, the predicted lateral loads for MIR, HSIR, CNIR, and CIR 

were equal to 775.1, 780.1 kN, 1314.1, and 1522.8 kN, respectively, for a shaft head 

displacement of 152.4 mm (6 in).  
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8. Summary and Conclusions  

8.1 Summary of Research Investigation 

This PacTrans project is part of a larger research project that is set within a collaborative 

framework including ODOT, WSDOT, PacTrans, and the West Coast Chapter of the Association 

of Drilled Shaft Contractors (WCC-ADSC).  The objectives of the overall project are to study the 

impact of steel casing and high-strength steel reinforcement on the axial and lateral behavior of 

full-scale drilled shaft foundation elements and to evaluate the appropriateness of existing design 

procedures.  The objectives for this, PacTrans-specific research, are to determine the state-of-

practice for the use of high-strength steel reinforcement and casing in drilled shafts and to 

evaluate their behavior using commercially available and advanced numerical techniques.  

The PacTrans-related research program and findings described in this report included the 

generation of a comprehensive literature review of drilled shafts, with a focus on the use of high 

strength steel and steel casing, the execution of a DOT survey of the state-of-the-practice, the 

assessment of a comprehensive parametric study using and comparing commercially available 

software used to evaluate the lateral response of drilled shafts, and the development of an 

advanced numerical model for the analysis of drilled shafts. This report presented the research 

program described above and its findings, which are detailed below. 

8.2 Conclusions 

8.2.1 Literature Review 

A comprehensive literature review on drilled shafts was conducted, with a focus on 

understanding the role of high strength steel and casing on the response of drilled shafts, a 

critical need owing to the increased understanding of the regional seismic hazards in the Pacific 

Northwest. Structural research on concrete-filled tubes was determined to be fairly established, 

providing the necessary insight to understanding the internal response of cased shafts. Thus, in 

some States, the use of concrete filled tube (CFT) is broad due to the large inelastic deformation 

capacity and better seismic performance. However, very little information was available in the 

literature regarding the geotechnical response of cased shafts, indicating that the research 

conducted in this study represents a first, necessary, but must not represent the last, investigation. 

The same may be concluded regarding the use of high-strength bar in drilled shaft foundations.  

8.2.2 Survey of Departments of Transportation 

A DOT survey of the state-of-practice in the design and construction of deep foundations 

and drilled shafts, in particular, for transportation infrastructure, was conducted to help 

determine the benchmarks and practices for the use of permanent steel casing and high-strength 

steel reinforcement. Twenty-three surveys, including 22 from US and one from Alberta, CA, 

were returned and analyzed.  The results indicate that there exists a broad and diverse set of 

practices for the design and construction methodologies across the various regions of the United 

States.   
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8.2.3 Evaluation and Comparison of the Lateral Response of Drilled Shafts using Commercially-

available Software 

A parametric study was performed to evaluate the effect of shaft diameters (D), shaft 

diameter-to-steel casing thickness (D/t) ratio, internal reinforcement conditions, and combined 

loading for drilled shafts on the lateral response of drilled shafts embedded in typical layered soil 

profiles. Additionally, two different, commercially available software programs, LPile and 

DFSAP, were used to investigate the lateral responses. It was observed that the lateral deflection 

profiles from the selected software packages appear similar, however, some differences between 

the computed bending moment and shear force profiles were observed, with increasing 

difference with decreasing shaft flexural rigidity (i.e., EI). It was also determined that the 

flexural rigidity, as modeled in proxy by the shaft diameter, contributed significantly to the 

difference in the lateral performance measures. The effect of internal, longitudinal reinforcement 

on the performance of shafts is greater for the shafts with smaller D/t ratio and larger imposed 

lateral head displacements. Cased drilled shafts with small D/t ratios leads to greater magnitudes 

of longitudinal reinforcement, and therefore flexural rigidity. However, due to the limitation in 

maximum thickness that can be manufactured, it will often be more practical to increase the shaft 

diameter instead of reducing D/t ratio for certain situations. With regard to the impact of 

combined loading, when axial loads are less than three times of lateral yield force (Vy), the effect 

of axial loading can be ignored. However, decreases in the lateral response should be expected, 

and accounted for, when axial loads larger than 3Vy are anticipated. 

8.2.4 Development and Evaluation of OpenSees Models for Lateral Response of Drilled Shafts 

A 1-D and 3-D OpenSees finite element model was developed to evaluate the response of 

laterally loaded shafts using advanced methods. In order to compare the performance of shafts 

with and without casing, four different sections representing those to be evaluated 

experimentally were constructed in the numerical platform. The investigations of ultimate lateral 

resistance of the test shafts indicated that the use of casing around a traditionally constructed 

shaft (in this case, shaft MIR) added more than 100% extra lateral strength. The use of casing 

without internal reinforcement (in this case, shaft CNIR) increased the lateral resistance relative 

to MIR by more than 70%. These studies also revealed that although cased shafts showed an 

increase in performance at very low deflections, the advantage of using casing becomes more 

significant for large deformations. Therefore, if a shaft is subjected to a large deformation such 

as in the case of liquefaction or in slickensided (pre-sheared) soil deposits, casing may offer 

considerable benefit.  Finally, it was determined that the lateral deflection, shear force, and 

bending moment profiles obtained from the 3-D models agreed well with the lateral responses 

from 1-D models. 
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Appendix A Effect of Bending Moment-Rotation Models on Lateral Response 

 

 

 

 

 

 

 

This Appendix summarizes the comparisons of shaft properties, in terms of moment-

curvature relationship (Figure A-1 through Figure A-30), and later responses performance 

measures (Figure A-31 through Figure A-120) using LPile and DFSAP. 
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Figure A-1 Moment-curvature relationship for the shaft of 0.9-20-0-IR 
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Figure A-2 Moment-curvature relationship for the shaft of 0.9-20-0-NR 
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Figure A-3 Moment-curvature relationship for the shaft of 0.9-40-0-IR 
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Figure A-4 Moment-curvature relationship for the shaft of 0.9-40-0-NR 
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Figure A-5 Moment-curvature relationship for the shaft of 0.9-60-0-IR 
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Figure A-6 Moment-curvature relationship for the shaft of 0.9-60-0-NR 
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Figure A-7 Moment-curvature relationship for the shaft of 0.9-80-0-IR 
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Figure A-8 Moment-curvature relationship for the shaft of 0.9-80-0-NR 
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Figure A-9 Moment-curvature relationship for the shaft of 0.9-100-0-IR 
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Figure A-10 Moment-curvature relationship for the shaft of 0.9-100-0-NR 
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Figure A-11 Moment-curvature relationship for the shaft of 1.8-20-0-IR 
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Figure A-12 Moment-curvature relationship for the shaft of 1.8-20-0-NR 
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Figure A-13 Moment-curvature relationship for the shaft of 1.8-40-0-IR 
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Figure A-14 Moment-curvature relationship for the shaft of 1.8-40-0-NR 
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Figure A-15 Moment-curvature relationship for the shaft of 1.8-60-0-IR 
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Figure A-16 Moment-curvature relationship for the shaft of 1.8-60-0-NR 
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Figure A-17 Moment-curvature relationship for the shaft of 1.8-80-0-IR 
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Figure A-18 Moment-curvature relationship for the shaft of 1.8-80-0-NR 
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Figure A-19 Moment-curvature relationship for the shaft of 1.8-100-0-IR 
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Figure A-20 Moment-curvature relationship for the shaft of 1.8-100-0-NR 
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Figure A-21 Moment-curvature relationship for the shaft of 2.7-20-0-IR 
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Figure A-22 Moment-curvature relationship for the shaft of 2.7-20-0-NR 
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Figure A-23 Moment-curvature relationship for the shaft of 2.7-40-0-IR 



A-25 

  
Figure A-24 Moment-curvature relationship for the shaft of 2.7-40-0-NR 
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Figure A-25 Moment-curvature relationship for the shaft of 2.7-60-0-IR 
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Figure A-26 Moment-curvature relationship for the shaft of 2.7-60-0-NR 
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Figure A-27 Moment-curvature relationship for the shaft of 2.7-80-0-IR 
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Figure A-28 Moment-curvature relationship for the shaft of 2.7-80-0-NR 
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Figure A-29 Moment-curvature relationship for the shaft of 2.7-100-0-IR 
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Figure A-30 Moment-curvature relationship for the shaft of 2.7-100-0-NR 
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(a)  

Figure A-31 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-IR-C 
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(b)  

Figure A-31 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-IR-C 
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(c) 

Figure A-31 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-IR-C 
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(a)  

Figure A-32 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-IR-G 
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(b)  

Figure A-32 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-IR-G 
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(c) 

Figure A-32 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-IR-G 
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(a)  

Figure A-33 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-IR-S 

 

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Deflection (m)

D
ep

th
 (

m
)

Sands, with Internal Reinf.

D = 0.9 m, D/t = 20

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-39 

 
(b)  

Figure A-33 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-IR-S 
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(c) 

Figure A-33 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-IR-S 
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(a)  

Figure A-34 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-NR-C 
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(b)  

Figure A-34 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-NR-C 
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(c) 

Figure A-34 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-NR-C 
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(a)  

Figure A-35 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-NR-G 
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(b)  

Figure A-35 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-NR-G 
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(c) 

Figure A-35 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-NR-G 
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(a)  

Figure A-36 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-NR-S 
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(b)  

Figure A-36 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-NR-S 
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(c) 

Figure A-36 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-20-0-NR-S 
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(a)  

Figure A-37 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-IR-C 
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(b)  

Figure A-37 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-IR-C 
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(c) 

Figure A-37 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-IR-C 
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(a)  

Figure A-38 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-IR-G 
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(b)  

Figure A-38 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-IR-G 
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(c) 

Figure A-38 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-IR-G 
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(a)  

Figure A-39 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-IR-S 
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(b)  

Figure A-39 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-IR-S 
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(c) 

Figure A-39 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-IR-S 

 

-2000 -1500 -1000 -500 0 500 1000 1500 2000 2500
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Shear Force (kN)

D
ep

th
 (

m
)

Sands, with Internal Reinf.

D = 0.9 m, D/t = 40

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-59 

 
(a)  

Figure A-40 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-NR-C 
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(b)  

Figure A-40 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-NR-C 
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(c) 

Figure A-40 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-NR-C 
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(a)  

Figure A-41 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-NR-G 
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(b)  

Figure A-41 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-NR-G 
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(c) 

Figure A-41 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-NR-G 
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(a)  

Figure A-42 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-NR-S 
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(b)  

Figure A-42 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-NR-S 
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(c) 

Figure A-42 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-40-0-NR-S 
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(a)  

Figure A-43 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-IR-C 
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(b)  

Figure A-43 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-IR-C 
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(c) 

Figure A-43 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-IR-C 
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(a)  

Figure A-44 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-IR-G 
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(b)  

Figure A-44 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-IR-G 
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(c) 

Figure A-44 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-IR-G 
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(a)  

Figure A-45 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-IR-S 
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(b)  

Figure A-45 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-IR-S 
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(c) 

Figure A-45 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-IR-S 
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(a)  

Figure A-46 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-NR-C 
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(b)  

Figure A-46 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-NR-C 

 

-500 0 500 1000 1500 2000 2500 3000 3500 4000 4500
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Bending Moment (kN-m)

D
ep

th
 (

m
)

Clays, without Internal Reinf.

D = 0.9 m, D/t = 60

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-79 

 
(c) 

Figure A-46 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-NR-C 
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(a)  

Figure A-47 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-NR-G 
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(b)  

Figure A-47 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-NR-G 
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(c) 

Figure A-47 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-NR-G 
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(a)  

Figure A-48 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-NR-S 

 

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Deflection (m)

D
ep

th
 (

m
)

Sands, without Internal Reinf.

D = 0.9 m, D/t = 60

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-84 

 
(b)  

Figure A-48 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-NR-S 
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(c) 

Figure A-48 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-60-0-NR-S 

 

-1500 -1000 -500 0 500 1000 1500 2000
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Shear Force (kN)

D
ep

th
 (

m
)

Sands, without Internal Reinf.

D = 0.9 m, D/t = 60

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-86 

 
(a)  

Figure A-49 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-IR-C 
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(b)  

Figure A-49 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-IR-C 
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(c) 

Figure A-49 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-IR-C 
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(a)  

Figure A-50 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-IR-G 
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(b)  

Figure A-50 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-IR-G 
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(c) 

Figure A-50 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-IR-G 
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(a)  

Figure A-51 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-IR-S 
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(b)  

Figure A-51 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-IR-S 
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(c) 

Figure A-51 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-IR-S 
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(a)  

Figure A-52 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-NR-C 
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(b)  

Figure A-52 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-NR-C 
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(c) 

Figure A-52 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-NR-C 
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(a)  

Figure A-53 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-NR-G 
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(b)  

Figure A-53 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-NR-G 
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(c) 

Figure A-53 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-NR-G 
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(a)  

Figure A-54 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-NR-S 
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(b)  

Figure A-54 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-NR-S 
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(c) 

Figure A-54 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-80-0-NR-S 

 

 

-1000 -500 0 500 1000 1500
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Shear Force (kN)

D
ep

th
 (

m
)

Sands, without Internal Reinf.

D = 0.9 m, D/t = 80

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-104 

 
(a)  

Figure A-55 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-IR-C 
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(b)  

Figure A-55 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-IR-C 
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(c) 

Figure A-55 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-IR-C 
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(a)  

Figure A-56 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-IR-G 
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(b)  

Figure A-56 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-IR-G 
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(c) 

Figure A-56 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-IR-G 
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(a)  

Figure A-57 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-IR-S 
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(b)  

Figure A-57 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-IR-S 
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(c) 

Figure A-57 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-IR-S 
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(a)  

Figure A-58 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-NR-C 
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(b)  

Figure A-58 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-NR-C 
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(c) 

Figure A-58 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-NR-C 
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(a)  

Figure A-59 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-NR-G 
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(b)  

Figure A-59 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-NR-G 
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(c) 

Figure A-59 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-NR-G 
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(a)  

Figure A-60 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-NR-S 
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(b)  

Figure A-60 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-NR-S 
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(c) 

Figure A-60 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 0.9-100-0-NR-S 
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(a)  

Figure A-61 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-IR-C 
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(b)  

Figure A-61 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-IR-C 
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(c) 

Figure A-61 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-IR-C 
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(a)  

Figure A-62 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-IR-G 
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(b)  

Figure A-62 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-IR-G 
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(c) 

Figure A-62 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-IR-G 
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(a)  

Figure A-63 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-IR-S 
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(b)  

Figure A-63 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-IR-S 
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(c) 

Figure A-63 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-IR-S 
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(a)  

Figure A-64 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-NR-C 
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(b)  

Figure A-64 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-NR-C 
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(c) 

Figure A-64 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-NR-C 
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(a)  

Figure A-65 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-NR-G 

 

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Deflection (m)

D
ep

th
 (

m
)

GEFRS, without Internal Reinf.

D = 1.8 m, D/t = 20

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-135 

 
(b)  

Figure A-65 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-NR-G 
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(c) 

Figure A-65 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-NR-G 
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(a)  

Figure A-66 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-NR-S 
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(b)  

Figure A-66 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-NR-S 
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(c) 

Figure A-66 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-20-0-NR-S 
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(a)  

Figure A-67 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-IR-C 
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(b)  

Figure A-67 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-IR-C 
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(c) 

Figure A-67 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-IR-C 
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(a)  

Figure A-68 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-IR-G 
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(b)  

Figure A-68 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-IR-G 
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(c) 

Figure A-68 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-IR-G 
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(a)  

Figure A-69 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-IR-S 
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(b)  

Figure A-69 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-IR-S 
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(c) 

Figure A-69 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-IR-S 
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(a)  

Figure A-70 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-NR-C 
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(b)  

Figure A-70 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-NR-C 
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(c) 

Figure A-70 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-NR-C 

 

-6000 -4000 -2000 0 2000 4000 6000 8000
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Shear Force (kN)

D
ep

th
 (

m
)

Clays, without Internal Reinf.

