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Insulated concrete form (ICF) walls are used in low- to mid- rise construction and are cost-
competitive with wood and masonry walls. In addition, these wall systems meet increasingly strict
insulation requirements in building codes and therefore have the potential to be more cost-effective
than wood construction. There is one drawback, however, and that is that their minimum
reinforcing requirements are determined by ACI 318-19, including maximum spacing limits and
minimum reinforcement ratios. These reinforcement requirements exceed what is required to meet
strength demands. As such, there is a need to investigate the required spacing and amount of
reinforcement. In addition, there is an interest in using steel fibers to replace some of the wall

reinforcement. Previous studies have not investigated these design parameters.

This research project utilized non-linear finite element modeling (FEM) to investigate the impact
of reducing minimum steel requirements as well as the use of steel fiber in planar walls. The FEM
was based on prior work and validated using in-plane and out-of-plane tests. The wall models were
subjected to monotonically increasing shear in the out-of-plane direction and a constant,

distributed axial load at the top of the wall. The reference wall geometry was selected to meet a
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single bay of a one-story structure as well as future test specimens. Using the validated modeling
approach and reference geometry, a parametric study was conducted to investigate the impact of
the following design parameters on the structural response of the wall: (1) bar spacing, (2) number
of curtains of steel, as well as (3) steel fiber dosage in conjunction with the first two variables. The
research findings are as follows: (1) the peak strength of the wall is determined by the tensile
capacity of the plain or fiber-reinforced concrete (FRC), (2) the bar spacing and the number of
curtains of steel only impact the residual strength increase after cracking, and (3) it appears
possible to use FRC with starter bars for some walls as this concrete provides shear, moment and
axial capacity and the starter bars transfers the forces to the foundation. The findings suggest more

economical bar layouts for ICF walls are possible without compromising the structural response.
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Chapter 1. INTRODUCTION

Insulated concrete form (ICF) walls are used in low- and mid-rise construction. Reinforced
concrete structural walls possess high strength and stiffness, allowing for resistance to low-to-
moderate seismic demands. However, this wall system must meet ACI code minimum
requirements for bar spacings and reinforcement ratios despite structural analysis predicting lower

requirements. ACI limits the spacing to 18 in. whereas masonry allows a spacing up to 48 in.

Although there has been substantial research on the in-plane response of walls, there is a limited
amount of research done on the out-of-plane response of RC walls, and almost none examining
the impact of the minimum reinforcement requirements. Roller (1996) states that it “appears that
existing code provisions for minimum quantities of reinforcing steel are based solely on
engineering judgment and have no apparent technical basis.” The goal of this research is to
determine and quantify whether the ACI requirements for reinforcing steel are overly restrictive

in the design of minimally reinforced concrete walls loaded in the out-of-plane direction.

This study used commercial software program LS-DYNA for finite element models. Zhao et al.
(2021) showed that LS-DYNA can capture stiffness, strength, and deformation capacity for
reinforced columns well. In addition, LS-DYNA has a concrete damage plastic model which has
a bilinear tensile softening model which can be used to model reinforced and fiber reinforced
concrete after cracking. The finite element model was developed and calibrated by simulating the
results of three in-plane loaded wall specimens and four out-of-plane loaded specimens. This
validated model was used to conduct a parameter study on splice vs continuous reinforcement, bar
spacings, number of curtains of steel, the presence of bond-slip equation, and steel fiber content.
The results provide design implications that would reduce the cost of an ICF wall system.
The primary objectives of this research are:

e To develop a high-resolution finite element model to predict stiffness, strength, and

deformation capacity of wall test specimens.
e To conduct a parameter study on walls with varying longitudinal bar spacings, the number

of curtains of steel, the use of a bond-slip equation, and varying steel fiber contents.
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e To provide new design recommendations for spacing of reinforcement in ICF walls that
can aid in reducing the cost of ICF wall construction.
This research was conducted in two phases: (1) model development and validation and (2)

parameter study of reinforced and FRC walls subjected to out-of-plane loading.

Chapter 2 details the modeling approach and validation of the finite element (FE) model. A
discussion of the constitutive material models, model layout, mesh scheme, and loading protocol
are given. This modeling approach was used to model an experimental data set of 3 in-plane loaded
walls and 4 out-of-plane loaded walls. An analysis was conducted between the measured and
simulated response and damage pattern and progression to determine the accuracy of the modeling

approach.

Chapter 3 details the parameter study conducted on reinforced concrete specimens. The geometry
and material properties of the reference wall were selected from discussion with practicing
engineers. The varying parameters were longitudinal bar spacing, the number of curtains of steel,
and the presence of a bond-slip equation. The load-displacement response, tensile damage pattern,

and steel stresses and strains were investigated.

Chapter 4 details the parameter study conducted on fiber reinforced concrete specimens. The same
reference wall geometry from Chapter 3 was used. The varying parameters were longitudinal bar
spacing, number of curtains of steel, and varying steel fiber contents. One aspect of this study that
is unique is the fiber dosages; where most studies use volumes of 1.5% or above, this study
included lower volumes of 0.5 and 1.0% to enhance constructability as others have noted
constructability issues with higher dosages. For each parameter, the load-displacement response,

tensile-damage pattern, and steel stresses and strains were investigated.

Chapter 5 summarizes all the presented research. Key conclusions and recommendations for future
work for modeling and physical testing are presented to improve the design procedures of ICF

walls in low-seismic regions.



Chapter 2. MODELLING APPROACH AND VALIDATION

This chapter presents the finite element modeling approach used to simulate the nonlinear response
of the concrete walls considered in this study: lightly reinforced concrete walls constructed using
a traditional concrete mix, lightly reinforced concrete walls constructed using steel fiber reinforced
concrete, and concrete walls constructed using steel fiber reinforced concrete (FRC) without
reinforcing bars. The LS-DYNA software (LSTC, 2006) was used for all simulations. This
software has multiple features that make it ideally suited to the current project and has been shown
to accurately simulate the stiffness, strength, and deformation capacity of reinforced concrete

components exhibiting multiple failure models (Zhao et al. 2021).

A primary feature that makes the software well suited for the current project is the three-
dimensional concrete constitutive model, concrete damage plasticity model (CDPM), also referred
to as MAT273 that simulates strength loss due to crushing and cracking and employs the crushing
and fracture energies with a mesh-dependent length to minimizes the mesh-dependency of the
simulation results. This concrete model was adapted to simulate the response of FRC walls, by
adjusting the fracture energy and shape of the post-peak stress-strain tension response using the

results of Woo et al. (2014) and Markalikova et al. (2020).

In addition to the concrete model, LS-DYNA provides unique features for modeling reinforcing
steel; specifically reinforcing can be modeled using beam-type elements to enable simulation of
buckling under compressive loading as well as yielding under tension loading, though buckling
was not a significant response mode for the current study. Additionally, reinforcing steel elements
can be embedded in concrete solid elements using a contact surface model calibrated to represent
the bond stress versus slip behavior in the direction parallel to the bar axis. Finally, the LS-DYNA
software employs a dynamic explicit solution algorithm that enables a simulation to progress
through phases of the response history that include significant stiffness and strength loss, which
for reinforced concrete walls results from concrete crushing, concrete cracking, bond strength loss,

and/or steel yielding as well as load reversal.
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Sections 2.1 — 2.7 provide a detailed presentation of the modeling approach used to investigate the
behavior of lightly reinforced and fiber-reinforced walls as well as validation of this modeling
approach. Section 2.1 presents the finite element meshes used for the simulations and boundary
conditions including imposed displacement histories. Section 2.2 presents the concrete, reinforcing
steel, and bond material models. Section 2.3 presents previous research done on LS-DYNA using
the CDPM material model. Section 2.4 presents the in-plane reinforced concrete wall validation.
Section 2.5 presents the out-of-plane reinforced concrete wall validation. Section 2.6 presents the
calibration of the concrete constitutive model to simulate the response of fiber-reinforced concrete
with low fiber volumes. Section 2.7 presents the validation of the fiber-reinforced concrete model

for FRC components.
2.1  FINITE ELEMENT MESH AND BOUNDARY CONDITIONS

There are limited studies on the out-of-plane behavior of RC walls; thus, data from concrete wall
models subjected to in-plane lateral loading were used also to validate the model. Figures 2.1 and
2.2 show the two models used to validate the nonlinear finite element modeling approach via
comparison of simulated and measured responses. Figure 2.1 shows the finite element mesh used
to simulate the response of a reinforced concrete wall subjected to constant axial loading and in-
plane lateral loading; simulated lateral loading was applied via monotonically increasing
displacement demand while laboratory lateral loading was applied via a cyclic displacement
history. Figure 2.3 shows the finite element mesh used to simulate the response of reinforced
concrete walls/slabs subjected to out-of-plane loading via monotonically increasing out-of-plane

displacement demand.



2.1.1. FE Meshes

Axial Load

g LLL

Lateral Load

‘\Elastic Wwall

{1x1x1)

'\ Inelastic Wall

(1x1x1)

¥ Foundation
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Fixed Constraint

Figure 2.1.! Finite element mesh and boundary conditions for simulation of walls subjected to in-
plane axial and lateral loading

! Note that individual element sizes are provided in inches, i.e. (1x1x1) indicates and solid element that is 1 in. x 1
in. x 1 in.
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Figure 2.3. Finite element mesh and boundary conditions for simulation of walls subjected to

monotonic out-of-plane lateral loading
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Figure 2.4. In-plane view of finite element mesh and boundary conditions for simulation of

walls subjected to monotonic out-of-plane lateral loading.
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Figure 2.5. Reinforcement Layout for out-of-plane loaded walls

In all of the models, finite element meshes comprised solid concrete elements and steel beam

elements embedded in the solid concrete elements via a contact surface model calibrated to
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represent concrete-steel bond-slip behavior, as shown in Figures 2.2 and 3.5. The steel beam
embedded is the same for non-confined and confined reinforcement. The concrete material
response was defined to be inelastic in most of the model, but elastic at locations where loads were
applied, or reactions developed; in all cases, the elastic response was observed in the laboratory at
these locations (Table 2.1). Solid concrete elements were 8-node solid elements representing a
constant stain field and employing a reduced integration scheme to prevent element locking with
1 quadrature point and with Flanagan-Belytschko stiffness form hour-glass control. The hourglass
control coefficient was set to 0.03 to prevent hour-glassing modes and limit stiffening. Beam

elements were Hughes-Liu beam elements with 2 nodes and with cross-section integration.

Concrete solid element dimensions were chosen to provide a sufficient number of elements to
represented variation in stress-strain fields that could be expected to determine response (Figure
2.1 and 2.3). A mesh refinement study for out-of-plane loaded walls was conducted to determine
adequate mesh size. The mesh refinement study results are given in Figure 2.6. From the mesh
refinement study, a mesh size of 0.5 in. by 0.5 in. adequately represented the stress and strain fields
associated with the out-of-plane flexural loading. The 0.25 in. by 0.25 in. mesh provided adequate

results but sacrificed efficiency as it was longer to run.

For the wall loaded in the in-plane direction (Figure 2.1), solid concrete elements measured 1 in.
by 1 in by 1 in.; this element size resulted in 4-6 elements along the in-plane length of the
compression zone, 6-8 elements along the in-plane length of the boundary element, and 4-6
elements through the thickness of the wall, where response varied due to confined and unconfined
concrete. Solid concrete elements throughout the remainder of the model were also 1 in. by 1 in.

by 1 in.

For the wall loaded in the out-of-plane direction (Figure 2.3), solid concrete elements measured
0.5 in. by 0.5 in. by 0.5 in.; this element size resulted in 7-13 elements along the out-of-plane
thickness (vertical direction in Figure 2.3), 144 -192 elements along the length (through the page
in Figure 2.3), and 90 elements along the height (lateral direction in Figure 2.3).
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Figure 2.6. Mesh Refinement Study of out-of-plane loaded walls

Table 2.1. Wall properties for RC wall validation

Material Type Element Type Region (Model Type) Mesh Size
(inches)
Elastic Top Region Ix1x1
Constant Stress Solid (In-Plane)
Elastic (MAT 001) Element Support Beam (Out- Ix1x1
(ELFORM 1) of-Plane)
Load Beam (Out-of- Ix1x1
Plane)
Constant Stress Solid | Inelastic Wall Region Ix1x1
Concrete Damage Element (In-Plane)
Plasticity (MAT 273) (ELFORM 1) Foundation (In-Plane) Ix1x1
Wall (Out-of-Plane) 0.5x0.5x0.5
Plastic-Kinematic Hughes-Liu Beam Steel Beam Elements 1.5
(MAT 003) (ELFORM 1) (In-Plane and Out-of-
Plane)

The steel reinforcement was embedded into the concrete elements by the LS-DYNA command
CONSTRAINED BEAM IN SOLID. The steel elements were modeled as beam elements with
a bilinear stress-strain model. The steel elements are 2 node elements with linear moment
distribution and constant axial distribution. LS-DYNA restricts beam element sizes less than 1 unit

length when conducting LS-DYNA model checking. Due to this constraint, 1.5 in. length elements
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were used for beam elements to ensure model stability. LS-DYNA determines the nodal
displacements for embedded elements based on the nodal displacements of nearby master (material
in which the steel is embedded) element nodes. The embedded element mesh is not required to

line up with the master element mesh.

For walls loaded in-plane, the bond was modeled for the longitudinal reinforcement in the
foundation and inelastic wall regions. Within the foundation, the bottom two elements (3.0 in.) of
each vertical reinforcing bar model were modeled as perfectly bonded to the concrete to provide a
fixed anchorage. This anchorage was provided to ensure that no slippage occurred in the
foundation for stresses to develop along the height of the reinforcing bars. For the walls loaded in

the out-of-plane direction, the bond model was used to connect all reinforcement to wall concrete.

The bond was modeled by creating an axial coupling force function of the bond-slip and then
implementing that to the beam embedded in solid. The bond only has slip along the length of the
bar and has no relative movement between the concrete and steel perpendicular to the bar. There
was a significant difference in the behavior of the wall models when the bond model was applied
in the longitudinal reinforcement. However, when comparing models with the bond model applied
to the transverse reinforcement, there was a negligible difference in wall behavior. The
longitudinal reinforcement provides strength in flexure, whereas the transverse reinforcement
provides strength in shear. Since the models simulated exhibited primarily flexural behavior, the

bond model was only used for the longitudinal reinforcement.

The wall subjected to in-plane loading was subjected to a constant axial load applied via load
control at the top of the wall and a monotonically increasing lateral displacement demand applied
via displacement control. The bottom of the foundation was fixed in all three directions and
rotations and the top of the wall was fixed in the out-of-plane direction; these boundary conditions
were considered to represent the boundary conditions in the laboratory. For these walls, the
computational demand of the simulations could have been reduced by exploiting the plane of
symmetry located at the interior of the wall; however, the simulations were not sufficiently

computationally demanding to warrant this.
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For the out-of-plane wall/slabs symmetry was exploited and the fem model comprised only half
of the wall/slab and the symmetric boundary condition; Figure 2.3 shows the location of symmetric
boundary conditions as well as the loading beam and reaction support. To represent laboratory
loading, a line load was applied at the center of the loading beam via displacement control. The
support beam had a line of elements (out of plane direction in Figure 2.3) fixed in the vertical and
out-of-plane direction. The symmetric boundary was fixed in the lateral direction and had one

point fixed in the out-of-plane direction to account for symmetry.
2.2 MATERIAL MODELS

2.2.1 Concrete Material Model

The modeling employs the concrete damage-plastic model originally developed by Grassl et al.
(2006) and incorporated into LS-DYNA as CDPM and MAT273 model name in LS-DYNA. This
model characterizes concrete stress-strain response under cyclic loading including strength loss
due to crushing, cracking, and crack-surface slip. The model combines an effective stress-based
plasticity model with a strain-based damage model and employs different damage parameters for

compression and tension.

Compression response is simulated using a continuum plastic-damage model. The response is
nonlinear elastic to peak followed by strength loss, accumulation of plastic deformation, which
manifests as non-zero strain following unloading to zero stress, and accumulation of damage,
which manifests as a reduced unloading stiffness. Parameters defining concrete compressive
response are

e Concrete compressive strength, ¢

e Concrete elastic modulus Ec, defined per ACI 318-19 as E = 57,000m per ACI 318-
19, with E and f’¢ in (psi)

e Compressive strain softening behavior coefficient, which is the intersection between the
tangential line of the compressive strain softening curve and the x-axis, defined per Zhao
et al. (2021) recommendations, Ef. = 0.0025

Figures 2.7 and 2.8 show the behavior of the concrete model in compression.
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The tensile response is simulated using a continuum damage model. Material response is elastic to

tensile strength followed by strength and stiffness loss. Like the compressive model, the loss in

stiffness is characterized by a tensile damage parameter that progresses from zero damage and

unloading stiffness equal to the elastic modulus to complete damage with essentially zero stiffness.

Parameters defining tensile response are

Concrete tensile strength f; defined per ACI1318-19 as, f; = 7.5/ f'. (psi) per ACI 318-19

73f 018
145

Concrete fracture energy (Figure 2.9), Gy, define per fib Model Code as Gy = (fc

in Mpa, result in psi)
Hardening parameters per LS-DYNA default

Bilinear tensile softening curve with the following equations

4444

We = 4. —_

! f;
ftl = 0-3ft

ECC (Eccentricity Parameter), which controls the shape of the deviatoric shape, with the

following equations:

f 2 2
1+e t(fpe™—f'c”) ’
ECC= — eg= —Lc&-°=- =1.16
2-¢ Foc(=1t%) foe fe

LS Dyna supports multiple post-peak envelopes; for this study, the bilinear envelop was chosen.

Figure 2.9 shows the behavior of the concrete model in tension.
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Figure 2.7. CDPM concrete compressive response
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Figure 2.9. CDPM bilinear tensile softening curve

2.2.2  Reinforcing Steel

13

The reinforcing steel was modeled using a one-dimensional plasticity model with kinematic

hardening. Es is defined as 29,000 ksi. Ep was defined as the slope between the point of yielding
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and the point of ultimate strength in the experiments. Kinematic hardening was used since the yield
surface of the steel reinforcement will only translate and not increase in size during the simulation.

Figure 2.10 shows the idealized stress-strain relationship for this material model.
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Figure 2.10. Reinforcing Steel material model
223 Bond-Slip Model

The bond-slip model developed by Murcia-Delso et al (2011) and the LS-DYNA implementation
of this model by Zhao et al. (2021) were used to model load transfer, parallel to the bar axis,
between concrete and embedded reinforcing steel. Perfect load transfer is assumed in the direction

perpendicular to the bar axis.

Figure 2.11 shows the envelope of the bar-slip model developed by Mucia-Delso (2011). This
envelope was developed using data from pull-out tests employing a single reinforcing bar
embedded in a concrete cylinder 15dy, long by 3 ft in diameter. Bar sizes used in the tests were 35,
43, and 57 mm, but the model was extrapolated to simulate the response of bars ranging in size
from 16 to 57 mm (No. 5 to No. 18).

Parameters required to calibrate the model for a specific bar size are:

e Sg, clear rib spacing of bar, S = 0.5d;,, where dy is the diameter of the reinforcing bar



15

3
®  Tmax, Mmaximum bond strength, T4, = 1.163f", /4 (in MPa), where f’¢ is the concrete
compressive strength

®  Speak, the slip at Tmax, Speqx = 0.07d,,

For most of the wall models in this thesis, #4 (13 mm) reinforcement was used. Due to the minimal

size difference, the Murcia-Delso bond model was used for this research.

Tmax

=
T e
Q i
&
| r=0257_,_
0.251,.,
s (slip)
4 L 0
: S § <0.1s,,,
peak
4
1 O 6 S,‘Jn‘.’ﬂ'k 0 1
- 0 9 Speuk 25< Spem'(
T(S) - Speak
Tmax Speak 8 B 1' lspea.fc
s—1.1s
k
1-0.75 = LIS o0 S 5€5,
SR _Spm.-‘r
0.257 . 325

Figure 2.11. Bond slip model and corresponding equations
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Zhao et al. (2021) implemented this bond model by adding a function to the embedment of steel
reinforcement into the concrete. This was done by creating a function characterized from Figure
2.11. This function was then applied to the beam in solid constraint in LS-DYNA to account for

the bond-slip between the steel reinforcement and concrete elements.

The bond model was not used for all reinforcing bars and all locations. The bond model was not
used for horizontal reinforcement because 1) horizontal bar anchorage is accomplished primarily
using physical mechanisms (i.e., hooks and 90-degree bends), ii) horizontal reinforcement slip has
minimal impact global response, and iii) this reduces the computation demand of the simulations.
The bond-slip model was also not used for the bottom two steel reinforcement elements in the

foundation, to ensure steel anchorage within the foundation.
2.2.4  Other Model Parameters

For meshing schemes that have multiple mesh sizes between solid elements, a tied node to surface
contact was used to tie the nodes from the smaller mesh to the larger mesh. This allows for the

transfer of strains and stresses along the interface between the different meshes.