D = 1.8 m, D/t = 40

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-152 

 
(a)  

Figure A-71 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-NR-G 
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(b)  

Figure A-71 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-NR-G 
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(c) 

Figure A-71 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-NR-G 

 

-8000 -6000 -4000 -2000 0 2000 4000 6000 8000 10000 12000
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Shear Force (kN)

D
ep

th
 (

m
)

GEFRS, without Internal Reinf.

D = 1.8 m, D/t = 40

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-155 

 
(a)  

Figure A-72 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-NR-S 
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(b)  

Figure A-72 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-NR-S 
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(c) 

Figure A-72 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-40-0-NR-S 
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(a)  

Figure A-73 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-IR-C 
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(b)  

Figure A-73 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-IR-C 
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(c) 

Figure A-73 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-IR-C 
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(a)  

Figure A-74 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-IR-G 
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(b)  

Figure A-74 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-IR-G 
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(c) 

Figure A-74 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-IR-G 
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(a)  

Figure A-75 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-IR-S 
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(b)  

Figure A-75 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-IR-S 
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(c) 

Figure A-75 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-IR-S 
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(a)  

Figure A-76 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-NR-C 
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(b)  

Figure A-76 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-NR-C 
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(c) 

Figure A-76 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-NR-C 
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(a)  

Figure A-77 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-NR-G 
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(b)  

Figure A-77 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-NR-G 
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(c) 

Figure A-77 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-NR-G 
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(a)  

Figure A-78 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-NR-S 
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(b)  

Figure A-78 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-NR-S 

 

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

x 10
4

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Bending Moment (kN-m)

D
ep

th
 (

m
)

Sands, without Internal Reinf.

D = 1.8 m, D/t = 60

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-175 

 
(c) 

Figure A-78 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-60-0-NR-S 
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(a)  

Figure A-79 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-IR-C 
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(b)  

Figure A-79 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-IR-C 
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(c) 

Figure A-79 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-IR-C 
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(a)  

Figure A-80 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-IR-G 
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(b)  

Figure A-80 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-IR-G 
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(c) 

Figure A-80 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-IR-G 
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(a)  

Figure A-81 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-IR-S 
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(b)  

Figure A-81 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-IR-S 
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(c) 

Figure A-81 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-IR-S 
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(a)  

Figure A-82 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-NR-C 
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(b)  

Figure A-82 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-NR-C 
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(c) 

Figure A-82 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-NR-C 
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(a)  

Figure A-83 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-NR-G 
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(b)  

Figure A-83 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-NR-G 
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(c) 

Figure A-83 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-NR-G 

 

-6000 -4000 -2000 0 2000 4000 6000 8000
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Shear Force (kN)

D
ep

th
 (

m
)

GEFRS, without Internal Reinf.

D = 1.8 m, D/t = 80

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-191 

 
(a)  

Figure A-84 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-NR-S 
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(b)  

Figure A-84 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-NR-S 
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(c) 

Figure A-84 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-80-0-NR-S 
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(a)  

Figure A-85 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-IR-C 
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(b)  

Figure A-85 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-IR-C 
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(c) 

Figure A-85 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-IR-C 
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(a)  

Figure A-86 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-IR-G 
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(b)  

Figure A-86 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-IR-G 
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(c) 

Figure A-86 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-IR-G 
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(a)  

Figure A-87 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-IR-S 
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(b)  

Figure A-87 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-IR-S 
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(c) 

Figure A-87 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-IR-S 
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(a)  

Figure A-88 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-NR-C 
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(b)  

Figure A-88 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-NR-C 
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(c) 

Figure A-88 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-NR-C 
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(a)  

Figure A-89 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-NR-G 
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(b)  

Figure A-89 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-NR-G 
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(c) 

Figure A-89 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-NR-G 
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(a)  

Figure A-90 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-NR-S 

 

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Deflection (m)

D
ep

th
 (

m
)

Sands, without Internal Reinf.

D = 1.8 m, D/t = 100

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-210 

 
(b)  

Figure A-90 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-NR-S 
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(c) 

Figure A-90 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 1.8-100-0-NR-S 
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(a)  

Figure A-91 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-IR-C 

 

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Deflection (m)

D
ep

th
 (

m
)

Clays, with Internal Reinf.

D = 2.7 m, D/t = 20

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-213 

 
(b)  

Figure A-91 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-IR-C 
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(c) 

Figure A-91 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-IR-C 
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(a)  

Figure A-92 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-IR-G 
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(b)  

Figure A-92 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-IR-G 

 

-0.5 0 0.5 1 1.5 2 2.5 3

x 10
5

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Bending Moment (kN-m)

D
ep

th
 (

m
)

GEFRS, with Internal Reinf.

D = 2.7 m, D/t = 20

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-217 

 
(c) 

Figure A-92 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-IR-G 
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(a)  

Figure A-93 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-IR-S 
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(b)  

Figure A-93 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-IR-S 
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(c) 

Figure A-93 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-IR-S 
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(a)  

Figure A-94 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-NR-C 
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(b)  

Figure A-94 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-NR-C 
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(c) 

Figure A-94 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-NR-C 
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(a)  

Figure A-95 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-NR-G 
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(b)  

Figure A-95 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-NR-G 
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(c) 

Figure A-95 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-NR-G 
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(a)  

Figure A-96 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-NR-S 
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(b)  

Figure A-96 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-NR-S 
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(c) 

Figure A-96 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-20-0-NR-S 
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(a)  

Figure A-97 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-IR-C 
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(b)  

Figure A-97 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-IR-C 
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(c) 

Figure A-97 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-IR-C 
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(a)  

Figure A-98 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-IR-G 
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(b)  

Figure A-98 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-IR-G 
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(c) 

Figure A-98 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-IR-G 
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(a)  

Figure A-99 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-IR-S 
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(b)  

Figure A-99 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-IR-S 
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(c) 

Figure A-99 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-IR-S 
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(a)  

Figure A-100 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-NR-C 
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(b)  

Figure A-100 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-NR-C 
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(c) 

Figure A-100 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-NR-C 
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(a)  

Figure A-101 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-NR-G 
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(b)  

Figure A-101 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-NR-G 

 

-2 0 2 4 6 8 10 12 14 16 18

x 10
4

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Bending Moment (kN-m)

D
ep

th
 (

m
)

GEFRS, without Internal Reinf.

D = 2.7 m, D/t = 40

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-244 

 
(c) 

Figure A-101 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-NR-G 
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(a)  

Figure A-102 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-NR-S 
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(b)  

Figure A-102 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-NR-S 
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(c) 

Figure A-102 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-40-0-NR-S 
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(a)  

Figure A-103 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-IR-C 

 

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Deflection (m)

D
ep

th
 (

m
)

Clays, with Internal Reinf.

D = 2.7 m, D/t = 60

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-249 

 
(b)  

Figure A-103 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-IR-C 
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(c) 

Figure A-103 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-IR-C 
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(a)  

Figure A-104 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-IR-G 
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(b)  

Figure A-104 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-IR-G 
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(c) 

Figure A-104 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-IR-G 
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(a)  

Figure A-105 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-IR-S 
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(b)  

Figure A-105 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-IR-S 
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(c) 

Figure A-105 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-IR-S 

 

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

x 10
4

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Shear Force (kN)

D
ep

th
 (

m
)

Sands, with Internal Reinf.

D = 2.7 m, D/t = 60

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-257 

 
(a)  

Figure A-106 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-NR-C 
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(b)  

Figure A-106 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-NR-C 
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(c) 

Figure A-106 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-NR-C 
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(a)  

Figure A-107 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-NR-G 
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(b)  

Figure A-107 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-NR-G 
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(c) 

Figure A-107 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-NR-G 
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(a)  

Figure A-108 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-NR-S 
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(b)  

Figure A-108 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-NR-S 
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(c) 

Figure A-108 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-60-0-NR-S 
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(a)  

Figure A-109 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-IR-C 
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(b)  

Figure A-109 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-IR-C 
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(c) 

Figure A-109 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-IR-C 
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(a)  

Figure A-110 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-IR-G 
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(b)  

Figure A-110 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-IR-G 
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(c) 

Figure A-110 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-IR-G 
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(a)  

Figure A-111 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-IR-S 
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(b)  

Figure A-111 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-IR-S 
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(c) 

Figure A-111 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-IR-S 
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(a)  

Figure A-112 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-NR-C 
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(b)  

Figure A-112 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-NR-C 
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(c) 

Figure A-112 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-NR-C 
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(a)  

Figure A-113 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-NR-G 
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(b)  

Figure A-113 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-NR-G 
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(c) 

Figure A-113 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-NR-G 
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(a)  

Figure A-114 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-NR-S 
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(b)  

Figure A-114 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-NR-S 
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(c) 

Figure A-114 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-80-0-NR-S 
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(a)  

Figure A-115 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-IR-C 

 

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Deflection (m)

D
ep

th
 (

m
)

Clays, with Internal Reinf.

D = 2.7 m, D/t = 100

 

 

LPILE-Disp = 0.64 cm

LPILE-Disp = 5.08 cm

LPILE-Disp = 30.48 cm

DFSAP-Disp = 0.64 cm

DFSAP-Disp = 5.08 cm

DFSAP-Disp = 30.48 cm



A-285 

 
(b)  

Figure A-115 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-IR-C 
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(c) 

Figure A-115 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-IR-C 
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(a)  

Figure A-116 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-IR-G 
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(b)  

Figure A-116 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-IR-G 
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(c) 

Figure A-116 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-IR-G 
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(a)  

Figure A-117 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-IR-S 
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(b)  

Figure A-117 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-IR-S 
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(c) 

Figure A-117 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-IR-S 
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(a)  

Figure A-118 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-NR-C 
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(b)  

Figure A-118 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-NR-C 
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(c) 

Figure A-118 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-NR-C 
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(a)  

Figure A-119 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-NR-G 
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(b)  

Figure A-119 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-NR-G 
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(c) 

Figure A-119 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-NR-G 
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(a)  

Figure A-120 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-NR-S 
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(b)  

Figure A-120 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-NR-S 
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(c) 

Figure A-120 Later responses in terms of (a) lateral deflection, (b) bending moment profile, and 

(c) shear force profile for 2.7-100-0-NR-S 
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 Appendix B Effect of Shaft Diameter on Lateral Response 

 

 

 

 

 

 

 

This Appendix summarizes the results of all of the simulations with the figures 

illustrating the relationship between shaft diameters and lateral response performance measures. 
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(a)  

Figure B-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-C 
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(b)  

Figure B-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-C 
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(c)  

Figure B-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-C 
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(d)  

Figure B-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-C 
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(e) 

Figure B-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-C 
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(a)  

Figure B-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-C 
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(b)  

Figure B-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-C 
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(c)  

Figure B-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-C 
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(d)  

Figure B-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-C 
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(e) 

Figure B-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-C 
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(a)  

Figure B-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-C 
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(b)  

Figure B-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-C 
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(c)  

Figure B-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-C 
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(d)  

Figure B-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-C 
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(e) 

Figure B-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-C 
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(a)  

Figure B-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-C 
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(b)  

Figure B-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-C 
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(c)  

Figure B-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-C 
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(d)  

Figure B-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-C 
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(e) 

Figure B-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-C 
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(a)  

Figure B-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-C 
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(b)  

Figure B-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-C 
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(c)  

Figure B-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-C 
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(d)  

Figure B-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-C 
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(e) 

Figure B-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-C 
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(a)  

Figure B-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-G 
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(b)  

Figure B-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-G 
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(c)  

Figure B-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-G 
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(d)  

Figure B-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-G 
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(e) 

Figure B-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-G 
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(a)  

Figure B-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-G 
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(b)  

Figure B-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-G 
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(c)  

Figure B-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-G 
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(d)  

Figure B-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-G 

0.5 1 1.5 2 2.5 3 3.5
0

50000

100000

150000

200000

250000

300000

350000

400000

450000

Shaft Diameter (m)

M
a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(k

N
-m

)
GEFRS, with Internal Reinf.

D/t = 40

 

 

Disp = 0.64 cm

Disp = 1.27 cm

Disp = 2.54 cm

Disp = 5.08 cm

Disp = 7.62 cm

Disp = 12.70 cm

Disp = 20.32 cm

Disp = 30.48 cm



B-36 

 

(e) 

Figure B-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-G 
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(a)  

Figure B-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-G 
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(b)  

Figure B-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-G 
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(c)  

Figure B-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-G 
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(d)  

Figure B-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-G 
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(e) 

Figure B-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-G 
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(a)  

Figure B-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-G 
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(b)  

Figure B-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-G 
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(c)  

Figure B-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-G 
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(d)  

Figure B-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-G 
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(e) 

Figure B-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-G 

0.5 1 1.5 2 2.5 3 3.5
0

2

4

6

8

10

12

14

16

18

20

22

Shaft Diameter (m)

D
e
p

th
 t

o
 M

a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(m

)

GEFRS, with Internal Reinf.

D/t = 80

 

 

Disp = 0.64 cm

Disp = 1.27 cm

Disp = 2.54 cm

Disp = 5.08 cm

Disp = 7.62 cm

Disp = 12.70 cm

Disp = 20.32 cm

Disp = 30.48 cm



B-47 

 

(a)  

Figure B-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-G 
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(b)  

Figure B-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-G 
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(c)  

Figure B-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-G 
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(d)  

Figure B-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-G 
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(e) 

Figure B-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-G 
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(a)  

Figure B-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-S 
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(b)  

Figure B-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-S 
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(c)  

Figure B-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-S 
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(d)  

Figure B-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-S 
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(e) 

Figure B-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-IR-S 
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(a)  

Figure B-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-S 
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(b)  

Figure B-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-S 
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(c)  

Figure B-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-S 
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(d)  

Figure B-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-S 
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(e) 

Figure B-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-IR-S 

0.5 1 1.5 2 2.5 3 3.5
0

2

4

6

8

10

12

14

16

18

20

22

Shaft Diameter (m)

D
e
p

th
 t

o
 M

a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(m

)

Sands, with Internal Reinf.

D/t = 40

 

 

Disp = 0.64 cm

Disp = 1.27 cm

Disp = 2.54 cm

Disp = 5.08 cm

Disp = 7.62 cm

Disp = 12.70 cm

Disp = 20.32 cm

Disp = 30.48 cm



B-62 

 

(a)  

Figure B-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-S 
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(b)  

Figure B-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-S 
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(c)  

Figure B-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-S 
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(d)  

Figure B-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-S 
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(e) 

Figure B-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-IR-S 

0.5 1 1.5 2 2.5 3 3.5
0

2

4

6

8

10

12

14

16

18

20

22

Shaft Diameter (m)

D
e
p

th
 t

o
 M

a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(m

)

Sands, with Internal Reinf.