The steel reinforcement was embedded into the concrete by constrained beam in solid. This was
done to ensure proper embedment of the steel into the concrete elements, as well as implementing

the bond equation.
2.2.5  Dynamic explicit solution algorithm

For the models, a dynamic explicit solution algorithm was used. The dynamic explicit algorithm
is a time-based simulation where a timestep dictates the intermediate steps to a solution and data
is taken at each specified data point. The simulation obtains a solution at each timestep and then
moves on to the next timestep without requiring convergence. This allows for faster runtime and
more data points than implicit solutions. The minimum timestep is determined by LS-DYNA by
the equations shown in Figure 2.12. The timestep used in the simulations is 0.9Atmin. The more
allotted time to simulation, the smoother the simulation gets. This is due to longer simulations

having more timesteps in between each data point, allowing for more precise calculations.
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Figure 2.12. LS-DYNA formulation of minimum timestep
2.3  SIMULATIONS USING LS-DYNA CDPM

Zhao et al. (2021) simulated the concrete damage plasticity model in cyclic compression, cyclic
tension, and tension-compression for RC columns and concrete-filled steel tubes (CSFT). The
concrete-damage plasticity model in LS-DYNA produced results similar to the measured results.
Peak strength and deformation capacity from the simulated results match the test results. Figure
2.13 shows the comparison of cyclic tension and compression models from Zhao et al. (2021)
Figure 2.14 shows the LS-DYNA model developed from Zhao et al. (2021) and its comparison
with a RC column test. Figures 2.15 and 2.16 show the LS-DYNA model developed by Zhao et
al. (2021) and its comparison with CFST.



e . % ..'H‘:. . - -
. e - Sy A AR B R
3 aft — CDPA model Y ' . =
.- - 10 -. n‘ !‘ n.. :
- = ' h," - . .
= s = % &5 o - :
E 2 .". vl E =L . i - -
E - 'n:: I‘ E 20 4 . 4 .'.
& : c-. "- = L™ _o.
?—‘ e "'*l., * L™ =
I.Il 4 5§ — Sunha test
i P " H — CDPM model
L h L g HL L]
D e L el - L] - T T - -
0 100 200 100 800 500 5000 4000 3000 2000 -1000 L]
Straan (js)

Figure 2.13. Cyclic compression and cyclic tension simulation comparisons from Zhao et al.
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Figure 2.14. Comparison of simulated and measured response of RC Column from Zhao et al.

(2021)
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Figure 2.15. Comparison of simulated and measured response of CFST from Zhao et al. (2021)
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2.4  IN-PLANE REINFORCED CONCRETE WALL VALIDATION

2.4.1 Introduction

Table 2.2 lists the in-plane laboratory tests of reinforced concrete walls used to validate the
modeling approach. The test specimens in Table 2.2 were chosen due to the relatively low
longitudinal reinforcement ratios in these walls; all test specimens in Table 2.2 were subjected to
constant axial load and quasi-static cyclic lateral loading applied under displacement control.
Specimen RW1 was tested by Thomsen and Wallace (2004). was designed and tested to investigate
displacement-based design approaches. Specimen C1 tested by Lu et al. (2016) was designed to
investigate the ductility of lightly reinforced walls subjected to reversed cyclic loading. Specimen
CP1 tested by Sevilla et al. (2019) was designed to investigate the behavior of a lightly reinforced

wall subjected to axial and cyclic lateral loading.
2.4.2 Experimental Test Specimens

Specimen RW1 (Thomsen and Wallace) is used commonly to calibrate and validate simulation
methods. For the current study, the wall provides a lightly reinforced web region (p1 = 0.45%) as
well as a high axial load ratio, (10%) both of which may be found in ICF construction. Wall C1
was modeled due to its uniformly distributed reinforcement and low reinforcement ratio (p1 =
0.5%). Wall CP1 has a low longitudinal reinforcement ratio and 14.3 in. spacing of longitudinal

reinforcement (p1 = 0.37%).

Figure 2.17 provides the test set-up for specimen RW1. Figure 2.18 provides the test set-up for

specimen C1. Figures 2.19 provide the test setup for specimen CP1.



Table 2.2. Wall specimens used for model validation

Specimen Author f'c h/l Axial Load | pi (%) Bar Ay (%)
(ksi) Ratio Spacing
(constant) (in.)
(%)

RW1 Thomsen et al. 4.00 | 3.10 10 1.13 7.5 2.26
(2004)

Cc1 Luetal. (2016) | 5.58 | 2.00 3.5 0.53 8.9 2.50

CP1 Sevilla et al. 3.80 | 2.55 3.5 0.37 14.3 3.50
(2019)

Note: Variables in the table: h is the height of the wall, 1 is the length of the wall, p; is the
longitudinal reinforcement ratio, and A, is the drift at end of the test.
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Figure 2.17. Wall layout of RW1
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243 Simulation Results

Laboratory response history for the case of loading in the positive direction and the observed crack
patterns at the end of the test for RW1 are provided in Figures 2.20 and 2.23. Figures 2.21 and
2.24 show the load-displacement and tensile damage comparisons for C1. Figures 2.22 and 2.25
compare simulated and measured load-displacement history and tensile damage patterns for CP1.
Figures 2.20 -2.22 also show the simulated load-displacement history (blue) for the case of

constant axial load and monotonically increasing displacement demand.
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Figure 2.20. Load-drift history of RW1
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Figure 2.21. Load-drift history of C1
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Figure 2.22. Load-drift history of CP1

Overall, there is good correlation between simulated and measured responses for all three models.
The data in Figures 2.20-2.22 show that for Specimens RW1, C1, and CP1, initial stiffness is
simulated well by the LS-DYNA model; the simulated strength is slightly lower than measured for
Specimen C1, but simulated strength is similar for Specimens RW1 and CP1. Maximum strength
and post-yield hardening are also simulated well. All three models sustain deformation capacities
beyond what was sustained in the measured response because the model does not simulate the

cyclic response of including bar fracture.



Fig. B.9 RW1: After Half Cycle at 3.0% Drift (End of Test)
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Figure 2.25. Comparison of damage from CP1

The simulated tensile damage histories are similar to the observed damage of the tests. RW1 does
have more flexural cracking that occurs during the simulation. This could be due to RW1 being
more slender than the other walls and having more reinforcement in the wall. This allows for higher
moment demands along the height of the wall, which allows for more areas to achieve cracking

stresses. Walls C1 and CP1 have damage at the wall-foundation interface and one flexural crack.
2.44  In-Plane Model Validation Conclusions

Overall, the models for in-plane loaded tests match the results. The load-displacement histories are
similar and reach the same peak strengths, however, failure is not simulated in the models, as bar
failure mechanisms were not modeled. The tensile damage histories see the flexural cracks that
were seen in the laboratory setting. The LS-DYNA model accurately represents the behavior of

the in-plane loaded tests.
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2.5 OUT-0OF-PLANE REINFORCED CONCRETE WALL VALIDATION

2.5.1 Introduction

The laboratory test program conducted by Roller (1996) was also used to validate the modeling
approach for the current study. Roller tested four lightly reinforced concrete walls subjected to
monotonically increasing out-of-plane plane loading to investigate the impact of bar spacing on
wall behavior. Walls were subjected to out-of-plane loading via a four-point bending test with
loading applied under displacement control without any axial load applied; walls were tested to

large drifts and in some cases data includes loss of strength.

Roller did note potential issues with the test specimens. The issues are as follows:
e Horizontal rows of form ties used in walls created horizontal planes of weakness.
e “Less than ideal” concrete consolidation was noted in some specimens, compromising

tensile strength. The specific tests that were compromised were not identified
2.5.2  Experimental Test Specimens

Table 2.3 provides material properties, configuration data, and provides measured, calculated, and
simulated strengths, and measured and simulated drift capacity. Figure 2.27 shows wall
configurations. Figure 2.26 shows the test set up in the laboratory.

Table 2.3. Wall specimens from Roller, 1996 for RC wall validation

Specimen | f. h/1* (o) Bar Drmax 3(%) Ma' | Ma? | Mmax | Mresiqual
(ksi) (%) | Spacing (k- (k-ft) (k- (k-ft)
(in.) ft) ft)
R1 5.36 0.94 0.18 32 5.55 6.15 | 8.97 9.16 8.35
R2 5.36 0.94 0.12 24 5.00 4.76 11.7 12.2 8.40
R3 5.36 0.90 0.06 48 3.50 7.75 30.9 35.0 12.0
R4 5.36 1.25 0.01 36 5.55 6.52 16.6 17.9 10.7
Notes:

1. My is the nominal flexural strength calculated per ACI 318-19.

Mcr is the cracking strength calculated per ACI 318-19

Amax is the max displacement applied in the laboratory

h/1 is the height to length ratio where the length is the cross-section length provided from the wall
configuration (Figure 2.27) and the height is the dimension given from the test set-up (Figure
2.26)

B wn
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Simulation of Roller Walls R1-R4

The Roller (1996) test program consists of four lightly reinforced concrete walls subjected to four-

point bending, in the out-of-plane direction, with loading applied monotonically under

displacement control to large displacement. Individual walls varied only in longitudinal

reinforcement bar size and spacing. In the laboratory, walls exhibited distributed cracking within

the constant moment region of the four-point bend test; laboratory instrumentation was limited to

measurement of the applied load and deflection of the wall at mid-span. data maximum wall

strength, post-peak wall strength and hardening, and capacity at drift demands in excess of 4%.

Figures 2.28 — 2.31 show measured and simulated responses for the tests. In the laboratory, test

specimens exhibited essentially a linear-elastic response to peak strength followed by significant

strength loss associated with distributed cracking in the constant moment region of the test
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specimen; post-peak, residual strength was maintained to maximum displacement to test

termination. Figure 2.32 shows the typical simulated tensile damage pattern. No compression

damage was observed in the laboratory or the simulations. The overall general behavior of the

walls is as follows:

Simulated maximum strength achieved prior to concrete cracking, this strength is
consistent with the cracking moment calculated using the tensile capacity of the concrete
defined equal to 7.5*sqrt(fc) (see Table 2.3). Simulated strength is higher than the
measured strength; this is possibly due to poor concrete consolidation during casting or to
the rapid onset of strength loss that limited the researcher's abilities to accurately measure
maximum strength in the laboratory Roller (1996).

Simulation results show a large drop in strength after the formation of the first crack. This
is due to the rapid loss of concrete tensile strength associated with concrete crack opening
and crack propagation and to the low reinforcement ratio which results in only a modest
increase in total steel tension force at large displacement demands associate with large
crack width openings.

A relatively stable residual post-cracking strength is achieved at a drift demand of

approximately 0.75%, both in the laboratory tests and the simulations.
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Figure 2.28. Load-drift history of R1
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Figure 2.31. Load-drift history of R4
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Figure 2.32. General tensile damage history for Roller walls

The following observations were made from the models:
e All the Roller wall simulations maintain their residual capacity post-cracking, suggesting
that the out-of-plane loaded can maintain residual post-peak capacity when subjected to

large deformation demands.



33

e The failure mechanisms of each wall were not captured. The simulated walls maintained
strength past the failure seen in the measured results.

e All walls maintained at minimum 1.35M, to larger displacement demands

From the results, reduced reinforcement requirements for ICF construction meet structural
demands. The walls maintain strength post-cracking and achieve larger cracking strengths. A

parametric study for this reduction in steel reinforcement will be discussed in Chapter 3.
2.5.4  Model Validation Conclusions

Overall, the LS-DYNA simulations matched the results of the measured tests well for out-of-plane
walls. The initial stiffness and residual capacity to large deformations were well model and were
similar to what was seen in the test. The out-of-plane models achieved higher peak strength than
the measured tests. This could be due to the consolidation issues that were observed during the
experiment. In addition, the post-peak capacity of the models was higher than measured results,
but that too can be attributed to the consolidation issues of the tests. The tensile damage is
concentrated at the constant moment region. The LS-DYNA model does not model the failure
mechanism of out-of-plane walls since all models were able to maintain capacity past the point

where failure occurred in the measured tests.