D/t = 60

 

 

Disp = 0.64 cm

Disp = 1.27 cm

Disp = 2.54 cm

Disp = 5.08 cm

Disp = 7.62 cm

Disp = 12.70 cm

Disp = 20.32 cm

Disp = 30.48 cm



B-67 

 

(a)  

Figure B-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-S 
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(b)  

Figure B-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-S 
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(c)  

Figure B-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-S 
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(d)  

Figure B-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-S 
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(e) 

Figure B-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-IR-S 
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(a)  

Figure B-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-S 
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(b)  

Figure B-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-S 
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(c)  

Figure B-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-S 
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(d)  

Figure B-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-S 
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(e) 

Figure B-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-IR-S 
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(a)  

Figure B-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-C 
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(b)  

Figure B-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-C 
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(c)  

Figure B-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-C 
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(d)  

Figure B-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-C 
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(e) 

Figure B-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-C 
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(a)  

Figure B-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-C 
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(b)  

Figure B-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-C 
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(c)  

Figure B-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-C 

0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

Shaft Diameter (m)

D
e
p

th
 t

o
 M

a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

m
)

Clays, without Internal Reinf.

D/t = 40

 

 

Disp = 0.64 cm

Disp = 1.27 cm

Disp = 2.54 cm

Disp = 5.08 cm

Disp = 7.62 cm

Disp = 12.70 cm

Disp = 20.32 cm

Disp = 30.48 cm



B-85 

 

(d)  

Figure B-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-C 
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(e) 

Figure B-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-C 
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(a)  

Figure B-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-C 
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(b)  

Figure B-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-C 
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(c)  

Figure B-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-C 
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(d)  

Figure B-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-C 
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(e) 

Figure B-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-C 
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B-92 

(a)  

Figure B-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-C 
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(b)  

Figure B-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-C 
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(c)  

Figure B-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-C 
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(d)  

Figure B-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-C 
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(e) 

Figure B-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-C 
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(a)  

Figure B-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-C 
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(b)  

Figure B-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-C 
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(c)  

Figure B-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-C 
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(d)  

Figure B-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-C 
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(e) 

Figure B-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-C 
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(a)  

Figure B-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-G 
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(b)  

Figure B-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-G 
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(c)  

Figure B-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-G 
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(d)  

Figure B-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-G 
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(e) 

Figure B-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-G 
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(a)  

Figure B-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-G 
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(b)  

Figure B-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-G 
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(c)  

Figure B-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-G 
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(d)  

Figure B-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-G 
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(e) 

Figure B-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-G 
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(a)  

Figure B-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-G 
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(b)  

Figure B-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-G 
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(c)  

Figure B-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-G 
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(d)  

Figure B-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-G 
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(e) 

Figure B-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-G 
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(a)  

Figure B-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-G 
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(b)  

Figure B-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-G 
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(c)  

Figure B-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-G 
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(d)  

Figure B-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-G 

0.5 1 1.5 2 2.5 3 3.5
0

50000

100000

150000

200000

250000

300000

350000

400000

450000

Shaft Diameter (m)

M
a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(k

N
-m

)
GEFRS, without Internal Reinf.

D/t = 80

 

 

Disp = 0.64 cm

Disp = 1.27 cm

Disp = 2.54 cm

Disp = 5.08 cm

Disp = 7.62 cm

Disp = 12.70 cm

Disp = 20.32 cm

Disp = 30.48 cm



B-121 

 

(e) 

Figure B-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-G 
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(a)  

Figure B-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-G 
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(b)  

Figure B-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-G 
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(c)  

Figure B-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-G 
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(d)  

Figure B-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-G 
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(e) 

Figure B-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-G 
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(a)  

Figure B-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-S 
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(b)  

Figure B-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-S 
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(c)  

Figure B-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-S 
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(d)  

Figure B-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-S 
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(e) 

Figure B-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-NR-S 
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(a)  

Figure B-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-S 
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(b)  

Figure B-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-S 
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(c)  

Figure B-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-S 
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(d)  

Figure B-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-S 
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(e) 

Figure B-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-NR-S 
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(a)  

Figure B-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-S 
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(b)  

Figure B-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-S 
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(c)  

Figure B-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-S 
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(d)  

Figure B-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 
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moment , and (e) depth-to-maximum bending moment for D-60-0-NR-S 

 

(e) 

Figure B-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-NR-S 
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(a)  

Figure B-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-S 
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(b)  

Figure B-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-S 
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(c)  

Figure B-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-S 
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(d)  

Figure B-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-S 
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(e) 

Figure B-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-NR-S 
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(a)  

Figure B-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-S 
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(b)  

Figure B-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-S 
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(c)  

Figure B-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-S 
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(d)  

Figure B-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-S 
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(e) 

Figure B-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-NR-S 
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 Appendix C Effect of internal reinforcement on Lateral Response 

 

 

 

 

 

 

 

This Appendix summarizes the comparisons of the lateral response performance 

measures of shafts with and without internal reinforcement. 
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(a)  

Figure C-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-C 
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(b)  

Figure C-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-C 

0.5 1 1.5 2 2.5 3 3.5
-45000

-40000

-35000

-30000

-25000

-20000

-15000

-10000

-5000

0

Shaft Diameter (m)

M
a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

k
N

)
Clays, D/t = 20

 

 

IR-Disp = 0.64 cm

NR-Disp = 0.64 cm

IR-Disp = 5.08 cm

NR-Disp = 5.08 cm

IR-Disp = 30.48 cm

NR-Disp = 30.48 cm



C-4 

 

(c)  

Figure C-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-C 
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(d)  

Figure C-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-C 
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(e) 

Figure C-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-C 
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(a)  

Figure C-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-C 
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(b)  

Figure C-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-C 

0.5 1 1.5 2 2.5 3 3.5
-45000

-40000

-35000

-30000

-25000

-20000

-15000

-10000

-5000

0

Shaft Diameter (m)

M
a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

k
N

)
Clays, D/t = 40

 

 

IR-Disp = 0.64 cm

NR-Disp = 0.64 cm

IR-Disp = 5.08 cm

NR-Disp = 5.08 cm

IR-Disp = 30.48 cm

NR-Disp = 30.48 cm



C-9 

 

(c)  

Figure C-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-C 
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(d)  

Figure C-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-C 
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(e) 

Figure C-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-C 
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(a)  

Figure C-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-C 
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(b)  

Figure C-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-C 
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(c)  

Figure C-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-C 
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(d)  

Figure C-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-C 
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(e) 

Figure C-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-C 
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(a)  

Figure C-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-C 
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(b)  

Figure C-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-C 
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(c)  

Figure C-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-C 
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(d)  

Figure C-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-C 
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(e) 

Figure C-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-C 
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(a)  

Figure C-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-C 
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(b)  

Figure C-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-C 
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(c)  

Figure C-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-C 
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(d)  

Figure C-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-C 
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(e) 

Figure C-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-C 
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(a)  

Figure C-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-G 
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(b)  

Figure C-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-G 
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(c)  

Figure C-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-G 
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(d)  

Figure C-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-G 
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(e) 

Figure C-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-G 
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(a)  

Figure C-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-G 
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(b)  

Figure C-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-G 
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(c)  

Figure C-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-G 
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(d)  

Figure C-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-G 
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(e) 

Figure C-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-G 
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(a)  

Figure C-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-G 
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(b)  

Figure C-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-G 
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(c)  

Figure C-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-G 
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(d)  

Figure C-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-G 
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(e) 

Figure C-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-G 
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(a)  

Figure C-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-G 

0.5 1 1.5 2 2.5 3 3.5
0

5000

10000

15000

20000

25000

30000

35000

40000

Shaft Diameter (m)

S
h

e
a
r 

F
o

rc
e
 a

t 
S

h
a
ft

 H
e
a
d

 (
k
N

)
GEFRS, D/t = 80

 

 

IR-Disp = 0.64 cm

NR-Disp = 0.64 cm

IR-Disp = 5.08 cm

NR-Disp = 5.08 cm

IR-Disp = 30.48 cm

NR-Disp = 30.48 cm



C-43 

 

(b)  

Figure C-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-G 
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(c)  

Figure C-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-G 
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(d)  

Figure C-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-G 
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(e) 

Figure C-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-G 
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(a)  

Figure C-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-G 
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(b)  

Figure C-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-G 
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(c)  

Figure C-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-G 
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(d)  

Figure C-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-G 
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(e) 

Figure C-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-G 
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(a)  

Figure C-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-S 
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(b)  

Figure C-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-S 
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(c)  

Figure C-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-S 
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(d)  

Figure C-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-S 
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(e) 

Figure C-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-20-0-Reinf-S 
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(a)  

Figure C-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-S 
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(b)  

Figure C-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-S 
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(c)  

Figure C-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-S 
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(d)  

Figure C-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-S 
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(e) 

Figure C-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-40-0-Reinf-S 
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(a)  

Figure C-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-S 
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(b)  

Figure C-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-S 
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(c)  

Figure C-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-S 
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(d)  

Figure C-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-S 
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(e) 

Figure C-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-60-0-Reinf-S 
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(a)  

Figure C-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-S 
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(b)  

Figure C-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-S 
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(c)  

Figure C-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-S 
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(d)  

Figure C-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-S 
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(e) 

Figure C-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-80-0-Reinf-S 

0.5 1 1.5 2 2.5 3 3.5
0

2

4

6

8

10

12

14

16

18

20

22

Shaft Diameter (m)

D
e
p

th
 t

o
 M

a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(m

)
Sands, D/t = 80

 

 

IR-Disp = 0.64 cm

NR-Disp = 0.64 cm

IR-Disp = 5.08 cm

NR-Disp = 5.08 cm

IR-Disp = 30.48 cm

NR-Disp = 30.48 cm



C-72 

 

(a)  

Figure C-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-S 

0.5 1 1.5 2 2.5 3 3.5
0

5000

10000

15000

20000

25000

30000

35000

40000

Shaft Diameter (m)

S
h

e
a
r 

F
o

rc
e
 a

t 
S

h
a
ft

 H
e
a
d

 (
k
N

)
Sands, D/t = 100

 

 

IR-Disp = 0.64 cm

NR-Disp = 0.64 cm

IR-Disp = 5.08 cm

NR-Disp = 5.08 cm

IR-Disp = 30.48 cm

NR-Disp = 30.48 cm



C-73 

 

(b)  

Figure C-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-S 
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(c)  

Figure C-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-S 
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(d)  

Figure C-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-S 
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(e) 

Figure C-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-100-0-Reinf-S 
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 Appendix D Effect of Shaft Diameter-to-steel casing thickness Ratio on Lateral 

 

 

 

 

 

 

 

This Appendix summarizes the comparisons of the lateral response performance 

measures of shafts with different D/t ratio. 
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(a)  

Figure D-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 6.4 mm 
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(b)  

Figure D-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 6.4 mm 
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(c)  

Figure D-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 6.4 mm 
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(d)  

Figure D-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 6.4 mm 
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(e) 

Figure D-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 6.4 mm  
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(a)  

Figure D-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 12.7 mm 
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(b)  

Figure D-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 12.7 mm 
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(c)  

Figure D-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 12.7 mm 
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(d)  

Figure D-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 12.7 mm 
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(e) 

Figure D-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 12.7 mm  
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(a)  

Figure D-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 25.4 mm 
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Shaft Head Displacement = 2.54 cm
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(b)  

Figure D-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 25.4 mm 
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(c)  

Figure D-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 25.4 mm 
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(d)  

Figure D-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 25.4 mm 
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(e) 

Figure D-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 25.4 mm  
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(a)  

Figure D-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 50.8 mm 
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(b)  

Figure D-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 50.8 mm 
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(c)  

Figure D-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 50.8 mm 
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(d)  

Figure D-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 50.8 mm 
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Shaft Head Displacement = 5.08 cm
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(e) 

Figure D-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 50.8 mm  
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(a)  

Figure D-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 76.2 mm 
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(b)  

Figure D-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 76.2 mm 
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(c)  

Figure D-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 76.2 mm 
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(d)  

Figure D-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 76.2 mm 
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(e) 

Figure D-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 76.2 mm  
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(a)  

Figure D-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 127.0 mm 
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(b)  

Figure D-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 127.0 mm 
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(c)  

Figure D-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 127.0 mm 

0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

Shaft Diameter (m)

D
e
p

th
 t

o
 M

a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

m
)

Clays, with Internal Reinf.

Shaft Head Displacement = 12.70 cm

 

 

D/t = 20

D/t = 40

D/t = 60

D/t = 80

D/t = 100



D-30 

 

(d)  

Figure D-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 127.0 mm 
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(e) 

Figure D-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 127.0 mm  
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(a)  

Figure D-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 203.2 mm 
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(b)  

Figure D-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 203.2 mm 
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(c)  

Figure D-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 203.2 mm 
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(d)  

Figure D-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 203.2 mm 
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(e) 

Figure D-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 203.2 mm  
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(a)  

Figure D-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 304.8 mm 
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(b)  

Figure D-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 304.8 mm 
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(c)  

Figure D-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 304.8 mm 
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(d)  

Figure D-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 304.8 mm 
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(e) 

Figure D-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-C with lateral head 

displacement of 304.8 mm  
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(a)  

Figure D-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 6.4 mm 
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(b)  

Figure D-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 6.4 mm 
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(c)  

Figure D-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 6.4 mm 
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(d)  

Figure D-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 6.4 mm 
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(e) 

Figure D-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 6.4 mm  
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(a)  

Figure D-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 12.7 mm 
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(b)  

Figure D-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 12.7 mm 
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(c)  

Figure D-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 12.7 mm 
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(d)  

Figure D-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 12.7 mm 
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(e) 

Figure D-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 12.7 mm  
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(a)  

Figure D-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 25.4 mm 
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(b)  

Figure D-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 25.4 mm 
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(c)  

Figure D-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 25.4 mm 

0.5 1 1.5 2 2.5 3 3.5
0

5

10

15

20

25

30

35

Shaft Diameter (m)

D
e
p

th
 t

o
 M

a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

m
)
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D/t = 20

D/t = 40

D/t = 60

D/t = 80

D/t = 100



D-55 

 

(d)  

Figure D-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 25.4 mm 
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Shaft Head Displacement = 2.54 cm
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(e) 

Figure D-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 25.4 mm  

0.5 1 1.5 2 2.5 3 3.5
0

2

4

6

8

10

12

14

16

18

20

22

Shaft Diameter (m)

D
e
p

th
 t

o
 M

a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(m

)

GEFRS, with Internal Reinf.
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D/t = 20

D/t = 40

D/t = 60

D/t = 80

D/t = 100



D-57 

 

(a)  

Figure D-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 50.8 mm 
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(b)  

Figure D-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 50.8 mm 
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(c)  

Figure D-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 50.8 mm 
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GEFRS, with Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(d)  

Figure D-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 50.8 mm 
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Shaft Head Displacement = 5.08 cm
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(e) 

Figure D-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 50.8 mm  
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Shaft Head Displacement = 5.08 cm
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(a)  

Figure D-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 76.2 mm 
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Shaft Head Displacement = 7.62 cm
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(b)  

Figure D-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 76.2 mm 
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Shaft Head Displacement = 7.62 cm
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(c)  

Figure D-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 76.2 mm 
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Shaft Head Displacement = 7.62 cm
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(d)  

Figure D-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 76.2 mm 
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(e) 

Figure D-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 76.2 mm  
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GEFRS, with Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(a)  

Figure D-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 127.0 mm 
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(b)  

Figure D-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 127.0 mm 
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Shaft Head Displacement = 12.70 cm
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(c)  

Figure D-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 127.0 mm 
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GEFRS, with Internal Reinf.

Shaft Head Displacement = 12.70 cm
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(d)  

Figure D-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 127.0 mm 
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Shaft Head Displacement = 12.70 cm
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(e) 

Figure D-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 127.0 mm  
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GEFRS, with Internal Reinf.

Shaft Head Displacement = 12.70 cm
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(a)  

Figure D-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 203.2 mm 
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Shaft Head Displacement = 20.32 cm
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(b)  

Figure D-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 203.2 mm 
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GEFRS, with Internal Reinf.

Shaft Head Displacement = 20.32 cm
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(c)  

Figure D-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 203.2 mm 
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GEFRS, with Internal Reinf.

Shaft Head Displacement = 20.32 cm

 

 

D/t = 20

D/t = 40

D/t = 60

D/t = 80

D/t = 100



D-75 

 

(d)  

Figure D-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 203.2 mm 
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Shaft Head Displacement = 20.32 cm
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(e) 

Figure D-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 203.2 mm  
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GEFRS, with Internal Reinf.

Shaft Head Displacement = 20.32 cm
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(a)  

Figure D-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 304.8 mm 
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Shaft Head Displacement = 30.48 cm
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(b)  

Figure D-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 304.8 mm 
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Shaft Head Displacement = 30.48 cm
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(c)  

Figure D-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 304.8 mm 
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Shaft Head Displacement = 30.48 cm
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(d)  

Figure D-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 304.8 mm 
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Shaft Head Displacement = 30.48 cm
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(e) 

Figure D-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-G with lateral head 

displacement of 304.8 mm  
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(a)  

Figure D-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 6.4 mm 
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(b)  

Figure D-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 6.4 mm 
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(c)  

Figure D-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 6.4 mm 
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(d)  

Figure D-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 6.4 mm 
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(e) 

Figure D-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 6.4 mm  
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(a)  

Figure D-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 12.7 mm 
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(b)  

Figure D-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 12.7 mm 
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(c)  

Figure D-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 12.7 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(d)  

Figure D-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 12.7 mm 
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Shaft Head Displacement = 1.27 cm
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(e) 

Figure D-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 12.7 mm  
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Shaft Head Displacement = 1.27 cm
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(a)  

Figure D-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 25.4 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(b)  

Figure D-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 25.4 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(c)  

Figure D-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 25.4 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(d)  

Figure D-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 25.4 mm 
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Shaft Head Displacement = 2.54 cm
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(e) 

Figure D-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 25.4 mm  
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Sands, with Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(a)  

Figure D-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 50.8 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(b)  

Figure D-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 50.8 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(c)  

Figure D-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 50.8 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(d)  

Figure D-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 50.8 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(e) 

Figure D-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 50.8 mm  
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Sands, with Internal Reinf.
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(a)  

Figure D-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 76.2 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(b)  

Figure D-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 76.2 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(c)  

Figure D-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 76.2 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(d)  

Figure D-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 76.2 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(e) 

Figure D-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 76.2 mm  
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Sands, with Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(a)  

Figure D-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 127.0 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 12.70 cm
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(b)  

Figure D-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 127.0 mm 

0.5 1 1.5 2 2.5 3 3.5
-45000

-40000

-35000

-30000

-25000

-20000

-15000

-10000

-5000

0

Shaft Diameter (m)

M
a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

k
N

)
Sands, with Internal Reinf.

Shaft Head Displacement = 12.70 cm
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(c)  

Figure D-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 127.0 mm 
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Sands, with Internal Reinf.

Shaft Head Displacement = 12.70 cm
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(d)  

Figure D-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 127.0 mm 
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Sands, with Internal Reinf.
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(e) 

Figure D-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 127.0 mm  
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(a)  

Figure D-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 203.2 mm 
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Sands, with Internal Reinf.
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(b)  

Figure D-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 203.2 mm 
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(c)  

Figure D-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 203.2 mm 
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(d)  

Figure D-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 203.2 mm 
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(e) 

Figure D-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 203.2 mm  
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(a)  

Figure D-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 304.8 mm 
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(b)  

Figure D-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 304.8 mm 
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(c)  

Figure D-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 304.8 mm 
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Sands, with Internal Reinf.
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(d)  

Figure D-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 304.8 mm 
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Sands, with Internal Reinf.
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(e) 

Figure D-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-IR-S with lateral head 

displacement of 304.8 mm  
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(a)  

Figure D-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 6.4 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 0.64 cm
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(b)  

Figure D-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 6.4 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 0.64 cm
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(c)  

Figure D-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 6.4 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 0.64 cm
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(d)  

Figure D-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 6.4 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 0.64 cm
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(e) 

Figure D-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 6.4 mm  
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Clays, without Internal Reinf.

Shaft Head Displacement = 0.64 cm
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(a)  

Figure D-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 12.7 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(b)  

Figure D-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 12.7 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(c)  

Figure D-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 12.7 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(d)  

Figure D-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 12.7 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(e) 

Figure D-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 12.7 mm  
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Clays, without Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(a)  

Figure D-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 25.4 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(b)  

Figure D-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 25.4 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(c)  

Figure D-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 25.4 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(d)  

Figure D-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 25.4 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(e) 

Figure D-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 25.4 mm  
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Clays, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(a)  

Figure D-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 50.8 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(b)  

Figure D-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 50.8 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(c)  

Figure D-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 50.8 mm 
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Clays, without Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(d)  

Figure D-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 50.8 mm 
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(e) 

Figure D-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 50.8 mm  
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(a)  

Figure D-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 76.2 mm 
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(b)  

Figure D-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 76.2 mm 
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(c)  

Figure D-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 76.2 mm 
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(d)  

Figure D-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 76.2 mm 
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(e) 

Figure D-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 76.2 mm  
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(a)  

Figure D-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 127.0 mm 
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(b)  

Figure D-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 127.0 mm 
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Clays, without Internal Reinf.
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(c)  

Figure D-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 127.0 mm 
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(d)  

Figure D-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 127.0 mm 
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(e) 

Figure D-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 127.0 mm  
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(a)  

Figure D-31 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 203.2mm 
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Shaft Head Displacement = 20.32 cm
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(b)  

Figure D-31 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 203.2mm 
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Shaft Head Displacement = 20.32 cm
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(c)  

Figure D-31 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 203.2mm 
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(d)  

Figure D-31 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 203.2mm 
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(e) 

Figure D-31 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 203.2mm  
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(a)  

Figure D-32 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 304.8 mm 

0.5 1 1.5 2 2.5 3 3.5
0

5000

10000

15000

20000

25000

30000

35000

40000

Shaft Diameter (m)

S
h

e
a
r 

F
o

rc
e
 a

t 
S

h
a
ft

 H
e
a
d

 (
k
N

)
Clays, without Internal Reinf.

Shaft Head Displacement = 30.48 cm
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(b)  

Figure D-32 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 304.8 mm 
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Shaft Head Displacement = 30.48 cm
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(c)  

Figure D-32 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 304.8 mm 
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(d)  

Figure D-32 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 304.8 mm 
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Shaft Head Displacement = 30.48 cm
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(e) 

Figure D-32 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-C with lateral head 

displacement of 304.8 mm  
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(a)  

Figure D-33 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 6.4 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 0.64 cm
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(b)  

Figure D-33 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 6.4 mm 
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Shaft Head Displacement = 0.64 cm
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(c)  

Figure D-33 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 6.4 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 0.64 cm
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(d)  

Figure D-33 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 6.4 mm 
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Shaft Head Displacement = 0.64 cm
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(e) 

Figure D-33 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 6.4 mm  

0.5 1 1.5 2 2.5 3 3.5
0

2

4

6

8

10

12

14

16

18

20

22

Shaft Diameter (m)

D
e
p

th
 t

o
 M

a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(m

)

GEFRS, without Internal Reinf.

Shaft Head Displacement = 0.64 cm
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(a)  

Figure D-34 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 12.7 mm 
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Shaft Head Displacement = 1.27 cm
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(b)  

Figure D-34 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 12.7 mm 
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GEFRS, without Internal Reinf.
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(c)  

Figure D-34 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 12.7 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(d)  

Figure D-34 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 12.7 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 1.27 cm

 

 

D/t = 20

D/t = 40

D/t = 60

D/t = 80

D/t = 100



D-171 

 

(e) 

Figure D-34 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 12.7 mm  
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(a)  

Figure D-35 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 25.4 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(b)  

Figure D-35 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 25.4 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(c)  

Figure D-35 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 25.4 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(d)  

Figure D-35 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 25.4 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(e) 

Figure D-35 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 25.4 mm  
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(a)  

Figure D-36 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 50.8 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(b)  

Figure D-36 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 50.8 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(c)  

Figure D-36 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 50.8 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(d)  

Figure D-36 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 50.8 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(e) 

Figure D-36 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 50.8 mm  
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(a)  

Figure D-37 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 76.2 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(b)  

Figure D-37 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 76.2 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(c)  

Figure D-37 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 76.2 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(d)  

Figure D-37 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 76.2 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(e) 

Figure D-37 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 76.2 mm  
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(a)  

Figure D-38 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 127.0 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 12.70 cm
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(b)  

Figure D-38 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 127.0 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 12.70 cm
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(c)  

Figure D-38 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 127.0 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 12.70 cm
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(d)  

Figure D-38 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 127.0 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 12.70 cm
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(e) 

Figure D-38 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 127.0 mm  
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 12.70 cm
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(a)  

Figure D-39 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 203.2 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 20.32 cm

 

 

D/t = 20

D/t = 40

D/t = 60

D/t = 80

D/t = 100



D-193 

 

(b)  

Figure D-39 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 203.2 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 20.32 cm
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(c)  

Figure D-39 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 203.2 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 20.32 cm
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(d)  

Figure D-39 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 203.2 mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 20.32 cm
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(e) 

Figure D-39 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 203.2 mm  
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 20.32 cm
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(a)  

Figure D-40 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 304.8mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 30.48 cm
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(b)  

Figure D-40 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 304.8mm 
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(c)  

Figure D-40 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 304.8mm 
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 30.48 cm
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(d)  

Figure D-40 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 304.8mm 
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(e) 

Figure D-40 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-G with lateral head 

displacement of 304.8mm  
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GEFRS, without Internal Reinf.

Shaft Head Displacement = 30.48 cm
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(a)  

Figure D-41 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 6.4mm 
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Shaft Head Displacement = 0.64 cm
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(b)  

Figure D-41 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 6.4mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 0.64 cm
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(c)  

Figure D-41 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 6.4mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 0.64 cm
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(d)  

Figure D-41 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 6.4mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 0.64 cm
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(e) 

Figure D-41 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 6.4mm  
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Sands, without Internal Reinf.

Shaft Head Displacement = 0.64 cm
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(a)  

Figure D-42 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 12.7 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(b)  

Figure D-42 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 12.7 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(c)  

Figure D-42 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 12.7 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(d)  

Figure D-42 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 12.7 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(e) 

Figure D-42 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 12.7 mm  
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Sands, without Internal Reinf.

Shaft Head Displacement = 1.27 cm
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(a)  

Figure D-43 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 25.4 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(b)  

Figure D-43 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 25.4 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(c)  

Figure D-43 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 25.4 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(d)  

Figure D-43 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 25.4 mm 

0.5 1 1.5 2 2.5 3 3.5
0

50000

100000

150000

200000

250000

300000

350000

400000

450000

Shaft Diameter (m)

M
a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(k

N
-m

)
Sands, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(e) 

Figure D-43 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 25.4 mm  
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Sands, without Internal Reinf.

Shaft Head Displacement = 2.54 cm
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(a)  

Figure D-44 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 50.8 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(b)  

Figure D-44 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 50.8 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(c)  

Figure D-44 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 50.8 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(d)  

Figure D-44 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 50.8 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 5.08 cm
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(e) 

Figure D-44 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 50.8 mm  
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Sands, without Internal Reinf.

Shaft Head Displacement = 5.08 cm

 

 

D/t = 20

D/t = 40

D/t = 60

D/t = 80

D/t = 100



D-222 

 

(a)  

Figure D-45 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 76.2mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(b)  

Figure D-45 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 76.2mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(c)  

Figure D-45 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 76.2mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(d)  

Figure D-45 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 76.2mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(e) 

Figure D-45 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 76.2mm  
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Sands, without Internal Reinf.

Shaft Head Displacement = 7.62 cm
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(a)  

Figure D-46 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 127 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 12.70 cm
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(b)  

Figure D-46 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 
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(c)  

Figure D-46 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 
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(d)  

Figure D-46 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 
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(e) 

Figure D-46 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 127 mm  
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(a)  

Figure D-47 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 203.2 mm 
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(b)  

Figure D-47 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 203.2 mm 
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(c)  

Figure D-47 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 203.2 mm 
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(d)  

Figure D-47 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 203.2 mm 
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(e) 

Figure D-47 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 203.2 mm  
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(a)  

Figure D-48 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 304.8 mm 
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(b)  

Figure D-48 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 304.8 mm 
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(c)  

Figure D-48 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 304.8 mm 
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(d)  

Figure D-48 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 304.8 mm 
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Sands, without Internal Reinf.

Shaft Head Displacement = 30.48 cm

 

 

D/t = 20

D/t = 40

D/t = 60

D/t = 80

D/t = 100



D-241 

 

(e) 

Figure D-48 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment , and (e) depth-to-maximum bending moment for D-Dt-0-NR-S with lateral head 

displacement of 304.8 mm  
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 Appendix E Effect of Axial Loading on Lateral Response 

 

 

 

 

 

 

 

This Appendix summarizes the comparisons of the lateral response performance 

measures of shafts under different axial loads. 
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(a)  

Figure E-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-C 
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(b)  

Figure E-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-C 
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(c)  

Figure E-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-C 
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(d)  

Figure E-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-C 
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(e) 

Figure E-1 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-C  
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(a)  

Figure E-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-C 
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(b)  

Figure E-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-C 
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(c)  

Figure E-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-C 
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(d)  

Figure E-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-C 
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(e) 

Figure E-2 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-C 
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(a)  

Figure E-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-C 
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(b)  

Figure E-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-C 
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(c)  

Figure E-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-C 
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(d)  

Figure E-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-C 
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(e) 

Figure E-3 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-C  
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(a)  

Figure E-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-C 
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(b)  

Figure E-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-C 
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(c)  

Figure E-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-C 
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(d)  

Figure E-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-C 
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(e) 

Figure E-4 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-C  
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(a)  

Figure E-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-C 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

500

1000

1500

2000

2500

3000

Shaft Head Displacement (m)

S
h

e
a
r 

F
o

rc
e
 a

t 
S

h
a
ft

 H
e
a
d

 (
k
N

)
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(b)  

Figure E-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-C 
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(c)  

Figure E-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-C 
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(d)  

Figure E-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-C 
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(e) 

Figure E-5 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-C  
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(a)  

Figure E-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-C 
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(b)  

Figure E-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-C 
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(c)  

Figure E-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-C 
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(d)  

Figure E-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-C 
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(e) 

Figure E-6 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-C  
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(a)  

Figure E-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-C 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

2000

4000

6000

8000

10000

12000

14000

Shaft Head Displacement (m)

S
h

e
a
r 

F
o

rc
e
 a

t 
S

h
a
ft

 H
e
a
d

 (
k
N

)
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(b)  

Figure E-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-C 
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(c)  

Figure E-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-C 
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(d)  

Figure E-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-C 
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(e) 

Figure E-7 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-C  
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(a)  

Figure E-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-C 
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(b)  

Figure E-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-C 
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(c)  

Figure E-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-C 
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(d)  

Figure E-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-C 
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(e) 

Figure E-8 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-C  
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(a)  

Figure E-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-C 
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Clays, with Internal Reinf.
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(b)  

Figure E-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-C 
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(c)  

Figure E-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-C 
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(d)  

Figure E-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-C 
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(e) 

Figure E-9 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-C  

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

2

4

6

8

10

12

14

16

18

Shaft Head Displacement (m)

D
e
p

th
 t

o
 M

a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(m

)

Clays, with Internal Reinf.