2.6  FIBER REINFORCED CONCRETE WALL MODEL DEFINITION

The data above show that lightly reinforced concrete walls exhibit significant strength loss at
cracking. Fiber reinforced concrete with hooked steel fibers and low fiber content was investigated
as means of reducing strength loss at cracking and increasing post-cracking strength in comparison
with traditional concrete. Only hooked steel fibers were considered in this study, as hooked ends
provide greater transfer across open cracks, and hooked steel fibers provide more hook strength
and, thus, more gradual deterioration in tension strength once cracking occurs. Additionally, FRC
with low fiber content, which is less expensive and more easily placed than FRC with high fiber
content, offers the potential for walls without reinforcement and reduced overall wall cost as labor

would not be required to place reinforcing steel for FRC only walls.
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To date, limited research has addressed finite element modeling of components constructed using
FRC and FRC with hooked steel fibers and low fiber content, in particular. This research uses the
pre-existing concrete damage plasticity model presented in Section 2.2 and alters the post-peak

tensile behavior curve to simulate the greater tensile strength and fracture energy provided by FRC.
2.6.1 Introduction to FRC

Previous research to investigate the behavior of fiber reinforced concrete has primarily employed
three-point bending tests. Studies by Woo et al. (2014), Marcalikova et al. (2020), Vandewalle
(2007), Kim and Bordelon (2016), and Kazemi et al. (2007) all suggest the use of fiber reinforced
concrete increases the overall tensile strength and fracture energy of concrete, providing less rapid
strength loss with increasing strain demands. The studies conducted were of notched beam tests
with varying fiber content ratios of 0.5, 1.0, and 1.5% fiber content. Woo et al (2014). and
Marcalikova et al. (2020) provide data characterizing tensile strength and fracture energy as a
function of fiber content for hooked steel fibers; data from these studies were used to develop a
method for calibrating the tension response curve for the CDPM material model to simulate the

response of FRC.
2.6.2  Modeling FRC Behavior for Simulation of Lightly Reinforced FRC Walls

Simulation of walls constructed with FRC requires the definition of the material parameters used
in the concrete damage plasticity model in LS-DYNA. Since the response of the FRC walls is
controlled by the concrete tensile response, material parameters characterizing the tensile response
were considered. The compressive response of FRC is assumed to have very little impact on model

behavior, and the parameters remain the same as mentioned in Section 2.2.

Data from Woo et al. (2014), Marcalikova et al. (2020), Vandewalle (2007), Kim and Bordelon
(2016), and Kazemi et al. (2007) were considered in characterizing the tensile response of FRC
for simulations. Ultimately, data from Woo et al. (2014) and Maracalikova et al. (2020) were used
for this research. Woo et al. (2014) provided a basis of a trilinear post-peak tensile response curve
for FRC, while Marcalikova et al. (2020) provided fracture energies and tensile strengths

corresponding to increases in fiber content. Other research provided details confirming the results
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from Woo et al. (2014) and Marcalikova et al. (2020) but did not provide relationships detailing

fracture energy and tensile strength to fiber content nor tensile post-peak modeling parameters.

The LS-DYNA damage-plasticity model employs a bilinear post-peak tension response curve. The
trilinear post-peak tensile response curve presented by Woo et al. (2014) was converted to a
bilinear curve and the fracture energy relationships provided by Marcalikova et al. (2020) were
used to define the area under the curve as a function of fiber content. Figure 2.33 shows the trilinear
response curve from Woo et al. (2014). Specifically, these two sources were used to define the
parameters f;, wri, fi1, and wr. in Figure 2.34 that define the tension post-peak response curve for
the LS-DYNA CDPM (see Section 2.2 for discussion of the model) as follows;
o  Ggfiber per Marcalikova et al. (2020) as
Gr fiver = 20FC X Gf pc (Eq. 2.1)
where F'C is the fiber content percentage and Gyrcis the fracture energy of concrete
e fifiber per Marcalikova et al. (2020) as
fefiver = 1L.OSFC + fire (Eq.2.2)
where firc is the tensile strength of concrete using equations detailed in Section 2.2
e fi1 per Woo et al. (2014), average f; value from the second line of the trilinear curve as
fe1 = 041 fiver (Eq. 2.3)
e wp per Woo et al. (2014), average crack width value from the second line of the trilinear

curve as

Wryp = 0.25 mm (Eq. 2.4)

w; was estimated by obtaining the area under the curve from wyi and fii values and making the

total area under the bilinear response equal to the predicted Gr. Figure 2.34 shows the FRC

post-peak tensile response.
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Figure 2.34. FRC bilinear response curve for use in CDPM

The rest of the concrete material model values were defined using the same approach presented in

Section 2.2 for plain concrete.
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2.7  FIBER REINFORCED CONCRETE WALL VALIDATION

The FRC material model was validated by comparing simulated and measured response histories
for nine notched beam tests conducted by Marcalikova et al. (2020). All of the Marcalikova et al.
(2020) tests employed the same notched beam specimen; Figure 2.35 shows the notch-beam test
used in the experiment and Figure 2.36 shows the FEM model used to simulate this notched beam
test specimen. The model was composed of a fine mesh region comprising 1.5 x 1.5 x 1.5 mm
elements in the region above the 3 mm wide notch and a coarse-mesh region comprising 5 x 5 x 5
mm solid elements elsewhere.
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Figure 2.35. Marcalikova et al. (2020) notch-beam test set-up
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Figure 2.36. Notch-beam model
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Figure 2.37 shows the nine tests conducted by Marcalikova et al. (2020) comprised three
specimens each constructed of plain concrete (Black lines in plot), FRC with straight fibers (Green
lines in plot), and FRC with hooked fibers (Blue lines in plot). The model developed was to
simulate the results of the hooked fibers (blue). The measured results for hooked fibers have high
variations of strength. The FRC model simulates the average peak strength well and then simulates
strength deterioration that is similar to the average of the three hooked fiber tests. The strength

deterioration post-peak matches the results well.

Additional simulations were done to see the impact of the wy value on the predicted response on
the notch beam models. Due to the extrapolation of wy from a trilinear curve, differing we values
were simulated to account for rapid and less rapid strength capacity loss post-crack. A range of
0.15 — 0.5 mm was used for the wr value. The fi, fi1, and Grvalues remained the same, whereas
the wr value was adjusted accordingly. The results replicate behavior as expected from the post-
peak tensile model. The lower the wy value, the lower the peak strength, but it maintains a higher
post-peak strength than those with higher ws values. Figure 2.38 shows the results from the

differing wri values.
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— Ls-Dyna (Hooked) (5traight)

Figure 2.37. Comparison of FRC model
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Figure 2.38. Comparison of differing wfl values on notch beam behavior

2.8 CONCLUSIONS

From both validations of reinforced and FRC walls, the models accurately represent the test data.
The model parameters for reinforced concrete suggested by Zhao et al. (2021) and LS-DYNA
match test data. A FRC model calibrated by Woo et al. (2014) and Marcalikova et al. (2020)
predicts FRC response well and will be used to model FRC walls. Moving forward, a parametric

study of out-of-plane loaded walls will be conducted for walls using this modeling approach.
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Chapter 3. PARAMETRIC STUDY OF RC WALLS

This chapter focuses on the parametric study of the modeling of RC walls with minimal
longitudinal reinforcement loaded in the out-of-plane direction using LS-DYNA. This parametric
study investigates the presence of modeling bond-slip, the difference in modeling continuous and
spliced reinforcement, bar spacings, and the number of curtains of steel reinforcement. Load-drift
histories, steel strains, and tensile damage histories were used to investigate the impact of the

varying parameters.

Section 3.1 discusses the reference specimen used for the study. Section 3.2 provides an overview
of the study parameters including a list of all model configurations. Section 3.3 discusses the

results from each set of parameters investigated.
3.1  SELECTION OF REFERENCE SPECIMEN

The geometry, materials, and loading of the reference model were intended to model a one-story
wall. The reinforcement spacing and based on three information sources:
e Advisory panel members were consulted to determine the geometry and size of the
reinforcement.
e ACI requirements: The maximum vertical reinforcement spacing is 18 in. The pimin value

is 0.12%. The minimum cover requirement is 0.75 in.
3.1.1 Reference Wall Properties

The reference model has the following geometry, reinforcement, and material strengths. The
reinforcing steel was size No. 4 reinforcement with a yield strength of 60 ksi. The compressive
strength of the concrete was 4 ksi. The wall height was 10 ft, the length was 112 in, the thickness
was 6 in. The reference model had one curtain of No. 4 longitudinal and transverse reinforcement

spaced at 18 in. Table 3.1 lists the wall details.



Table 3.1. Reference wall details

Variable Value
Wall Geometry H (in.) 120
L (in.) 112
t (in.) 6
Steel Reinforcement Bar Size No. 4
Bar Spacing (in.) 18
Curtains of Steel 1
Material Properties fy (ksi) 60
¢ (ksi) 4
Loading Properties P (%) 2

3.1.2

Reference Wall Modelling Properties
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There are two regions up the height of the wall. The lower, finer mesh region uses 0.5x0.5 in.

elements over the lower 40 in. of the wall height. The finer mesh region 40 in. height was

determined by a mesh refinement study. Above this fine region, was a plastic wall region followed

by an elastic wall region with steel loading plates attached to both sides of the wall along the

length. Below the wall, consisted of a plastic foundation. These regions were all 1x1 in. meshes.

Table 3.2 lists the element and material models used in LS-DYNA and Figure 3.1 shows the model.

Table 3.2. Element and material models used

(ELFORM 1)

(MAT 003)

Region Element Type Constitutive Model Mesh Size
Steel Loading Plate Elastic (MAT 001) Ix1x1
Elastic Coarse Constant Stress Solid Ix1x1
Inelastic Coarse Element Concrete Damage I1x1x1
Inelastic Fine (ELFORM 1) Plastic (MAT 273) 0.5x0.5x.0.5
Foundation 1x1x1
Steel Reinforcement Hughes-Liu Beam Plastic-Kinematic 1.5




112 in.

Elastic Coarse

i (1x1x1)
Steel Loading Plate
(1x1x1)
74in. Inelastic Coarse

(1x1x1)

Inelastic Fine
(0.5x0.5x0.5)

Foundation
(1x1x1)

21in.

156 in.

bin.

{+—— Steel Loading Plate
(1x1x1)

Elastic Coarse
(1x1x1)

<— |nelastic Coarse
(1x1x1)

«— |nelastic Fine
(0.5x0.5x0.5)

+—— Foundation
(1x1x1)

32in.