D = 1.8 m, D/t= 80

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-47 

 

(a)  

Figure E-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-C 
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(b)  

Figure E-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-C 
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(c)  

Figure E-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-C 
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(d)  

Figure E-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-C 
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(e) 

Figure E-10 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-C  
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(a)  

Figure E-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-G 
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(b)  

Figure E-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-G 
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(c)  

Figure E-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-G 
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(d)  

Figure E-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-G 
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(e) 

Figure E-11 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-G  
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(a)  

Figure E-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-G 
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(b)  

Figure E-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-G 
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(c)  

Figure E-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-G 
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(d)  

Figure E-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-G 
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(e) 

Figure E-12 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-G  
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(a)  

Figure E-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-G 
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(b)  

Figure E-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-G 
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(c)  

Figure E-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-G 
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(d)  

Figure E-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-G 
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(e) 

Figure E-13 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-G  
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(a)  

Figure E-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-G 
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P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-68 

 

(b)  

Figure E-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-G 
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(c)  

Figure E-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-G 
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(d)  

Figure E-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-G 
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(e) 

Figure E-14 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-G  
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(a)  

Figure E-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-G 
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P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-73 

 

(b)  

Figure E-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-G 
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(c)  

Figure E-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-G 
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(d)  

Figure E-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-G 
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(e) 

Figure E-15 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-G  
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(a)  

Figure E-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-G 
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D = 1.8 m, D/t= 20
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(b)  

Figure E-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-G 
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(c)  

Figure E-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-G 
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(d)  

Figure E-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-G 
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(e) 

Figure E-16 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-G  
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(a)  

Figure E-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-G 
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(b)  

Figure E-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-G 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-15000

-10000

-5000

0

Shaft Head Displacement (m)

M
a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

k
N

)
GEFRS, with Internal Reinf.
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(c)  

Figure E-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-G 
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(d)  

Figure E-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-G 
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(e) 

Figure E-17 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-G  
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(a)  

Figure E-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-G 
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D = 1.8 m, D/t= 60
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(b)  

Figure E-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-G 
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D = 1.8 m, D/t= 60

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-89 

 

(c)  

Figure E-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-G 
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(d)  

Figure E-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-G 
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(e) 

Figure E-18 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-G  
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(a)  

Figure E-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-G 
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D = 1.8 m, D/t= 80
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(b)  

Figure E-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-G 
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D = 1.8 m, D/t= 80
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(c)  

Figure E-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-G 
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(d)  

Figure E-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-G 
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(e) 

Figure E-19 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-G  
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(a)  

Figure E-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-G 
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GEFRS, with Internal Reinf.

D = 1.8 m, D/t= 100

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-98 

 

(b)  

Figure E-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-G 
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D = 1.8 m, D/t= 100
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(c)  

Figure E-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-G 
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(d)  

Figure E-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-G 
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(e) 

Figure E-20 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-G  
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(a)  

Figure E-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-S 
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(b)  

Figure E-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-S 
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(c)  

Figure E-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-S 
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(d)  

Figure E-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-S 
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(e) 

Figure E-21 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-IR-S  
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(a)  

Figure E-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-S 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

500

1000

1500

2000

2500

3000

Shaft Head Displacement (m)

S
h

e
a
r 

F
o

rc
e
 a

t 
S

h
a
ft

 H
e
a
d

 (
k
N

)
Sands, with Internal Reinf.

D = 0.9 m, D/t= 40
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(b)  

Figure E-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-S 
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Sands, with Internal Reinf.

D = 0.9 m, D/t= 40
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(c)  

Figure E-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-S 
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(d)  

Figure E-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-S 
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(e) 

Figure E-22 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-IR-S  
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(a)  

Figure E-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-S 
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Sands, with Internal Reinf.

D = 0.9 m, D/t= 60
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(b)  

Figure E-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-S 
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Sands, with Internal Reinf.

D = 0.9 m, D/t= 60
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(c)  

Figure E-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-S 
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(d)  

Figure E-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-S 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

2000

4000

6000

8000

10000

12000

14000

Shaft Head Displacement (m)

M
a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(k

N
-m

)
Sands, with Internal Reinf.

D = 0.9 m, D/t= 60
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(e) 

Figure E-23 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-IR-S  
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(a)  

Figure E-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-S 
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Sands, with Internal Reinf.

D = 0.9 m, D/t= 80
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(b)  

Figure E-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-S 
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Sands, with Internal Reinf.

D = 0.9 m, D/t= 80
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(c)  

Figure E-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-S 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
5

6

7

8

9

10

11

12

13

14

15

16

Shaft Head Displacement (m)

D
e
p

th
 t

o
 M

a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

m
)

Sands, with Internal Reinf.

D = 0.9 m, D/t= 80

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-120 

 

(d)  

Figure E-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-S 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

2000

4000

6000

8000

10000

12000

14000

Shaft Head Displacement (m)

M
a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(k

N
-m

)
Sands, with Internal Reinf.

D = 0.9 m, D/t= 80
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(e) 

Figure E-24 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-IR-S  
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(a)  

Figure E-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-S 
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Sands, with Internal Reinf.

D = 0.9 m, D/t= 100
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(b)  

Figure E-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-S 
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Sands, with Internal Reinf.

D = 0.9 m, D/t= 100
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(c)  

Figure E-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-S 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
5

6

7

8

9

10

11

12

13

14

15

16

Shaft Head Displacement (m)

D
e
p

th
 t

o
 M

a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

m
)
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(d)  

Figure E-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-S 
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Sands, with Internal Reinf.

D = 0.9 m, D/t= 100

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-126 

 

(e) 

Figure E-25 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-IR-S  
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(a)  

Figure E-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-S 
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Sands, with Internal Reinf.

D = 1.8 m, D/t= 20
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(b)  

Figure E-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-S 
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Sands, with Internal Reinf.

D = 1.8 m, D/t= 20
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(c)  

Figure E-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-S 
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(d)  

Figure E-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-S 
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(e) 

Figure E-26 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-IR-S  
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(a)  

Figure E-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-S 
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(b)  

Figure E-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-S 
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Sands, with Internal Reinf.
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(c)  

Figure E-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-S 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
8

10

12

14

16

18

20

22

24

Shaft Head Displacement (m)

D
e
p

th
 t

o
 M

a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

m
)

Sands, with Internal Reinf.

D = 1.8 m, D/t= 40

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-135 

 

(d)  

Figure E-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-S 
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(e) 

Figure E-27 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-IR-S  
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(a)  

Figure E-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-S 
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(b)  

Figure E-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-S 
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D = 1.8 m, D/t= 60
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(c)  

Figure E-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-S 
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(d)  

Figure E-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-S 
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(e) 

Figure E-28 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-IR-S  

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

2

4

6

8

10

12

14

16

18

Shaft Head Displacement (m)

D
e
p

th
 t

o
 M

a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(m

)

Sands, with Internal Reinf.

D = 1.8 m, D/t= 60

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-142 

 

(a)  

Figure E-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-S 
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Sands, with Internal Reinf.
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(b)  

Figure E-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-S 
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Sands, with Internal Reinf.

D = 1.8 m, D/t= 80
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(c)  

Figure E-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-S 
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(d)  

Figure E-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-S 
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(e) 

Figure E-29 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-IR-S  
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(a)  

Figure E-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-S 
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Sands, with Internal Reinf.

D = 1.8 m, D/t= 100
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(b)  

Figure E-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-S 
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Sands, with Internal Reinf.

D = 1.8 m, D/t= 100
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(c)  

Figure E-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-S 
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(d)  

Figure E-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-S 
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(e) 

Figure E-30 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-IR-S  
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(a)  

Figure E-31 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-C 
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Clays, without Internal Reinf.

D = 0.9 m, D/t= 20
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(b)  

Figure E-31 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-C 
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(c)  

Figure E-31 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-C 
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(d)  

Figure E-31 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-C 
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(e) 

Figure E-31 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-C  
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(a)  

Figure E-32 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-C 
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Clays, without Internal Reinf.

D = 0.9 m, D/t= 40
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(b)  

Figure E-32 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-C 
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(c)  

Figure E-32 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-C 
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(d)  

Figure E-32 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-C 
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(e) 

Figure E-32 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-C  
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(a)  

Figure E-33 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-C 
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(b)  

Figure E-33 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-C 
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(c)  

Figure E-33 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-C 
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(d)  

Figure E-33 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-C 
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(e) 

Figure E-33 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-C  
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(a)  

Figure E-34 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-C 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

500

1000

1500

2000

2500

3000

Shaft Head Displacement (m)

S
h

e
a
r 

F
o

rc
e
 a

t 
S

h
a
ft

 H
e
a
d

 (
k
N

)
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(b)  

Figure E-34 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-C 
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(c)  

Figure E-34 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-C 
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(d)  

Figure E-34 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-C 
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(e) 

Figure E-34 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-C  
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(a)  

Figure E-35 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-C 
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(b)  

Figure E-35 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-C 
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(c)  

Figure E-35 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-C 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
5

6

7

8

9

10

11

12

13

14

15

16

Shaft Head Displacement (m)

D
e
p

th
 t

o
 M

a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

m
)

Clays, without Internal Reinf.

D = 0.9 m, D/t= 100

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-175 

 

(d)  

Figure E-35 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-C 
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(e) 

Figure E-35 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-C  
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(a)  

Figure E-36 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-C 
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(b)  

Figure E-36 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-C 
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(c)  

Figure E-36 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-C 
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(d)  

Figure E-36 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-C 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

110000

Shaft Head Displacement (m)

M
a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(k

N
-m

)
Clays, without Internal Reinf.

D = 1.8 m, D/t= 20

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-181 

 

(e) 

Figure E-36 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-C  
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(a)  

Figure E-37 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-C 
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(b)  

Figure E-37 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-C 
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(c)  

Figure E-37 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-C 
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(d)  

Figure E-37 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-C 
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(e) 

Figure E-37 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-C  
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(a)  

Figure E-38 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-C 
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(b)  

Figure E-38 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-C 
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(c)  

Figure E-38 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-C 
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(d)  

Figure E-38 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-C 
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(e) 

Figure E-38 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-C  
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(a)  

Figure E-39 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-C 
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(b)  

Figure E-39 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-C 
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(c)  

Figure E-39 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-C 
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(d)  

Figure E-39 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-C 
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(e) 

Figure E-39 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-C  
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(a)  

Figure E-40 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-C 
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(b)  

Figure E-40 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-C 
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(c)  

Figure E-40 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-C 
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(d)  

Figure E-40 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-C 
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(e) 

Figure E-40 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-C  
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(a)  

Figure E-41 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-G 
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(b)  

Figure E-41 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-G 
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(c)  

Figure E-41 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-G 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
5

6

7

8

9

10

11

12

13

14

15

16

Shaft Head Displacement (m)

D
e
p

th
 t

o
 M

a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

m
)

GEFRS, without Internal Reinf.

D = 0.9 m, D/t= 20

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-205 

 

(d)  

Figure E-41 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-G 
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(e) 

Figure E-41 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-G  
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(a)  

Figure E-42 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-G 
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(b)  

Figure E-42 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-G 
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(c)  

Figure E-42 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-G 
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(d)  

Figure E-42 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-G 
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(e) 

Figure E-42 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-G  
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(a)  

Figure E-43 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-G 
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D = 0.9 m, D/t= 60
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(b)  

Figure E-43 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-G 
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(c)  

Figure E-43 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-G 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
5

6

7

8

9

10

11

12

13

14

15

16

Shaft Head Displacement (m)

D
e
p

th
 t

o
 M

a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

m
)

GEFRS, without Internal Reinf.

D = 0.9 m, D/t= 60

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-215 

 

(d)  

Figure E-43 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-G 
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(e) 

Figure E-43 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-G  
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(a)  

Figure E-44 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-G 
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D = 0.9 m, D/t= 80
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(b)  

Figure E-44 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-G 
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(c)  

Figure E-44 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-G 
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(d)  

Figure E-44 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-G 
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(e) 

Figure E-44 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-G  
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(a)  

Figure E-45 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-G 
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(b)  

Figure E-45 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-G 
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(c)  

Figure E-45 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-G 
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(d)  

Figure E-45 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-G 
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(e) 

Figure E-45 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-G  
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(a)  

Figure E-46 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-G 
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(b)  

Figure E-46 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-G 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-15000

-10000

-5000

0

Shaft Head Displacement (m)

M
a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

k
N

)
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(c)  

Figure E-46 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-G 
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(d)  

Figure E-46 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-G 
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(e) 

Figure E-46 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-G  
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(a)  

Figure E-47 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-G 
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(b)  

Figure E-47 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-G 
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(c)  

Figure E-47 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-G 
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(d)  

Figure E-47 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-G 
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(e) 

Figure E-47 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-G  
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(a)  

Figure E-48 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-G 
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GEFRS, without Internal Reinf.

D = 1.8 m, D/t= 60
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(b)  

Figure E-48 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-G 
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(c)  

Figure E-48 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-G 
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(d)  

Figure E-48 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-G 
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(e) 

Figure E-48 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-G  
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(a)  

Figure E-49 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-G 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

2000

4000

6000

8000

10000

12000

14000

Shaft Head Displacement (m)

S
h

e
a
r 

F
o

rc
e
 a

t 
S

h
a
ft

 H
e
a
d

 (
k
N

)
GEFRS, without Internal Reinf.
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(b)  

Figure E-49 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-G 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-15000

-10000

-5000

0

Shaft Head Displacement (m)

M
a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

k
N

)
GEFRS, without Internal Reinf.

D = 1.8 m, D/t= 80

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-244 

 

(c)  

Figure E-49 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-G 
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(d)  

Figure E-49 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-G 
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(e) 

Figure E-49 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-G  
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(a)  

Figure E-50 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-G 
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(b)  

Figure E-50 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-G 
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(c)  

Figure E-50 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-G 
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(d)  

Figure E-50 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-G 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

110000

Shaft Head Displacement (m)

M
a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(k

N
-m

)
GEFRS, without Internal Reinf.

D = 1.8 m, D/t= 100

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-251 

 

(e) 

Figure E-50 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-G  
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(a)  

Figure E-51 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-S 
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(b)  

Figure E-51 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-S 
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(c)  

Figure E-51 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-S 
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(d)  

Figure E-51 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-S 
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(e) 

Figure E-51 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-20-P-NR-S  
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(a)  

Figure E-52 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-S 
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(b)  

Figure E-52 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-S 
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(c)  

Figure E-52 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-S 
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(d)  

Figure E-52 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-S 
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(e) 

Figure E-52 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-40-P-NR-S  
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(a)  

Figure E-53 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-S 
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Sands, without Internal Reinf.

D = 0.9 m, D/t= 60
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(b)  

Figure E-53 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-S 
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Sands, without Internal Reinf.
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(c)  

Figure E-53 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-S 
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(d)  

Figure E-53 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-S 
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(e) 

Figure E-53 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-60-P-NR-S  
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(a)  

Figure E-54 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-S 
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Sands, without Internal Reinf.

D = 0.9 m, D/t= 80
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(b)  

Figure E-54 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-S 
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(c)  

Figure E-54 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-S 
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(d)  

Figure E-54 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-S 
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(e) 

Figure E-54 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-80-P-NR-S  
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(a)  

Figure E-55 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-S 
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(b)  

Figure E-55 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-S 
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(c)  

Figure E-55 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-S 
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(d)  

Figure E-55 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-S 
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(e) 

Figure E-55 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 0.9-100-P-NR-S  
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(a)  

Figure E-56 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-S 
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(b)  

Figure E-56 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-S 
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(c)  

Figure E-56 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-S 
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(d)  

Figure E-56 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-S 
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(e) 

Figure E-56 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-20-P-NR-S  
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(a)  

Figure E-57 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-S 
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Sands, without Internal Reinf.