Figure 3.1. Model properties and layout
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3.2  OVERVIEW OF STUDY PARAMETERS

The parametric study was conducted to investigate the impact of bar spacing, curtains of steel,
splices, and modeling bond on the response of the walls subjected to out-of-plane loading including
strength, deformability, and damage pattern. The following describes the objective of studying
each parameter.

e Bar Spacing — Current ACI requirements allow for a maximum bar spacing of 18 in.
Masonry and precast concrete allow for bar spacings of 48 in. Due to the large difference
in maximum bar spacings, RC walls may not be economically feasible. The bar spacing
can affect strength capacity post concrete cracking, so spacings of 18, 24, 36, and 48 in.
were studied.

e Number of Curtains of Steel — The number of curtains of steel was studied to see the effect
of steel location on the behavior of walls. Typical ICF construction uses a single curtain of
steel at the center of the wall. Due to the placement of this bar, the steel may not engage
like in a typical concrete wall section when there are multiple curtains of steel.

e Perfect or Modeled Bond — The use of mathematical expression to simulate bond was used
to investigate its effect on the behavior and tensile damage histories.

e Spliced or Continuous Bars — The effect of having a bar splice at the wall-foundation
interface was studied. In typical construction, the foundation is cast first with dowel bars.

The wall is then cast. The presence of spliced bars is to simulate construction practice.

Table 3.3 provides the values of each parameter. The model design indicates:
e Bar Spacing (18, 24, 36, and 48 in.)
e Number of curtains of steel (1 and 2 curtains)
e Bond Equation Used (Modelled Bond {MB} and Perfect Bond (No Bond Equation) {PB})
e Spliced (S) or Continuous (C) Reinforcement
e Fiber Content Ratio (0.0%), to distinguish from FRC walls
For example, Model W18 1 PB C 0 has 18 in. spaced continuous bars with one curtain steel

modeled with perfect bond and 0% fiber content.
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Table 3.3. RC wall models

Model ID Bar Spacing | Curtains No. of p1(%) Bond Spliced?
of Steel | Longitudinal
Bars

W18 1 MB C 0 18 7 0.21

W24 1 MB C 0 24 ) 6 0.18

W36 1 MB C 0 36 4 0.12

W48 1 MB C 0 48 3 0.09

W18 2 MB C 0 18 14 0.42 MB

W24 2 MB C 0 24 12 0.36 C
W36 2 MB C 0 36 8 0.24

W48 2 MB C 0 48 6 0.18

W18 2 PB C 0 18 14 0.42

W24 2 PB C 0 24 ) 12 0.36 PB

W36 2 PB C 0 36 8 0.24

W48 2 PB C 0 48 6 0.18

W18 2 MB S 0 18 14 0.42

W24 2 MB S 0 24 12 0.36 MB S
W36 2 MB S 0 36 8 0.24

W48 2 MB S 0 48 6 0.18

3.3 REINFORCED CONCRETE WALL COMPARISONS

The following results were used to compare the wall models:

e Normalized load-drift history to 1% drift — The reaction taken from the foundation base
was normalized to the flexural strength at cracking (Mcr) which was plotted against the
drift corresponding to displacement at the top of the wall.

e Tensile damage history — The tensile damage was obtained by utilizing history variable 15
created by the concrete constitutive model at peak strength and 1% drift. History variable
15 is the tensile damage history from CDPM in LS-DYNA. The user must specify LS-
DYNA to return certain history variables to receive the output. The tensile damage is an
element history detailing the tensile damage of an element ranging from 0 to 1, where 1
represents fully damaged concrete without any tensile capacity and 0 represents concrete

that has not reached peak strength and subsequently has no damage.
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o Steel stresses — The steel stresses were taken at the wall ends and wall-foundation interface
at peak strength, 0.5%, and 1.0% drifts. Figure 3.2 details where the approximate location

of peak strength, 0.5%, and 1.0% drift occur on the load-drift history.

16

Peak Strength

1.4

12

1.0% Drift

\

0.5% Drift

0.6
0.4

0.2

0 0.2 0.4 08 08 1 1:2
Drift (%)

Figure 3.2. Locations of data obtained for tables and figures
3.4  PERFECT VS MODELLED BOND

Bond-slip behavior impacts the flexural and shear response of RC components. Typical modeling
techniques embed the reinforcing bar nodes into the concrete nodes, resulting in a “perfect-bond”
model (i.e., the strain of the bar and the concrete is the same). For components where: (1) the
flexural bond demand is high due to moment along the length/height of the specimen, and/or (2)
there is large demand due to anchorage to transfer the demand to an adjacent component. This

section investigated the response of models with and without the bond modeled.

For the models for which the bond was modeled, the bond-slip model proposed by Murcia-Delso

et al. (2011) was used. The equations corresponding to the model are given in Section 2.2 of
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Chapter 2. The model was implemented between the longitudinal reinforcement and concrete in

the wall and foundation. The bond model was not implemented for the transverse reinforcement.

Figure 3.3 provides a comparison of the load-drift history to 1% drift between the perfect-bond

and modeled-bond models with continuous reinforcement. Figures 3.4-3.6 provide the stress in the

reinforcing bars at peak strength, 0.5%, and 1% drifts. Figure 3.7 provides the strain histories for

the end reinforcing bars. Figures 3.8-3.11 provide the tensile damage history at peak strength and

1% drift between the 48 in. spaced reinforcing bar wall models.

1.8

1.6

1.4

1.2

------ W18 2 PB

F/FCI'

0.8 W18_2 MB

Y A V, S e R TT TR W48_2 PB

W48_2 MB
0.4

0.2

0 0.2 0.4 0.6 0.8 1
Drift (%)

Figure 3.3. Load-drift history for perfect bond and modeled bond models

Table 3.4 provides values of the loading history at full cracking, residual (0.5% drift), and

simulation end. The models will use a shortened notation listing the spacing, number of curtains,

and bond equation used. The following observations are made:

The peak strength normalized by the force corresponding to developing the ACI cracking
moment (Fmax/Fer) ranged from 1.42 to 1.53. On average, the models with perfect bond had
a strength ratio of 1.50, and the models with modeled bond had a strength ratio of 1.46.
The perfect bond models are slightly stronger than the modeled bond models.
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e The residual strength at 0.5% drift is impacted by the bond model; all models with perfect
bond had a higher residual strength. This higher residual strength results from the higher
steel strain at cracking for the numerical models with perfect bond

e The residual strength at 0.5% drift was normalized to the peak strength (Fmin/Fcr). For the
models with perfect bond, this ratio ranged from 0.65 to 0.87; the values increased with a
decrease in steel spacing. For the models with modeled bond, the ratio ranged from 0.43 to
0.55; again, the values increased with a reduction in bar spacing.

e The post-cracking response is quantified by considering: (1) the ratio of the strength at 1%
drift to the minimum strength (F1%/Fmin) and (2) the ratio of the strength at 1% drift to the
maximum strength (Fio/Fmax). For models with perfect bond, the average ratios were 1.16
and 0.87 for minimum and maximum strengths, respectively. For models with modeled
bond, the average ratios were 1.31 and 0.63 for minimum and maximum strengths,

respectively. In all cases, there is some stiffening that occurs after residual strength.

Table 3.4. Load and Drift values at full cracking, residual, and simulation end between RC
modeled and perfect bond

Peak 0.5% Drift 1% Drift

Model (Residual Strength) (End of Simulation)
Designation | Drift | Fuax Frnax/ Finin Fumin/ Frnin/ Fio Fioy/ Fioy/
(%) | (kips) Fer (kips) Finax Fer (kips) Finax Fnin
W18 2 MB | 0.28 | 3.93 1.48 2.15 0.55 0.81 3.08 0.78 1.43
W24 2 MB | 0.28 | 3.89 1.46 1.91 0.49 0.72 2.54 0.65 1.33
W36 2 MB | 0.28 | 3.90 1.47 1.79 0.46 0.67 2.27 0.58 1.27
W48 2 MB | 0.28 | 3.78 1.42 1.64 0.43 0.62 1.97 0.52 1.20
Average 1.46 0.48 0.71 0.63 1.31
cov 0.02 0.11 0.11 0.18 0.07
W18 2 PB | 0.29 | 4.07 1.53 3.52 0.87 1.33 4.46 1.10 1.27
W24 2 PB | 0.29 | 4.03 1.52 3.05 0.76 1.15 3.63 0.90 1.19
W36 2 PB | 0.29 | 3.97 1.49 2.74 0.69 1.03 3.10 0.78 1.13
W48 2 PB | 0.29 | 3.82 1.44 2.49 0.65 0.94 2.61 0.68 1.05
Average 1.50 0.74 1.11 0.87 1.16
Ccov 0.03 0.13 0.15 0.21 0.08
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Table 3.5 presents a comparison of the three strength ratios for the companion models, where

companion models have the same spacing with different approaches to modeling bond. The perfect

bond models have higher strengths post-peak.

Table 3.5. Wall strength comparisons of the use of bond equation and perfect bond

Model Designation

Fmb/F pb

Peak

0.5

% Drift

1% Drift

W18 2

0.97

0.61

0.69

W24 2

0.96

0.63

0.70

W36 2

0.98

0.65

0.73

W48 2

0.99

0.66

0.75

Average

0.98

0.64

0.71

cov

0.01

0.03

0.03

Modeled

Bond

Perfect Bond
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Figure 3.4. Steel Stress at Peak of
W48 2 Companion Models
Black line indicates wall-foundation

interface
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Figure 3.5. Steel Stress at 0.5% drift of
W48 2 Companion Models
Black line indicates wall-foundation

interface
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Figure 3.6. Steel Stress at 1.0% drift of
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Figure 3.7. Strain histories of W48 2 companion models for the extreme tensile reinforcing
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The perfect bond walls have larger peak strength and residual strength values than the modeled
bond walls. The walls with 18 in. spacing and 2 curtains of steel have strengths of 4.07 and 3.93
kips for perfect and modeled bond models, respectively. The steel stresses are also larger in the
perfectly bonded models as well at 0.5 and 1.0% drifts. The perfect bond walls had more
distributed tensile damage up the height of the wall, whereas modeled bond walls see tensile

damage concentrated at the wall-foundation interface.

From the results, the bond will be modeled since it is clear that it makes a difference in the response

and it is expected that it better simulates the response.

Solid Extra 15 Solid Extra 15
0.000 0.000
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0.308 0.308
0.385 0.385
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0.615 0.615
0.692 0.692
0.769 0.769
0.846 0.846
0.923 0.923
1.000 1.000

Figure 3.8. Tensile damage of W48 2 MB and W48 2 PB at peak strength for the lower 40

in. of wall
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Figure 3.9. Tensile damage of W48 2 MB and W48 2 PB at 1% drift for the lower 40 in. of

wall

Figure 3.10. Tensile damage of W48 2 MB at 1% drift for the lower 40 in. of wall
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Figure 3.11. Tensile damage of W48 2 PB at 1% drift for the lower 40 in. of wall
3.5  SPLICED VS CONTINUOUS REINFORCING BARS

In typical wall construction, the foundation is cast first with longitudinal starter bars extending
from the foundation into the wall. The wall is then cast. Typical modeling uses continuous
reinforcement to model longitudinal steel bar behavior. This study investigated the response of

models with spliced and continuous longitudinal reinforcement at the wall-foundation interface.

For the models with the wall splice modeled, the lap length was determined from ACI 318-19
Table 25.4.2.3. This was done to ensure sufficient steel reinforcement was given to achieve
maximum strengths. This length was also in accordance with ACI 318-19 Table 25.5.2.1 for bar

splices.