D = 1.8 m, D/t= 40

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-283 

 

(b)  

Figure E-57 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-S 
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(c)  

Figure E-57 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-S 
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(d)  

Figure E-57 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-S 
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(e) 

Figure E-57 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-40-P-NR-S  
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(a)  

Figure E-58 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-S 
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(b)  

Figure E-58 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-S 
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(c)  

Figure E-58 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-S 
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(d)  

Figure E-58 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-S 
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(e) 

Figure E-58 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-60-P-NR-S  
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Sands, without Internal Reinf.

D = 1.8 m, D/t= 60

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



E-292 

 

(a)  

Figure E-59 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-S 
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Sands, without Internal Reinf.
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(b)  

Figure E-59 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-S 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
-15000

-10000

-5000

0

Shaft Head Displacement (m)

M
a
x
 N

e
g

a
ti

v
e
 S

h
e
a
r 

F
o

rc
e
 (

k
N

)
Sands, without Internal Reinf.

D = 1.8 m, D/t= 80
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(c)  

Figure E-59 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-S 
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(d)  

Figure E-59 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-S 
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(e) 

Figure E-59 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-80-P-NR-S  
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(a)  

Figure E-60 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-S 
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Sands, without Internal Reinf.
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(b)  

Figure E-60 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-S 
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Sands, without Internal Reinf.

D = 1.8 m, D/t= 100
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(c)  

Figure E-60 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-S 
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(d)  

Figure E-60 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-S 
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(e) 

Figure E-60 Later response performance measures (a) shear force at shaft head, (b) maximum 

negative shear force, (c) depth-to-maximum negative shear force, (d) maximum bending 

moment, and (e) depth-to-maximum bending moment for 1.8-100-P-NR-S  

 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

2

4

6

8

10

12

14

16

18

Shaft Head Displacement (m)

D
e
p

th
 t

o
 M

a
x
 B

e
n

d
in

g
 M

o
m

e
n

t 
(m

)

Sands, without Internal Reinf.

D = 1.8 m, D/t= 100

 

 

P = 0 kN

P = 220 kN

P = 445 kN

P = 1110 kN

P = 2225 kN

P = 4450 kN

P = 8900 kN



F-1 

 Appendix F Multiple Linear Regression Analyses on Lateral Response Simulations 

 

 

 

 

 

The functional form of the multiple linear regression equation is given by: 

5 4 4 4 3 2 3 3 3 2

1 2 3 4 5 6 7 8LateralResponse D D R D S D D R D RS D R D S               

3 3 2 3 2 2 2 2 2 2 2 2

9 10 11 12 13 14 15 16D S D D R D R S D R D RS D RS D R               

2 3 2 2 2 2 4 3 3 2 2

17 18 19 20 21 22 23 24D S D S D S D DR DR S DR DR S                

2 1 2 3 2 4 3

25 26 27 28 29 30 31 32DR S DR DRS DRS DRS DR DS DS                

2 5 4 4 3 2 3

33 34 35 36 37 38 39 40DS DS D R R S R R S R S                

3 2 3 2 2 2 2 4 3 2

41 42 43 44 45 46 47 48R R S R S R S R RS RS RS                

5 4 3 2

49 50 51 52 53 54 55 56RS R S S S S S                   

A full list of regression coefficients for each case is provided in this appendix. 
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Table F-1 Regression coefficients for calculating Vh of shafts embedded in clay deposit with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-2.44E-01 2.05E-01 -1.52E+02 -1.85E+01 -9.15E-03 -7.35E-01 -3.55E-02 3.78E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

-2.19E+02 1.40E+02 -5.47E-04 1.82E-01 1.75E-01 1.39E+02 -7.56E+01 -1.31E+01 

β17 β18 β19 β20 β21 β22 β23 β24 

2.28E+04 -5.85E+04 2.01E+04 -1.05E+02 2.81E-05 -6.24E-03 -6.35E-03 -7.89E+00 

β25 β26 β27 β28 β29 β30 β31 β32 

3.36E+00 3.39E-01 -1.40E+03 1.61E+03 -4.08E+02 4.14E+00 -8.10E+05 6.27E+05 

β33 β34 β35 β36 β37 β38 β39 β40 

-1.37E+05 4.15E+03 2.97E+02 -3.69E-07 6.08E-05 8.30E-05 1.16E-01 -4.40E-02 

β41 β42 β43 β44 β45 β46 β47 β48 

-4.97E-03 1.76E+01 -2.21E+01 5.43E+00 2.56E-02 1.06E+04 -7.20E+03 1.74E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

-1.61E+02 0 1.68E+07 -1.22E+07 3.10E+06 -3.26E+05 1.43E+04 -1.93E+02 

 

Table F-2 Regression coefficients for calculating Vmax of shafts embedded in clay deposit with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-1.83E+01 5.92E-01 -2.12E+02 1.31E+02 -8.60E-03 8.82E+00 -4.07E+00 -6.10E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

3.02E+03 -2.61E+02 4.59E-04 -3.66E-01 -1.94E-02 6.77E+01 -1.18E+01 1.25E+01 

β17 β18 β19 β20 β21 β22 β23 β24 

-5.50E+04 6.03E+04 -1.97E+04 -1.85E+02 -2.32E-05 1.11E-02 4.45E-03 1.73E+00 

β25 β26 β27 β28 β29 β30 β31 β32 

-1.78E+00 -4.32E-01 1.62E+03 -1.42E+03 3.79E+02 6.45E+00 4.25E+05 -2.72E+05 

β33 β34 β35 β36 β37 β38 β39 β40 

5.81E+04 -8.12E+03 3.64E+02 5.00E-07 -1.60E-04 -1.18E-04 -3.90E-02 4.01E-02 

β41 β42 β43 β44 β45 β46 β47 β48 

1.01E-02 -1.88E+01 1.64E+01 -5.23E+00 -2.80E-01 -9.13E+03 6.14E+03 -1.49E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

2.02E+02 0 -4.44E+06 3.39E+06 -9.18E+05 1.01E+05 -2.51E+03 -1.50E+02 
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Table F-3 Regression coefficients for calculating HVmax of shafts embedded in clay deposit with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-2.90E-01 3.23E-03 -1.41E+00 2.56E+00 -6.64E-07 2.90E-02 -2.75E-02 -1.67E+01 

β9 β10 β11 β12 β13 β14 β15 β16 

1.13E+01 -7.68E+00 -2.99E-07 -4.72E-04 1.20E-04 4.39E-01 -2.16E-01 7.19E-02 

β17 β18 β19 β20 β21 β22 β23 β24 

-1.02E+02 9.23E+01 -2.11E+01 7.63E+00 2.43E-08 -1.42E-05 -5.30E-06 -9.71E-04 

β25 β26 β27 β28 β29 β30 β31 β32 

5.49E-03 1.85E-04 4.33E-02 -1.55E+00 1.32E-01 -8.92E-02 -1.06E+03 1.04E+03 

β33 β34 β35 β36 β37 β38 β39 β40 

-2.59E+02 9.66E+00 7.59E+00 8.13E-10 3.90E-07 -2.67E-07 -1.61E-05 -8.29E-05 

β41 β42 β43 β44 β45 β46 β47 β48 

2.94E-05 3.31E-02 -1.11E-02 5.51E-03 -8.81E-04 3.40E+01 -2.75E+01 8.11E+00 

β49 β50 β51 β52 β53 β54 β55 β56 

-9.65E-01 0 3.37E+04 -2.49E+04 6.61E+03 -9.27E+02 1.15E+02 -5.66E-01 

 

Table F-4 Regression coefficients for calculating Mmax of shafts embedded in clay deposit with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-3.07E+01 3.98E+00 -1.42E+03 -2.46E+02 -4.34E-02 -4.43E+01 -2.22E+01 8.69E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

1.64E+04 3.26E+03 -1.46E-02 6.66E+00 3.28E+00 1.83E+03 -1.62E+03 -1.62E+02 

β17 β18 β19 β20 β21 β22 β23 β24 

5.32E+05 -6.10E+05 1.98E+05 -5.59E+03 5.51E-04 -2.43E-01 -9.56E-02 -8.22E+01 

β25 β26 β27 β28 β29 β30 β31 β32 

6.12E+01 2.72E+00 -1.30E+04 1.43E+04 -4.46E+03 1.54E+02 -2.25E+06 8.24E+05 

β33 β34 β35 β36 β37 β38 β39 β40 

2.10E+05 -1.04E+05 4.06E+03 -6.41E-06 2.94E-03 1.14E-03 1.17E+00 -8.38E-01 

β41 β42 β43 β44 β45 β46 β47 β48 

-4.20E-02 1.24E+02 -1.93E+02 6.91E+01 -8.52E-01 5.70E+04 -3.47E+04 8.86E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

-1.30E+03 0 3.51E+07 -2.67E+07 7.55E+06 -1.07E+06 9.10E+04 -1.85E+03 
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Table F-5 Regression coefficients for calculating HMmax of shafts embedded in clay deposit with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

1.35E-01 -4.37E-03 -1.69E-01 -1.07E+00 2.14E-05 5.65E-03 2.89E-02 -1.57E+01 

β9 β10 β11 β12 β13 β14 β15 β16 

8.97E+00 2.51E+00 2.56E-07 3.10E-04 -2.35E-04 2.67E-01 -1.84E-01 -4.33E-02 

β17 β18 β19 β20 β21 β22 β23 β24 

-2.29E+02 2.01E+02 -5.79E+01 -1.55E+00 -9.10E-09 -7.56E-06 1.25E-06 3.23E-03 

β25 β26 β27 β28 β29 β30 β31 β32 

-2.92E-04 4.78E-04 8.23E-01 -2.08E+00 7.22E-01 -2.60E-02 -1.38E+03 1.77E+03 

β33 β34 β35 β36 β37 β38 β39 β40 

-7.19E+02 1.20E+02 3.89E+00 8.77E-10 1.94E-07 -2.06E-07 -5.98E-05 -2.89E-05 

β41 β42 β43 β44 β45 β46 β47 β48 

1.37E-05 2.14E-02 -3.63E-03 4.03E-03 -1.90E-04 2.07E+01 -1.89E+01 6.62E+00 

β49 β50 β51 β52 β53 β54 β55 β56 

-1.26E+00 0 1.52E+04 -9.83E+03 1.64E+03 2.24E+01 8.66E+00 1.07E+00 
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Table F-6 Regression coefficients for calculating Vh of shafts embedded in clay deposit without 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-2.37E+00 1.71E-01 -1.65E+02 5.00E+00 -3.81E-03 6.94E-01 -4.41E-01 3.28E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

-1.43E+01 5.55E+01 -6.71E-04 2.15E-01 1.71E-01 1.64E+02 -9.82E+01 -1.17E+01 

β17 β18 β19 β20 β21 β22 β23 β24 

1.61E+04 -5.20E+04 1.88E+04 3.93E+01 3.24E-05 -7.53E-03 -6.95E-03 -8.91E+00 

β25 β26 β27 β28 β29 β30 β31 β32 

3.75E+00 3.84E-01 -1.76E+03 1.84E+03 -4.32E+02 1.67E+00 -7.35E+05 6.09E+05 

β33 β34 β35 β36 β37 β38 β39 β40 

-1.48E+05 6.75E+03 1.78E+02 -4.53E-07 1.05E-04 9.99E-05 1.19E-01 -5.41E-02 

β41 β42 β43 β44 β45 β46 β47 β48 

-6.17E-03 1.66E+01 -2.14E+01 5.98E+00 5.63E-02 1.21E+04 -7.73E+03 1.68E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

-1.61E+02 0 1.49E+07 -1.10E+07 2.83E+06 -2.96E+05 1.23E+04 -1.40E+02 

 

Table F-7 Regression coefficients for calculating Vmax of shafts embedded in clay deposit without 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-1.88E+01 6.11E-01 -2.04E+02 1.41E+02 -9.32E-03 5.44E+00 -4.11E+00 -6.14E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

3.17E+03 -3.25E+02 4.52E-04 -3.19E-01 -1.86E-02 4.32E+01 5.59E+00 1.28E+01 

β17 β18 β19 β20 β21 β22 β23 β24 

-5.26E+04 6.06E+04 -2.06E+04 -2.06E+01 -2.57E-05 1.09E-02 5.12E-03 3.11E+00 

β25 β26 β27 β28 β29 β30 β31 β32 

-2.19E+00 -4.84E-01 2.10E+03 -1.74E+03 4.30E+02 7.03E+00 2.90E+05 -2.05E+05 

β33 β34 β35 β36 β37 β38 β39 β40 

4.78E+04 -6.73E+03 1.80E+02 5.74E-07 -2.01E-04 -1.35E-04 -4.87E-02 5.27E-02 

β41 β42 β43 β44 β45 β46 β47 β48 

1.11E-02 -1.55E+01 1.55E+01 -6.04E+00 -2.89E-01 -1.05E+04 6.20E+03 -1.26E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

1.92E+02 0 -2.14E+06 2.03E+06 -6.61E+05 8.24E+04 -2.57E+03 -9.00E+01 
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Table F-8 Regression coefficients for calculating HVmax of shafts embedded in clay deposit 

without internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-3.00E-01 4.53E-03 -2.18E+00 2.68E+00 5.72E-06 4.99E-02 -4.03E-02 -1.94E+01 

β9 β10 β11 β12 β13 β14 β15 β16 

1.72E+01 -8.20E+00 -4.00E-07 -5.70E-04 1.11E-04 5.62E-01 -3.55E-01 1.13E-01 

β17 β18 β19 β20 β21 β22 β23 β24 

-8.07E+01 9.50E+01 -3.53E+01 8.50E+00 4.41E-08 -1.52E-05 -9.72E-06 -1.52E-03 

β25 β26 β27 β28 β29 β30 β31 β32 

6.21E-03 5.52E-04 -7.09E-01 -1.63E+00 3.33E-01 -1.54E-01 -9.96E+02 9.51E+02 

β33 β34 β35 β36 β37 β38 β39 β40 

-2.45E+02 2.20E+01 7.13E+00 4.28E-10 2.83E-07 -1.58E-07 -2.54E-05 -5.15E-05 

β41 β42 β43 β44 β45 β46 β47 β48 

1.71E-05 3.19E-02 -8.27E-03 1.72E-03 -1.86E-04 4.54E+01 -3.39E+01 9.43E+00 

β49 β50 β51 β52 β53 β54 β55 β56 

-1.03E+00 0 2.29E+04 -1.77E+04 5.05E+03 -7.95E+02 1.06E+02 -2.17E-01 

 

Table F-9 Regression coefficients for calculating Mmax of shafts embedded in clay deposit 

without internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-6.02E+01 4.11E+00 -1.44E+03 5.98E+01 3.94E-02 -3.66E+01 -3.34E+01 9.45E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

1.59E+04 2.31E+03 -1.70E-02 7.32E+00 3.30E+00 1.94E+03 -1.86E+03 -1.33E+02 

β17 β18 β19 β20 β21 β22 β23 β24 

4.25E+05 -5.48E+05 1.91E+05 -4.23E+03 6.35E-04 -2.69E-01 -1.07E-01 -9.58E+01 

β25 β26 β27 β28 β29 β30 β31 β32 

6.76E+01 3.37E+00 -1.79E+04 1.77E+04 -4.92E+03 1.16E+02 -1.76E+06 9.95E+05 

β33 β34 β35 β36 β37 β38 β39 β40 

5.41E+03 -7.25E+04 2.98E+03 -8.06E-06 3.87E-03 1.45E-03 1.22E+00 -1.04E+00 

β41 β42 β43 β44 β45 β46 β47 β48 

-6.23E-02 1.02E+02 -1.80E+02 8.08E+01 -4.03E-01 5.31E+04 -2.47E+04 4.12E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