Figure 3.12 provides a comparison of the load-drift history to 1% drift between the spliced and
continuous bars. Figures 3.13-3.15 show the strains of the end reinforcing bars at peak strength,
0.5%, and 1% drift. Figure 3.16 provides the strain histories for the end reinforcing bars. Figures
3.17-3.20 provide the tensile damage history at peak strength and 1% drift for models with 48 in.

spacings.
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Figure 3.12. Load-drift history for spliced and continuous reinforcement

Table 3.6 provides values of the strengths at full cracking, residual (0.5% drift), and 1% drift. The

table will use a shortened notation detailing the spacing, number of curtains, spliced or continuous

reinforcement. The following observations are made:

The models reached approximately the same peak strength. The peak strength is
independent of bar splice.

The peak strength normalized by the force corresponding to developing the ACI cracking
moment (Fmax/Fcr); the ratio ranged from 1.36 to 1.48. On average, the models with spliced
bars had a strength ratio of 1.41 and the models with continuous bars had a strength ratio
of 1.44.

The post-peak minimum strength and the drift corresponding to this value were the same
and did not depend on the configuration of the reinforcing bar.

To investigate the strength loss after peak, the minimum strength was normalized to the
peak strength (Fmin/Fer). For the models with spliced reinforcement, this ratio ranged from
0.38 to 0.63 with the values increasing with a decrease in steel spacing of the longitudinal
reinforcement. For the models with continuous reinforcement, the ratio ranged from 0.34

to 0.55; again, the values increased with a decrease in bar spacing. The difference in
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minimum strength for the models between spliced and continuous reinforcement is
minimal.

e The post-cracking response was investigated by considering: (1) the ratio of the strength at
1% drift to the minimum strength (Fi9/Fmin) and (2) the ratio of the strength at 1% drift to
the maximum strength (Fio/Fmax). For models with spliced reinforcement, the average
ratios were 1.21 and 0.53 for minimum and maximum strengths, respectively. For models
with continuous reinforcement, the average ratios were 1.19 and 0.58 for minimum and

maximum strengths, respectively.

Table 3.6. Load and Drift values at full cracking, residual, and simulation end of RC spliced

and continuous reinforcement

Peak 0.5% Drift 1% Drift

Model (Residual Strength) (End of Simulation)
Designation | Drift | Fuax Fiax/ Fiin F i/ Fonin/ Fio, Fio/ Fio/
(%) | (kips) Fer (kips) Finax Fer (kips) Finax Finin
W18 1 C 3.72 1.40 1.50 0.40 0.56 1.73 0.47 1.15
W18 2 C 3.93 1.48 2.15 0.55 0.81 3.08 0.78 1.43
w48 1 C | 028 | 3.84 1.44 1.31 0.34 0.49 1.36 0.35 1.04
w48 2 C 3.78 1.42 1.64 0.43 0.62 1.97 0.52 1.20
Average 1.44 0.43 0.62 0.53 1.21
Ccov 0.02 0.21 0.22 0.34 0.14
W18 1 S 3.60 1.36 1.54 0.43 0.58 1.82 0.51 1.18
W18 2 S 3.85 1.45 2.44 0.63 0.92 3.22 0.84 1.32
w48 1. S |028 | 3.77 1.42 1.45 0.38 0.55 1.46 0.39 1.01
W48 2 S 3.80 1.43 1.81 0.48 0.68 2.26 0.59 1.25
Average 1.41 0.48 0.68 0.58 1.19
Ccov 0.03 0.23 0.25 0.33 0.11

Table 3.7 provides three strength ratios for the companion models, where companion models have
the same spacing with different reinforcement configurations. The spliced reinforcement models

have about the same strengths as the continuous reinforcement models.



Table 3.7. Wall strength comparisons of spliced and continuous reinforcement

Model Designation Peak 0.5% Drift 1% Drift
Fs/Fe Fs/Fc Fs/Fc

W18 1 0.97 1.03 1.05

W18 2 0.98 1.13 1.05

W48 1 0.98 1.11 1.07

W48 2 1.01 1.10 1.15

Average 0.98 1.09 1.08

Cov 0.02 0.04 0.04
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Figure 3.13. Steel Strains at Peak
Strength of W48 2 companion models
Black line indicates wall-foundation
interface
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Figure 3.14. Steel Strains at 0.5% drift
of W48 2 companion models
Black line indicates wall-foundation
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Figure 3.15. Steel Strains at 1.0% drift
of W48 2 companion models
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Figure 3.16. Strain histories of spliced and continuous reinforcement models for the extreme
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The steel stresses are greater in the spliced bar models for post-peak behavior at 0.5 and 1.0%

drifts. At peak, the steel strains are very similar and are less than 5 ksi. For spliced bar models,

there is additional damage up the height of the wall along the locations of longitudinal

reinforcement. Continuous bar models only sustain damage at the wall-foundation interface.

From the results, the presence of a bar splice does not have a large effect on the strength and

behavior of the wall models. It is simpler to model continuous reinforcement than spliced

reinforcement. Continuous reinforcement will be used for the remainder of this parametric study.
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Figure 3.17. Tensile damage of W48 2 S and W48 2 C at peak strength for lower 40 in. of

wall
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Figure 3.18. Tensile damage of W48 2 S and W48 2 C at 1% drift for lower 40 in. of wall

Figur

e 3.19. Tensile damage of W48 2 S at 1% drift for lower 40 in. of wall
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Figure 3.20. Tensile damage of W48 2 C at 1% drift for lower 40 in. of wall

3.6 ONE VS TwO CURTAINS OF STEEL OF REINFORCEMENT

The placement of the steel through the thickness will impact the response of the wall. In walls with
one curtain of steel, the curtain is placed in the center of the wall thickness. In walls with two
curtains of steel, each curtain of steel reinforcement is placed 0.75 in. cover from each surface in
accordance with ACI 318-19. This section investigated the influence of the curtains of steel and
reinforcement ratio and subsequent response. The evaluation compares the force-drift response,

longitudinal steel stresses, and the crack pattern as determined by the tension damage parameter.

Figure 3.21 provides a comparison of the load-drift history to 1% drift between the one and two
curtains of steel models. Figures 3.22-3.24 shows stresses in the reinforcing bars at peak strength,
0.5%, and 1% drift. Figure 3.25 provides the strain histories for the end reinforcing bars. Figures
3.26-3.29 provide the tensile damage history at peak strength and 1% drift for models with 48 in.

spacing.
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Figure 3.21. Load-drift history for one and two curtains of steel models

Table 3.8 provides values of the loading history at full cracking, residual (0.5% drift), and 1%

drift. The table will use a shortened notation detailing the spacing and number of curtains. The

following observations are made:

The models all reached approximately the same peak strength. The maximum strength does
not depend on the number of curtains of steel reinforcement.

The peak strength normalized by the force corresponding to developing the ACI cracking
moment ranged (Fmax/Fer) from 1.40 to 1.48. On average, the models with one curtain of
steel had a strength ratio of 1.42 and the models with two curtains of steel had a strength
ratio of 1.46. The ratio did not depend on the number of curtains.

To understand the strength loss after peak, the minimum strength was normalized to the
peak strength (Fmin/Fer). For the models with one curtain of steel, this ratio ranged from
0.34 to 0.40 with the values increasing with a decrease in steel spacing. For the models
with two curtains of steel, the ratio ranged from 0.43 to 0.55; again, the values increased
with a decrease in bar spacing. There is an increase in the residual strength as there are
more curtains of steel in the model.

The post-cracking response is quantified by considering: (1) the ratio of the strength at 1%
drift to the minimum strength (F1%/Fmin) and (2) the ratio of the strength at 1% drift to the
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maximum strength (F1o/Fmax). For models with one curtain of steel, the average ratios were
1.09 and 0.41 for minimum and maximum strengths, respectively. For models with two
curtains of steel, the average ratios were 1.31 and 0.63 for minimum and maximum
strengths, respectively. The one curtain of steel models see little post-crack stiffening,

whereas the two curtains of steel models see a significant amount of post-crack stiffening.

Table 3.8. Load and Drift values at full cracking, residual, and simulation end of RC one and

two curtains of reinforcement

Peak 0.5% Drift 1% Drift

Model (Residual Strength) (End of Simulation)
Designation | Drift | Fmax Frnax/ Finin Finin/ Fnin/ Fiy Fio/ Fio/
(%) | (kips) Fer (kips) Fmax Fer (kips) Finax Finin
WI18 1 3.72 1.40 1.50 0.40 0.56 1.73 0.47 1.15
W24 1 0.28 | 3.74 1.41 1.40 0.37 0.53 1.56 0.42 1.11
W36 1 3.84 1.44 1.35 0.35 0.51 1.44 0.38 1.07
w48 1 3.84 1.44 1.31 0.34 0.49 1.36 0.35 1.03
Average 1.42 0.37 0.52 0.41 1.09
cov 0.01 0.07 0.06 0.13 0.05
W18 2 3.93 1.48 2.15 0.55 0.81 3.08 0.78 1.43
W24 2 0.28 | 3.89 1.46 1.91 0.49 0.72 2.54 0.65 1.33
W36 2 3.90 1.47 1.79 0.46 0.67 2.27 0.58 1.27
W48 2 3.78 1.42 1.64 0.43 0.62 1.97 0.52 1.20
Average 1.46 0.48 0.71 0.63 1.31
CoVv 0.02 0.11 0.11 0.18 0.07

Table 3.9 presents a comparison of the three strength ratios for the companion models, where

companion models have the same spacing with different reinforcement configurations.

Table 3.9. Wall strength comparisons of one and two curtains of reinforcement

Model Designation Peak 0.5% Drift 1% Drift
Flc/F2c Flc/F2c Flc/F2c
W18 0.95 0.70 0.56
w24 0.96 0.73 0.61
W36 0.98 0.75 0.63
w48 1.02 0.80 0.69
Average 0.98 0.75 0.62
CoVv 0.03 0.06 0.09
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Figure 3.22. Steel Strains at Peak
Strength of W48 companion models
Black line indicates wall-foundation

interface
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Figure 3.23. Steel Strains at 0.5% drift
of W48 companion models
Black line indicates wall-foundation
interface
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Figure 3.24. Steel Strains at 1.0% drift
of W48 companion models
Black line indicates wall-foundation

interface
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Figure 3.25. Strain Histories between W48 companion models for the extreme tensile

reinforcing bar at the base of the wall
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The one curtain of steel models have less strength at 0.5% and 1.0% drift. The steel stresses are
less in the one curtain of steel models as well at 1.0% drift. The tensile damage patterns between
the two model types are about the same as seen in Figures 3.27: Tensile Damage of W48 1 and

W48 2 at 1% drift. Both see concentrated damage at the wall-foundation interface.

From the results, the number of curtains of steel impacts the post-cracking strength capacity of the

wall. One curtain of steel will be used for the remainder of this parametric study.