-1.14E+03 0 2.47E+07 -1.99E+07 5.64E+06 -7.27E+05 6.31E+04 -1.27E+03 
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Table F-10 Regression coefficients for calculating HMmax of shafts embedded in clay deposit 

without internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

4.60E-02 -3.39E-03 8.34E-02 -3.49E-01 4.04E-05 -3.33E-03 2.13E-02 -7.45E+00 

β9 β10 β11 β12 β13 β14 β15 β16 

5.00E+00 4.68E-01 5.51E-07 2.96E-04 -4.02E-04 1.86E-01 -1.18E-01 -1.78E-02 

β17 β18 β19 β20 β21 β22 β23 β24 

-1.70E+02 1.34E+02 -3.99E+01 7.45E-01 1.83E-09 -9.19E-06 -2.35E-06 3.51E-03 

β25 β26 β27 β28 β29 β30 β31 β32 

-7.70E-06 1.07E-03 1.23E-01 -1.57E+00 5.62E-01 -7.34E-02 -1.04E+03 1.39E+03 

β33 β34 β35 β36 β37 β38 β39 β40 

-5.42E+02 8.91E+01 3.33E+00 -4.15E-10 3.59E-07 1.32E-07 -1.22E-05 -7.86E-05 

β41 β42 β43 β44 β45 β46 β47 β48 

-1.71E-05 2.14E-02 -1.32E-02 9.26E-03 8.52E-04 3.15E+01 -2.51E+01 8.16E+00 

β49 β50 β51 β52 β53 β54 β55 β56 

-1.51E+00 0 4.90E+03 -3.59E+03 5.84E+02 5.17E+00 2.55E+01 9.30E-01 
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Table F-11 Regression coefficients for calculating Vh of shafts embedded in GEFRS with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

1.76E+01 -9.27E-01 -2.67E+02 -1.12E+02 -6.20E-03 8.12E+00 7.85E+00 7.74E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

-1.52E+03 1.72E+02 -1.06E-03 2.14E-01 2.60E-01 1.58E+02 -1.36E+02 -3.82E+01 

β17 β18 β19 β20 β21 β22 β23 β24 

7.06E+04 -1.09E+05 3.92E+04 6.03E+02 5.05E-05 -1.29E-02 -1.08E-02 -1.04E+01 

β25 β26 β27 β28 β29 β30 β31 β32 

5.81E+00 6.39E-01 -3.61E+03 2.86E+03 -7.13E+02 1.66E+01 -1.78E+06 1.36E+06 

β33 β34 β35 β36 β37 β38 β39 β40 

-3.23E+05 2.09E+04 -8.07E+02 -6.72E-07 1.52E-04 1.49E-04 1.78E-01 -8.17E-02 

β41 β42 β43 β44 β45 β46 β47 β48 

-9.54E-03 5.72E+01 -4.89E+01 1.13E+01 7.61E-02 2.88E+04 -2.09E+04 5.43E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

-5.78E+02 0 -8.26E+06 5.36E+06 -1.16E+06 8.75E+04 3.22E+03 1.75E+02 

 

Table F-12 Regression coefficients for calculating Vmax of shafts embedded in GEFRS with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

3.29E+00 9.41E-02 1.77E+01 -7.62E+01 -1.89E-03 -2.87E+00 -2.59E-01 -3.76E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

1.80E+03 4.62E+02 3.38E-04 6.66E-02 -6.08E-02 -7.81E+01 2.41E+01 3.71E+00 

β17 β18 β19 β20 β21 β22 β23 β24 

-2.97E+04 3.98E+04 -1.67E+04 -1.34E+03 -1.89E-05 3.09E-03 4.47E-03 4.17E+00 

β25 β26 β27 β28 β29 β30 β31 β32 

-2.46E+00 -3.72E-01 1.98E+03 -1.19E+03 3.70E+02 1.48E+01 1.02E+06 -7.91E+05 

β33 β34 β35 β36 β37 β38 β39 β40 

2.18E+05 -3.03E+04 1.09E+03 4.54E-07 -8.18E-05 -1.20E-04 -7.53E-02 4.49E-02 

β41 β42 β43 β44 β45 β46 β47 β48 

1.10E-02 -3.10E+01 2.31E+01 -6.45E+00 -3.82E-01 -1.97E+04 1.36E+04 -3.34E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

3.89E+02 0 -2.37E+06 1.81E+06 -4.49E+05 3.54E+04 1.15E+03 -3.09E+02 
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Table F-13 Regression coefficients for calculating HVmax of shafts embedded in GEFRS with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-2.01E-02 1.05E-03 -2.10E+00 1.51E-01 -7.43E-06 1.65E-02 -8.75E-03 -6.16E+00 

β9 β10 β11 β12 β13 β14 β15 β16 

1.67E+01 -1.27E-01 -2.45E-07 -1.96E-04 1.05E-04 1.93E-01 -1.01E-01 2.12E-02 

β17 β18 β19 β20 β21 β22 β23 β24 

4.66E+01 -3.39E+00 -4.11E+01 -1.45E+00 1.49E-08 1.77E-06 -4.62E-06 -3.64E-03 

β25 β26 β27 β28 β29 β30 β31 β32 

1.54E-03 4.44E-04 -2.66E+00 1.03E+00 -1.31E-01 -5.93E-02 -5.16E+02 3.35E+02 

β33 β34 β35 β36 β37 β38 β39 β40 

-8.94E+01 6.26E+01 8.39E+00 7.26E-10 2.14E-08 -1.82E-07 3.54E-05 -3.19E-05 

β41 β42 β43 β44 β45 β46 β47 β48 

1.56E-05 3.00E-02 -1.46E-02 5.77E-03 -3.80E-04 3.49E+01 -2.12E+01 4.09E+00 

β49 β50 β51 β52 β53 β54 β55 β56 

-5.82E-01 0 -1.85E+02 -1.14E+03 7.03E+02 -1.40E+02 4.81E+00 1.36E+00 

 

Table F-14 Regression coefficients for calculating Mmax of shafts embedded in GEFRS with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

1.37E+02 -3.44E+00 -2.31E+03 -1.13E+03 8.13E-02 4.11E+00 1.41E+01 3.70E+04 

β9 β10 β11 β12 β13 β14 β15 β16 

1.47E+04 4.26E+03 -1.97E-02 7.33E+00 3.57E+00 1.33E+03 -1.96E+03 -2.59E+02 

β17 β18 β19 β20 β21 β22 β23 β24 

6.01E+05 -7.44E+05 2.59E+05 -3.01E+03 7.25E-04 -3.09E-01 -1.22E-01 -7.40E+01 

β25 β26 β27 β28 β29 β30 β31 β32 

7.50E+01 4.39E+00 -2.69E+04 1.89E+04 -5.66E+03 1.80E+02 -4.67E+06 3.45E+06 

β33 β34 β35 β36 β37 β38 β39 β40 

-5.60E+05 -2.46E+04 -6.28E+02 -9.09E-06 3.87E-03 1.68E-03 1.28E+00 -1.06E+00 

β41 β42 β43 β44 β45 β46 β47 β48 

-8.02E-02 3.65E+02 -3.19E+02 9.61E+01 -2.55E-02 1.51E+05 -1.05E+05 2.75E+04 

β49 β50 β51 β52 β53 β54 β55 β56 

-3.22E+03 0 -2.26E+07 1.22E+07 -1.78E+06 -9.62E+04 4.93E+04 -1.30E+02 
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Table F-15 Regression coefficients for calculating HMmax of shafts embedded in GEFRS with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

8.77E-02 -1.09E-03 -1.75E-01 -9.93E-01 2.21E-05 -1.05E-02 7.20E-03 -9.25E+00 

β9 β10 β11 β12 β13 β14 β15 β16 

6.43E+00 3.97E+00 -1.11E-07 -1.46E-04 -1.10E-04 2.33E-01 8.78E-03 -1.27E-02 

β17 β18 β19 β20 β21 β22 β23 β24 

-4.84E+01 6.68E+01 -3.38E+01 -7.13E+00 2.01E-08 -8.11E-07 -5.31E-06 -1.74E-03 

β25 β26 β27 β28 β29 β30 β31 β32 

1.42E-03 7.51E-04 -6.32E-01 -4.11E-01 -4.99E-02 -2.75E-02 1.25E+02 1.13E+02 

β33 β34 β35 β36 β37 β38 β39 β40 

-1.28E+02 6.16E+01 8.84E+00 -4.57E-11 1.19E-07 -1.71E-09 -6.35E-06 -3.10E-05 

β41 β42 β43 β44 β45 β46 β47 β48 

1.33E-06 2.37E-02 -6.24E-03 2.97E-03 -1.43E-04 1.68E+01 -1.26E+01 3.20E+00 

β49 β50 β51 β52 β53 β54 β55 β56 

-4.06E-01 0 4.00E+00 -9.23E+02 4.90E+02 -6.89E+01 -5.11E+00 2.30E-01 
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Table F-16 Regression coefficients for calculating Vh of shafts embedded in GEFRS without 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

1.20E+00 -7.58E-01 -2.80E+02 2.19E+01 -2.45E-03 1.91E+01 6.02E+00 8.23E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

-1.82E+03 -2.06E+02 -1.03E-03 -1.19E-01 2.56E-01 6.56E+01 -1.44E+02 -3.49E+01 

β17 β18 β19 β20 β21 β22 β23 β24 

3.38E+04 -8.95E+04 3.72E+04 1.13E+03 5.14E-05 -3.69E-03 -1.16E-02 -9.82E+00 

β25 β26 β27 β28 β29 β30 β31 β32 

5.09E+00 7.48E-01 -3.44E+03 3.00E+03 -7.28E+02 1.04E+01 -1.15E+06 1.07E+06 

β33 β34 β35 β36 β37 β38 β39 β40 

-3.04E+05 2.30E+04 -1.13E+03 -8.08E-07 7.61E-05 1.96E-04 2.03E-01 -8.14E-02 

β41 β42 β43 β44 β45 β46 β47 β48 

-1.46E-02 8.42E+01 -6.50E+01 1.36E+01 2.66E-01 4.20E+04 -3.14E+04 8.12E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

-8.15E+02 0 -1.04E+07 5.46E+06 -7.14E+05 -1.82E+04 9.48E+03 2.07E+02 

 

Table F-17 Regression coefficients for calculating Vmax of shafts embedded in GEFRS without 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

8.72E+00 1.21E-01 -7.94E+01 -1.12E+02 -6.39E-03 -8.84E+00 1.43E-01 -5.34E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

3.12E+03 5.03E+02 2.36E-04 3.85E-01 -3.66E-02 1.82E+01 -5.02E+00 2.81E+00 

β17 β18 β19 β20 β21 β22 β23 β24 

-4.84E+03 3.27E+04 -1.87E+04 -1.29E+03 -1.69E-05 -5.40E-03 4.81E-03 3.35E+00 

β25 β26 β27 β28 β29 β30 β31 β32 

-1.73E+00 -4.69E-01 1.95E+03 -1.31E+03 4.27E+02 1.84E+01 5.20E+05 -5.65E+05 

β33 β34 β35 β36 β37 β38 β39 β40 

1.91E+05 -2.78E+04 9.44E+02 4.93E-07 3.65E-05 -1.43E-04 -9.53E-02 3.20E-02 

β41 β42 β43 β44 β45 β46 β47 β48 

1.40E-02 -5.34E+01 3.62E+01 -7.24E+00 -4.92E-01 -3.11E+04 2.22E+04 -5.46E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

5.19E+02 0 5.67E+05 8.88E+05 -6.15E+05 1.06E+05 -4.32E+03 -2.16E+02 
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Table F-18 Regression coefficients for calculating HVmax of shafts embedded in GEFRS without 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-7.48E-02 1.79E-03 -2.36E+00 6.64E-01 1.93E-06 2.84E-02 -1.65E-02 -6.28E+00 

β9 β10 β11 β12 β13 β14 β15 β16 

1.83E+01 -1.90E+00 -2.83E-07 -5.86E-04 8.36E-05 1.80E-01 -1.17E-01 4.43E-02 

β17 β18 β19 β20 β21 β22 β23 β24 

1.99E+01 1.19E+01 -4.72E+01 1.41E+00 2.79E-08 9.84E-06 -8.26E-06 -3.12E-03 

β25 β26 β27 β28 β29 β30 β31 β32 

1.25E-03 8.12E-04 -2.81E+00 1.01E+00 -1.13E-01 -9.99E-02 1.73E+01 9.14E+01 

β33 β34 β35 β36 β37 β38 β39 β40 

-7.06E+01 6.86E+01 6.40E+00 -2.77E-10 9.81E-08 7.62E-08 1.93E-05 -5.89E-05 

β41 β42 β43 β44 β45 β46 β47 β48 

-7.56E-06 4.51E-02 -1.71E-02 8.48E-03 4.53E-04 4.77E+01 -2.99E+01 5.76E+00 

β49 β50 β51 β52 β53 β54 β55 β56 

-7.90E-01 0 -1.08E+04 4.96E+03 -3.13E+02 -9.45E+01 4.32E+00 1.93E+00 

 

Table F-19 Regression coefficients for calculating Mmax of shafts embedded in GEFRS without 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

3.23E+01 -4.94E-01 -1.82E+03 -3.87E+02 6.01E-02 5.49E+01 -5.38E+00 4.06E+04 

β9 β10 β11 β12 β13 β14 β15 β16 

8.83E+03 2.44E+03 -1.79E-02 4.87E+00 3.54E+00 1.31E+02 -1.85E+03 -2.27E+02 

β17 β18 β19 β20 β21 β22 β23 β24 

2.89E+05 -5.67E+05 2.45E+05 -6.77E+02 6.72E-04 -2.12E-01 -1.22E-01 -5.58E+01 

β25 β26 β27 β28 β29 β30 β31 β32 

6.26E+01 4.98E+00 -2.35E+04 1.85E+04 -5.44E+03 1.30E+02 3.26E+05 1.23E+06 

β33 β34 β35 β36 β37 β38 β39 β40 

-4.30E+05 -1.06E+04 -1.91E+03 -9.31E-06 2.61E-03 1.94E-03 1.50E+00 -9.44E-01 

β41 β42 β43 β44 β45 β46 β47 β48 

-1.19E-01 6.18E+02 -4.82E+02 1.14E+02 1.67E+00 2.59E+05 -1.98E+05 5.34E+04 

β49 β50 β51 β52 β53 β54 β55 β56 

-5.60E+03 0 -2.42E+07 2.05E+06 4.73E+06 -1.31E+06 1.21E+05 -3.94E+02 
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Table F-20 Regression coefficients for calculating HMmax of shafts embedded in GEFRS without 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