Solid Extra 15 Solid Extra 15
0.000 0.000
0.077 0.077
0.154 0.154
0.231 0.231
0.308 | 0.308
0.385 0.385
0.462 . 0.462 -
0.538 0.538
0.615 0.615
0.692 0.692
0.769 0.769
0.846 0.846
0.923 0.923
1.000 1.000

Figure 3.26. Tensile damage of W48 1 and W48 2 at peak strength for lower 40 in. of wall
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Figure 3.27. Tensile damage of W48 1 and W48 2 at 1% drift for lower 40 in. of wall

Figure 3.28. Tensile damage of W48 1 at 1% drift for lower 40 in. of wall
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Figure 3.29. Tensile damage of W48 2 at 1% drift for lower 40 in. of wall

3.7 BAR SPACING OF LONGITUDINAL REINFORCEMENT

Bar spacing impacts the longitudinal reinforcement ratio of a wall. The larger the reinforcement
ratio, the stronger the wall is, as there is more steel to resist the tensile forces in the wall. This
section investigated the response of models with varying reinforcement spacings of 18, 24, 36, and
48 in. The evaluation compares the force-drift response, longitudinal steel stresses, and the crack

pattern as determined by the tension damage parameter.

The maximum bar spacing in ACI 318-19 is 18 in. Masonry code requirements allow for 48 in.
longitudinal bar spacings. Bar spacings up to 48 in. were modeled, including spacings of 18, 24,

36, and 48 in.

Figure 3.30 provides a comparison of the load-drift history to 1%. Figures 3.31-3.33 provide the
stresses in the reinforcing bars at peak strength, 0.5%, and 1% drift between 18 and 48 in. spacings.
Figure 3.34 provides the strain histories for the end reinforcing bars. Figures 3.35-3.38 provide the
distribution of tensile damage parameter at peak strength and 1% drift for models with 18 and 48

in. spacings.
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Figure 3.30. Load-drift history for single curtains of steel models

Table 3.10 provides values of the loading history at full cracking, residual, and simulation end.

The table will use a shortened notation detailing the spacing and number of curtains.

The following observations are made:

The models all reached approximately the same peak strength. The peak strength is not
dependent on steel spacings.

The peak strength normalized by the force corresponding to developing the ACI cracking
moment (Fmax/Fer) ranged from 1.40 to 1.44. On average, the models had a strength ratio
of 1.42. The normalized strength is approximately the same for the 18, 24, 36, and 48 in.
spacings.

The minimum strength was normalized to the peak strength (Fmin/Fcr). This ratio ranged
from 0.34 to 0.40 with the values increasing with a decrease in steel spacing.

The post-cracking response is quantified by considering: (1) the ratio of the strength at 1%
drift to the minimum strength (F1%/Fmin) and (2) the ratio of the strength at 1% drift to the
maximum strength (Fie,/Fmax). The average ratios were 1.09 and 0.41 for minimum and

maximum strengths, respectively. The range of ratios for minimum strength was 1.03 to
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1.15 and the range of ratios for the maximum strength was 0.35 to 0.47. The spacing has

little impact on post-peak behavior as there is little post-peak stiffening in the models.

Table 3.10. Load and Drift values at full cracking, residual, and simulation end of RC

reinforcement spacings

Peak 0.5% Drift 1% Drift

Model (Residual Strength) (End of Simulation)
Designation | Drift Finax Finax/ Fuin Fnin/ Finin/ Fio Fio/ Fio/
(%) | (kips) Fer (kips) Finax Fer (kips) Finax Finin
WI8 1 0.28 | 3.72 1.40 1.50 0.40 0.56 1.73 0.47 1.15
w24 1 0.28 | 3.74 1.41 1.40 0.37 0.53 1.56 0.42 1.11
W36 1 0.28 | 3.84 1.44 1.35 0.35 0.51 1.44 0.38 1.07
W48 1 0.28 | 3.84 1.44 1.31 0.34 0.49 1.36 0.35 1.03
Average 1.42 0.37 0.52 0.41 1.09
CoVv 0.01 0.07 0.06 0.13 0.05

Table 3.11 presents a comparison of the three strength ratios for models with 24, 36, and 48 in.

spaced models normalized by the model with 18 in. spaced model.

Table 3.11. Wall strength comparisons of 1 curtain of steel normalized by W18 1 strength

Model Designation Peak 0.5% Drift 1% Drift
F/F18 F/F18 F/F18
w24 1.00 0.93 0.90
W36 1.03 0.90 0.83
W48 1.03 0.87 0.79
Average 1.02 0.90 0.84
CoVv 0.01 0.03 0.7
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Figure 3.31. Steel Strains at Peak
Strength of W18 _1 and W48 1
Black line indicates wall-foundation
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Figure 3.33. Steel Strains at 1% drift of
W18 1 and W48 1
Black line indicates wall-foundation
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Figure 3.34. Strain histories between W18 1 and W48 1 for the extreme tensile reinforcing
bar at the base of the wall
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As steel spacing increases, there is a slight decrease in strength at 0.5% and 1.0% drift. The steel
stresses are approximately the same for 18, 24, 36, and 48 in. spacings. The distribution of tensile
damage values for the four spacings are approximately the same. Both see concentrated damage

at the wall-foundation interface, but no change in tensile damage up the height of the wall.

From the results, the longitudinal bar spacing has little impact on the post-cracking strength
capacity of the wall. A wall with 48 in. spaced bars, one curtain of steel, continuous reinforcement,

and modeled bond should be suitable for the design of ICF walls.
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Figure 3.35. Tensile damage of W18 1 and W48 1 at peak strength for lower 40 in. of wall
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Figure 3.36. Tensile damage of W18 1 and W48 1 at 1% drift for lower 40 in. of wall

Figure 3.37. Tensile damage of W18 1 at 1% drift for lower 40 in. of wall
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Figure 3.38. Tensile damage of W48 1 at 1% drift for lower 40 in. of wall
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Chapter 4. PARAMETRIC STUDY OF FRC WALLS

This chapter focuses on the parametric study of FRC walls with minimal or no longitudinal
reinforcement using LS-DYNA. All the models were subjected to combined axial and out-of-plane
loading.
This parametric study investigates the following study parameters:

1. Fiber content percentage,

2. Continuous vs. spliced reinforcement

3. Bar spacing

4. The number of curtains of longitudinal reinforcement.
For each study parameter, the following are used to evaluate the differences in the structural
behavior: (1) load-drift history, (2) longitudinal steel strains including maximum and history, and

(3) tensile damage states as selected drift levels.

The information presented in this chapter is similar to Chapter 3. Section 4.1 focuses on the study
parameters and model configurations investigated. Section 4.2 discusses the results from each set

of parameters investigated.

4.1 OVERVIEW OF MODELING APPROACH AND STUDY PARAMETERS OF FRC

WALLS

Fiber contents 0f 0.5, 1.0, and 1.5% were investigated. The walls have the same geometry and wall

detailing as the models in Chapter 3 and are shown in Figure 3.1.

For the FRC models, the foundation concrete strength was increased. The wall concrete with fiber
results in a larger tensile strength which could result in unintended damage to the foundation. As
such, the foundation concrete was increased to meet the tensile strength of the FRC to prevent full

cracking.

The following parameters were studied to investigate the strength capacity and tensile damage of

the concrete walls:
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Bar Spacing — Current ACI requirements limit the bar spacing to 18 in or less according to
ACI 318-19 11.7.3.1. Masonry allows for bar spacings of 48 in and precast allows for bar
spacings of 30 in. for interior walls according to ACI 318-19 11.7.3.2. Due to the large
difference in maximum bar spacings, RC walls may not be economical relative to masonry
or wood construction. The prior analyses from Chapter 3 indicate that bar spacing can
affect strength capacity post concrete cracking, so spacings of 18 and 48 in. were studied.
Spacings of 24 and 36 in. were not investigated, as the amount steel of does not have a
significant impact on the flexural strength.

Number of Curtains of Steel — The number of curtains of steel was studied to see the effect

of steel location on the behavior of walls. Typical ICF construction uses a single curtain of
steel at the center of the wall. The use of two curtains of steel places the reinforcement at
the maximum moment arm where a single curtain of steel is located at the neutral axis
depth and therefore does not provide flexural strength before cracking. The results from
Chapter 3 indicate that the more longitudinal reinforcement in the wall, the wall will have
larger post-peak strengths.

Starter Bars Only — A starter bar starting in the foundation and terminating in the wall was

studied. This was done to allow for the transfer of forces and to account for construction
practices. Typically, the foundation is cast before the wall and has dowel bars sticking out
of the foundation to connect with the wall reinforcement to allow for the transfer of forces.
This configuration also has less reinforcement in the wall, as the reinforcing bars are only
at the base of the wall.

Fiber Content Percentage: The fiber content percentage was studied to see the impact of

increasing fiber content percentage on wall behavior. Fiber content increases the tensile
capacity of concrete which should allow for less reinforcement needed and potentially no
reinforcement in the wall.

Spliced or Continuous Bars — The effect of having a bar splice at the wall-foundation

interface was studied. In typical construction, the foundation is cast first with dowel bars.
The wall is then cast. The presence of spliced bars is to simulate construction practice. The

results from Chapter 3 indicate that this should not have a large impact on wall behavior.
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From the study parameters, FRC wall models were developed. Table 4.1 details the matrix for

FRC walls. Each model is defined by the following parameters:

Bar Spacing (0 (Starter Bars), 18, and 48 in.)

Number of curtains of steel (0 (Starter Bars), 1, and 2 curtains)

Type of bond equation applied (Bond Equation {MB} and not modelled {0})
Spliced (S) or Continuous (C) reinforcement

Fiber Content Ratio (0.0, 0.5, 1.0, and 1.5%)

For example, Model W18 1 B C 1.0 has 18 in. spaced, continuous longitudinal bars with one

curtain steel; the bars are modeled using perfect bond; the fiber content is 1.0% of the concrete

volume.
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Table 4.1. FRC models

Model ID Cizgflif)i)so(l;?) Bar Spacing Curtains of Steel Flber( ;:;ntent

W18 1 MB C 0.0 » 1
W18 2 MB C 0.0 C D 00
W48 1 MB C 0.0 I
W48 2 MB_C 0.0 48 5
W18 1 MB S 0.5 " 1
W18 2 MB S 0.5 S D o5
W48 1 MB S 0.5 1
W48 2 MB S 0.5 48 5

W0 00005 0.5

W0 000 1.0 Starter Bars Starter Bars 1

W0 000 1.5 1.5
W18 1 MB C 0.5 o
W18 1_MB C_1.0 18 1
WI8 1 MB C 1.5 G
W48 1 MB C 0.5 c 1 E
W48 1_MB_C_1.0 48 1
W48 1 MB C 1.5 G
W18 2 MB C 0.5 E
W18 2 MB C 1.0 18 1
W18 2 MB C_1.5 ; G
W48 2 MB C 0.5 G
W48 2 MB_C_1.0 48 1
W48 2 MB C 1.5 G

The following results were used to compare the wall models:

e Normalized load-drift history to 1% drift — The reaction taken from the foundation base
was normalized to the flexural strength at cracking (Mcr) which was plotted against the
drift corresponding to displacement at the top of the wall.

e Tensile damage history — The tensile damage was obtained by utilizing history variable 15
created by the concrete constitutive model at peak strength and 1% drift.

o Steel stresses — The steel stresses were taken at the wall ends and wall-foundation interface

at peak strength and 1.0% drifts.
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4.2  SPLICED VS. CONTINUOUS REINFORCING BARS

In typical wall construction, the foundation is cast first with longitudinal starter bars extending
from the foundation into the wall. The wall is then cast. Typical modeling uses continuous
reinforcement to model longitudinal steel bar behavior. This study investigated the response of

models with spliced and continuous longitudinal reinforcement at the wall-foundation interface.