2.97E-02 -4.70E-04 -6.17E-02 -5.15E-01 1.23E-05 -1.36E-02 5.26E-03 -5.79E+00 

β9 β10 β11 β12 β13 β14 β15 β16 

4.76E+00 2.47E+00 3.44E-07 -4.10E-04 -1.19E-04 2.51E-01 4.22E-02 -1.23E-02 

β17 β18 β19 β20 β21 β22 β23 β24 

-5.57E+01 5.16E+01 -2.80E+01 -4.90E+00 -2.00E-09 -3.10E-06 -1.61E-06 -1.43E-03 

β25 β26 β27 β28 β29 β30 β31 β32 

2.71E-03 4.49E-04 -1.03E+00 -4.26E-01 -1.50E-01 -1.40E-02 5.26E+02 -8.27E+01 

β33 β34 β35 β36 β37 β38 β39 β40 

-7.15E+01 5.28E+01 7.16E+00 8.83E-10 4.98E-09 -2.15E-07 3.68E-05 -1.03E-05 

β41 β42 β43 β44 β45 β46 β47 β48 

1.85E-05 3.08E-02 -1.54E-02 1.14E-03 -6.55E-04 2.10E+01 -1.45E+01 3.81E+00 

β49 β50 β51 β52 β53 β54 β55 β56 

-3.53E-01 0 -7.24E+03 3.39E+03 -3.38E+02 -2.43E+01 -4.00E+00 7.18E-01 
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Table F-21 Regression coefficients for calculating Vh of shafts embedded in sand deposit with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

7.88E+00 -2.11E-03 4.51E+00 -7.07E+01 -3.88E-03 -3.23E+00 2.44E-01 -1.85E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

1.57E+03 2.10E+02 -1.83E-03 1.01E+00 3.82E-01 8.93E+01 -2.15E+02 -2.33E+01 

β17 β18 β19 β20 β21 β22 β23 β24 

1.35E+05 -9.56E+04 3.17E+04 1.06E+02 8.70E-05 -5.06E-02 -1.56E-02 -2.35E+00 

β25 β26 β27 β28 β29 β30 β31 β32 

9.78E+00 6.94E-01 -4.03E+03 2.03E+03 -7.30E+02 4.50E+00 -2.90E+06 1.91E+06 

β33 β34 β35 β36 β37 β38 β39 β40 

-3.98E+05 3.02E+04 -1.30E+02 -1.31E-06 7.14E-04 2.54E-04 2.83E-02 -1.42E-01 

β41 β42 β43 β44 β45 β46 β47 β48 

-1.48E-02 7.09E+01 -3.51E+01 1.17E+01 2.36E-01 3.45E+04 -2.46E+04 5.66E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

-5.48E+02 0 1.76E+07 -1.24E+07 2.98E+06 -2.85E+05 1.05E+04 -9.90E+01 

 

Table F-22 Regression coefficients for calculating Vmax of shafts embedded in sand deposit with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-5.46E+01 1.31E+00 -5.44E+02 4.64E+02 1.34E-02 -7.23E-01 -1.19E+01 -2.41E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

5.51E+03 -1.43E+03 9.84E-04 -7.00E-01 -2.60E-01 9.48E+01 1.26E+02 4.89E+01 

β17 β18 β19 β20 β21 β22 β23 β24 

-3.77E+04 4.13E+04 -4.06E+04 1.71E+03 -7.40E-05 5.51E-02 1.45E-02 -4.11E+00 

β25 β26 β27 β28 β29 β30 β31 β32 

-1.03E+01 -7.66E-01 2.65E+03 -8.53E+02 8.20E+02 -3.24E+01 -9.63E+04 8.34E+04 

β33 β34 β35 β36 β37 β38 β39 β40 

-3.61E+04 1.00E+04 -9.66E+02 1.06E-06 -8.64E-04 -1.86E-04 7.11E-02 1.53E-01 

β41 β42 β43 β44 β45 β46 β47 β48 

7.18E-03 -6.18E+01 1.81E+01 -1.04E+01 2.15E-01 -1.93E+04 1.51E+04 -3.39E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

2.96E+02 0 8.01E+06 -4.10E+06 3.68E+05 7.54E+04 -1.32E+04 3.37E+02 
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Table F-23 Regression coefficients for calculating HVmax of shafts embedded in sand deposit with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-1.80E-01 2.39E-03 -1.08E+00 1.73E+00 2.78E-05 4.51E-04 -2.41E-02 -7.69E+00 

β9 β10 β11 β12 β13 β14 β15 β16 

1.17E+01 -6.13E+00 -4.92E-08 2.24E-04 -1.74E-04 5.43E-02 -5.62E-02 8.69E-02 

β17 β18 β19 β20 β21 β22 β23 β24 

7.40E+00 3.97E+01 -4.05E+01 8.87E+00 7.00E-09 -1.23E-06 -2.43E-06 -6.33E-04 

β25 β26 β27 β28 β29 β30 β31 β32 

-2.90E-04 7.02E-04 -1.44E+00 5.77E-01 4.92E-02 -1.52E-01 1.79E+03 -1.22E+03 

β33 β34 β35 β36 β37 β38 β39 β40 

2.03E+02 3.43E+01 2.06E+00 1.19E-10 3.90E-08 3.08E-10 1.70E-06 -1.10E-05 

β41 β42 β43 β44 β45 β46 β47 β48 

-6.41E-06 2.20E-02 -8.16E-03 2.46E-03 7.56E-04 4.08E+01 -2.59E+01 5.07E+00 

β49 β50 β51 β52 β53 β54 β55 β56 

-5.14E-01 0 -7.51E+04 4.90E+04 -1.02E+04 7.12E+02 -6.14E+00 2.87E+00 

 

Table F-24 Regression coefficients for calculating Mmax of shafts embedded in sand deposit with 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

6.63E+01 1.81E+00 -1.09E+03 -6.40E+02 2.13E-01 -1.89E+02 -4.43E+01 -3.90E+04 

β9 β10 β11 β12 β13 β14 β15 β16 

5.66E+04 3.34E+03 -3.74E-02 2.34E+01 5.79E+00 -2.20E+01 -3.47E+03 -1.88E+02 

β17 β18 β19 β20 β21 β22 β23 β24 

1.20E+05 -1.24E+05 1.34E+05 -3.06E+03 1.28E-03 -8.45E-01 -1.76E-01 1.47E+01 

β25 β26 β27 β28 β29 β30 β31 β32 

1.20E+02 3.32E+00 -2.19E+04 8.58E+03 -4.72E+03 1.82E+02 -3.75E+06 3.24E+06 

β33 β34 β35 β36 β37 β38 β39 β40 

-8.68E+05 6.72E+04 -1.14E+02 -1.58E-05 1.07E-02 2.49E-03 -2.61E-01 -1.73E+00 

β41 β42 β43 β44 β45 β46 β47 β48 

-9.35E-02 5.43E+02 -2.13E+02 1.03E+02 1.19E-01 1.38E+05 -1.19E+05 3.08E+04 

β49 β50 β51 β52 β53 β54 β55 β56 

-3.73E+03 0 -2.17E+07 8.70E+06 3.01E+05 -3.79E+05 4.65E+04 -6.39E+02 
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Table F-25 Regression coefficients for calculating HMmax of shafts embedded in sand deposit 

with internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-2.82E-03 1.91E-04 -2.04E-01 9.72E-03 -9.93E-07 2.02E-04 -1.22E-03 7.73E-01 

β9 β10 β11 β12 β13 β14 β15 β16 

8.73E-01 1.46E-01 4.03E-08 -1.47E-04 5.68E-07 -6.65E-02 5.41E-02 1.10E-03 

β17 β18 β19 β20 β21 β22 β23 β24 

1.91E+01 -1.74E+00 -6.07E+00 -6.92E-01 9.54E-09 4.03E-06 -3.79E-06 5.09E-04 

β25 β26 β27 β28 β29 β30 β31 β32 

-5.12E-04 5.51E-04 -1.46E+00 8.29E-01 -1.93E-01 -3.47E-02 2.30E+03 -1.53E+03 

β33 β34 β35 β36 β37 β38 β39 β40 

2.96E+02 2.16E-02 4.78E+00 6.23E-10 -7.70E-08 -1.47E-07 -1.64E-05 1.35E-05 

β41 β42 β43 β44 β45 β46 β47 β48 

1.15E-05 2.19E-02 -7.44E-03 9.42E-04 -3.36E-04 3.06E+01 -1.96E+01 3.76E+00 

β49 β50 β51 β52 β53 β54 β55 β56 

-2.93E-01 0 -5.59E+04 3.48E+04 -6.49E+03 2.77E+02 2.09E+01 5.75E-01 
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Table F-26 Regression coefficients for calculating Vh of shafts embedded in sand deposit without 

internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

5.05E-01 1.15E-01 -3.14E+01 -6.96E+00 1.51E-03 -3.76E+00 -1.26E+00 -1.75E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

1.79E+03 1.89E+01 -1.93E-03 1.16E+00 3.71E-01 7.42E+01 -2.45E+02 -1.86E+01 

β17 β18 β19 β20 β21 β22 β23 β24 

1.13E+05 -8.52E+04 3.01E+04 3.57E+02 9.07E-05 -5.28E-02 -1.61E-02 8.71E-02 

β25 β26 β27 β28 β29 β30 β31 β32 

9.35E+00 7.66E-01 -3.29E+03 1.49E+03 -6.26E+02 -5.01E+00 -2.09E+06 1.45E+06 

β33 β34 β35 β36 β37 β38 β39 β40 

-3.17E+05 2.56E+04 -1.51E+02 -1.48E-06 7.64E-04 3.00E-04 -2.30E-03 -1.44E-01 

β41 β42 β43 β44 β45 β46 β47 β48 

-1.96E-02 8.38E+01 -3.77E+01 1.22E+01 4.60E-01 5.20E+04 -3.67E+04 8.30E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

-7.62E+02 0 1.63E+07 -1.33E+07 3.82E+06 -4.62E+05 2.21E+04 -1.95E+02 

 

Table F-27 Regression coefficients for calculating Vmax of shafts embedded in sand deposit 

without internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-3.45E+01 1.28E+00 -1.82E+02 2.62E+02 6.43E-03 -7.73E+00 -1.07E+01 -1.75E+03 

β9 β10 β11 β12 β13 β14 β15 β16 

2.88E+03 -6.84E+02 1.04E-03 -8.25E-01 -2.29E-01 1.54E+02 1.82E+02 4.32E+01 

β17 β18 β19 β20 β21 β22 β23 β24 

-1.37E+04 2.56E+04 -3.28E+04 4.51E+02 -7.68E-05 5.81E-02 1.48E-02 -8.43E+00 

β25 β26 β27 β28 β29 β30 β31 β32 

-9.72E+00 -8.66E-01 1.06E+03 2.06E+02 6.19E+02 -1.99E+01 -9.12E+05 5.65E+05 

β33 β34 β35 β36 β37 β38 β39 β40 

-1.21E+05 9.66E+03 -1.58E+02 1.27E-06 -9.20E-04 -2.42E-04 1.25E-01 1.49E-01 

β41 β42 β43 β44 β45 β46 β47 β48 

1.33E-02 -7.86E+01 1.99E+01 -1.03E+01 -7.39E-02 -4.00E+04 3.00E+04 -6.72E+03 

β49 β50 β51 β52 β53 β54 β55 β56 

5.64E+02 0 5.88E+06 -7.09E+05 -1.16E+06 3.32E+05 -2.66E+04 2.34E+02 
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Table F-28 Regression coefficients for calculating HVmax of shafts embedded in sand deposit 

without internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-1.37E-01 2.23E-03 -6.67E-01 1.31E+00 3.12E-05 -4.98E-03 -2.33E-02 -7.80E+00 

β9 β10 β11 β12 β13 β14 β15 β16 

8.87E+00 -4.57E+00 -3.00E-07 2.50E-04 -1.44E-04 4.33E-02 -2.79E-02 8.37E-02 

β17 β18 β19 β20 β21 β22 β23 β24 

2.14E+01 3.53E+01 -3.32E+01 6.25E+00 1.68E-08 -1.93E-06 -3.87E-06 -1.89E-04 

β25 β26 β27 β28 β29 β30 β31 β32 

-3.81E-04 7.57E-04 -1.63E+00 6.28E-01 2.42E-03 -1.52E-01 2.30E+03 -1.58E+03 

β33 β34 β35 β36 β37 β38 β39 β40 

2.83E+02 2.20E+01 4.09E+00 -3.95E-11 4.38E-09 2.55E-08 -9.90E-06 1.14E-06 

β41 β42 β43 β44 β45 β46 β47 β48 

-7.27E-06 2.03E-02 -5.10E-03 1.01E-03 7.57E-04 5.95E+01 -3.64E+01 6.75E+00 

β49 β50 β51 β52 β53 β54 β55 β56 

-5.56E-01 0 -8.88E+04 5.73E+04 -1.17E+04 7.80E+02 -2.23E+00 2.29E+00 

 

Table F-29 Regression coefficients for calculating Mmax of shafts embedded in sand deposit 

without internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

1.71E+01 3.03E+00 -8.62E+02 -2.66E+02 2.94E-01 -2.36E+02 -6.23E+01 -4.10E+04 

β9 β10 β11 β12 β13 β14 β15 β16 

5.53E+04 2.47E+03 -3.97E-02 2.67E+01 5.71E+00 -2.45E+02 -3.84E+03 -1.27E+02 

β17 β18 β19 β20 β21 β22 β23 β24 

2.35E+04 -7.14E+04 1.35E+05 -2.66E+03 1.34E-03 -9.02E-01 -1.80E-01 4.76E+01 

β25 β26 β27 β28 β29 β30 β31 β32 

1.15E+02 3.80E+00 -7.06E+03 -1.06E+03 -2.93E+03 7.26E+01 2.28E+06 -7.61E+05 

β33 β34 β35 β36 β37 β38 β39 β40 

1.56E+04 -1.23E+04 1.88E+03 -1.78E-05 1.16E-02 2.97E-03 -7.16E-01 -1.76E+00 

β41 β42 β43 β44 β45 β46 β47 β48 

-1.44E-01 6.45E+02 -2.11E+02 1.05E+02 2.63E+00 2.80E+05 -2.27E+05 5.63E+04 

β49 β50 β51 β52 β53 β54 β55 β56 

-6.04E+03 0 -5.88E+06 -1.63E+07 1.20E+07 -2.48E+06 1.88E+05 -2.47E+03 
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Table F-30 Regression coefficients for calculating HMmax of shafts embedded in sand deposit 

without internal reinforcement 

β1 β2 β3 β4 β5 β6 β7 β8 

-4.27E-02 2.81E-04 -1.26E-01 3.64E-01 -6.45E-06 2.42E-03 -1.58E-03 -4.88E-01 

β9 β10 β11 β12 β13 β14 β15 β16 

6.45E-01 -1.06E+00 3.44E-07 -2.52E-04 -1.58E-05 -3.35E-02 4.93E-02 3.07E-03 

β17 β18 β19 β20 β21 β22 β23 β24 

1.05E+01 7.55E+00 -6.78E+00 1.24E+00 2.47E-09 4.68E-06 -3.31E-06 1.28E-03 

β25 β26 β27 β28 β29 β30 β31 β32 

-5.83E-04 5.73E-04 -1.87E+00 8.20E-01 -1.92E-01 -4.01E-02 2.79E+03 -1.79E+03 

β33 β34 β35 β36 β37 β38 β39 β40 

3.30E+02 -7.46E-01 3.38E+00 4.47E-10 -3.64E-09 -9.84E-08 -1.19E-05 -5.12E-06 

β41 β42 β43 β44 β45 β46 β47 β48 

7.23E-06 2.70E-02 -1.04E-02 2.68E-03 -1.96E-04 3.81E+01 -2.39E+01 4.62E+00 

β49 β50 β51 β52 β53 β54 β55 β56 

-4.03E-01 0 -6.26E+04 3.85E+04 -7.06E+03 2.91E+02 2.24E+01 9.34E-01 

 

 