For the models with the wall splice modeled, the lap length was determined from ACI 318-19
Table 25.4.2.3. This was done to ensure sufficient steel reinforcement was given to achieve
maximum strengths. The spliced was modeled by having the bars spaced at one bar diameter length
between another along the length of the wall. This length was also in accordance with ACI 318-

19 Table 25.5.2.1 for bar splices. Table 4.2 lists the models investigated for this section

Table 4.2. List of spliced and continuous models with 0.5% fiber content

Model ID Ciggzif)i)so(l(‘j) Bar Spacing Curtains of Steel Flber(;(;ntent
W18 1 MB_S 0.5 1
W18 2 MB S 0.5 S 18 3
W48 1_ MB_S 0.5 i 1
W48 2 MB_S 0.5 D
W18 1 MB_C 0.5 1 0.5
W18 2 MB C 0.5 C 18 5
W48 1 MB_C 0.5 48 1
W48 2 MB_C 0.5 D

Figure 4.1 provides a comparison of the normalized load-drift history to 1% drift between the
spliced and continuous bars with fiber content of 0.5%. Figure 4.2 and 4.3 provides the strains in
the reinforcing bars at peak strength and 1% drift. Figure 4.4 provides the strain histories for the
end reinforcing bars. Figures 4.5-4.10 provide the tensile damage histories at peak strength and
1% drift for the models with 48 in. spaced reinforcing bars (W48 2 MB C 0.5 and
W48 2 MB S 0.5).
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In Figure 4.1, the solid lines indicate continuous reinforcement; dashed lines indicate spliced
reinforcement. There is no discernible difference between the continuous and spliced
reinforcement. The model designations do not have the type of bond used, as all the models in this
section have modeled bond. For FRC models, the bond equation was not modified to account for
FRC, although research suggests fiber can improve bond response. The more steel reinforcement
in the wall, the higher post-peak strength is observed, which is consistent with the findings in

Chapter 3.

— — —W18_150.5%

W18_1C0.5%
- = =W18_250.5%
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W18_2 C0.5%
— — —W48_150.5%
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Figure 4.1. Load-drift history for spliced and continuous reinforcement

Table 4.3 provides values of the loading history at peak strength and 1% drift, which was the end
of the simulation for all models. The models will use a shortened notation listing the spacing, the
number of curtains, fiber content used, and spliced or continuous reinforcement. The following
observations are made:

e The models all reached approximately the same peak strength, suggesting the peak strength

does not depend on the presence of bar splice or continuous bars.
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e The peak strength normalized by the force corresponding to developing the ACI cracking
moment (Frax/Fer) ranged from 2.55 to 2.65. The normalized strength was approximately
the same for spliced and continuous reinforcing bar models.

e The post-cracking response is quantified by considering the ratio of the strength at 1% drift
to the maximum strength (Fio/Fmax). For models with spliced reinforcement, the average
of this ratio was 0.63. For models with continuous reinforcement, the average of this ratio
was 0.60. In all cases, the strength at 1% drift decreased with a reduction in the number of
curtains of steel and spacing of the longitudinal reinforcement; this is the same conclusion

for the models without fiber, discussed in Chapter 3.

Table 4.3. Load and Drift values at peak strength and simulation end of FRC spliced and

continuous reinforcement

Peak 1% Drift

Model (End of Simulation)
Designation Drift | Fmax | Fma | Fin Freu/
(%) | (Kkips) Fer (kips) Fumax
W18 1 C 0.5 0.70 | 6.83 2.57 3.91 0.57
W18 2 C 0.5 0.70 | 7.19 2.70 5.28 0.73
W48 1 C 0.5 0.70 | 6.78 2.55 3.47 0.51
w48 2 C 0.5 0.70 | 6.98 2.63 4.20 0.60
Average 2.61 0.60
Ccov 0.03 0.15
WI18 1 .S 0.5 0.69 | 6.85 2.58 4.02 0.59
W18 2 S 0.5 0.69 | 7.05 2.65 5.36 0.76
W48 1. S 0.5 0.69 | 6.80 2.56 3.57 0.53
W48 2 S 0.5 0.69 | 6.98 2.63 4.42 0.63
Average 2.61 0.63
Ccov 0.02 0.15

Table 4.4 presents a comparison of the two strength ratios for the companion models, where

companion models have the reinforcement with (Fs) and without a splice (F.).



Table 4.4. Wall strength comparisons of spliced and continuous reinforcement

Model Designation Peak 1% Drift

FJ/F. Fi/F.

W18 1 1.00 1.03

W18 2 0.98 1.02

W48 1 1.00 1.03

W48 2 1.00 1.05
Average 1.00 1.03

Ccov 0.01 0.02

Spliced Continuous Scale (ksi)
Bar Bar

Axial Stress
4.500e+03
4.125e+03
3.750e+03
3.375e+03
3.000e+03 _
2.625e+03 _
2.250e+03 _
1.876e+03 _
1.500e+03
1.125e+03
7.500e+02
3.750e+02
0.000e+00

-3.750e+02

-7.500e+02

-1.125e+03

-1.500e+03

-1.875e+03

-2.250e+03

-2.625e+03

-3.000e+03 _|

Figure 4.2. Steel Strains at peak strength
of W48 2 companion models
Black line indicates wall-foundation

interface
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Bar

Continuous

Bar
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Axial Stress
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Figure 4.3. Steel Strains at 1% drift of
W48 2 companion models
Black line indicates wall-foundation

interface
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Figure 4.4. Strain histories for spliced and continuous reinforcement models for the extreme

tensile reinforcing bar at the base of the wall
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The spliced and continuous bar models have approximately the same strengths at peak and 1%
drift. The steel stresses do not reach yield in any of the simulations. At peak, the steel strains are

very similar and are less than 5 ksi.

The tensile damage histories are the same for spliced and continuous bar models, as there is
distributed tensile damage (cracking) throughout the height of the wall as seen in Figure 4.6. This

is likely due to the FRC model allowing for more concrete tensile residual capacity post-cracking.

From the results, the presence of a bar splice does not have a large effect on the strength, force-
drift response, and cracking (distribution of damage) of the wall models. Because it is simpler and
requires less computational time to model continuous reinforcement than spliced reinforcement,

continuous reinforcement will be used for the remainder of this parametric study.

Solid Extra 15 Solid Extra 15
0.000 0.000
0.077 0.077
0.154 0.154
0.231 0.231
0.308 0.308
0.385 0.385
0.462 - 0.462 -
0.538 0.538
0.615 0.615
0.692 0.692
0.769 0.769
0.846 0.846
0.923 0.923
1.000 1.000

Figure 4.5. Tensile damage of W48 2 S and W48 2 C at peak strength for lower 40 in. of

wall
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Solid Extra 15 Solid Extra 15
0.000 0.000
0.077 0.077
0.154 0.154
0.231 0.231
0.308 0.308
0.385 0.385
0.462 0.462
0.538 0.538
0615 | 0.615 |
0.692 0.692
0.769 0.769
0.846 0.846
0.923 0.923
1.000 1.000

Figure 4.6. Tensile damage of W48 2 S and W48 2 C at 1% drift for lower 40 in. of wall

Figure 4.7. Tensile damage of W48 2 S at peak strength for lower 40 in. of wall



Figure 4.8. Tensile damage of W48 2 C at peak strength for lower 40 in. of wall

Figure 4.9. Tensile damage of W48 2 S at 1% drift for lower 40 in. of wall

Figure 4.10. Tensile damage of W48 2 C at 1% drift for lower 40 in. of wall
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4.3  FIBER CONTENT

FRC concrete has more tensile capacity than RC because the fibers reduce the crack openings of
the concrete, allowing for the concrete to carry more tension. Various fiber content percentages
were examined to see the overall effect of having fiber in concrete. The modeling of FRC is
outlined in Section 2.6. This section investigated the response of models with varying fiber content
percentages. The evaluation compares the force-drift response, longitudinal steel stresses, and the

crack pattern as determined by the tension damage parameter.

The FRC models were modeled for fiber content percentages of 0.5, 1.0, and 1.5%. These
percentages were determined from the data from Marcalikova et al. (2020) and Woo et al. (2014)
as they also investigate fiber content percentages of the same amount. Table 4.5 lists the models
compared in this section.

Table 4.5. List of models for comparison of fiber content

Model ID Ciggzif)i)so(rC) Bar Spacing Curtains of Steel Flber(;(;ntent

W18 1 MB C 0.0 8 ]
W18 2 MB C 0.0 5 00
W48 1 MB C 0.0 4 1 .
W48 2 MB C 0.0 B

W0 000 0.5 0.5

W0 0001.0 Starter Bars Starter Bars 1

W0 000 1.5 1.5
W18 1 MB C 0.5 0.5
WI18 1 MB C 1.0 c 18 1
W18 1 MB C 1.5 | s
W48 1 MB C 0.5 05
W48 1 MB C 1.0 48 1
W48 1 MB C 1.5 s
W18 2 MB C 0.5 05
W18 2 MB C 1.0 18 1
W18 2 MB C 1.5 , 5
W48 2 MB C 0.5 0.5
W48 2 MB C 1.0 48 1
W48 2 MB C 1.5 5
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Figure 4.11 provides a comparison of the normalized load-drift history to 1% drift between RC
and FRC with 0.5, 1.0, and 1.5% fiber content. Figures 4.12 and 4.13 provide the strains in the
reinforcing bars at peak strength and 1% drift. Figure 4.14 provides the strain histories for the end
reinforcing bars. Figures 4.15 —4.24 provide the tensile damage histories at peak strength and 1%
drift between the 48 in. spaced reinforcing bar wall models (W48 1 MB C 0.0,
W48 1 MB C 0.5, W48 1 MB C 1.0,and W48 1 MB C 1.5).

Table 4.6 provides values of the loading history at peak strength and simulation end. The models
will use a shortened notation listing the spacing, number of curtains, and fiber content used. The
following observations are made:

e The FRC models achieved larger strengths than the RC models. Increasing fiber content
percentage also leads to an increase in strength as well.

e The peak strength normalized by the force corresponding to developing the ACI cracking
moment (Frax/Fer) ranged from 1.40 to 1.48 for RC models, 2.55 to 2.7 for 0.5% fiber
content, 3.02 to 3.19 for 1.0% fiber content, and 3.44 to 3.65 for 1.5% fiber content. The
average ratios were 1.44 for RC, 2.60 for 0.5% fiber content, 3.08 for 1.0% fiber content,
and 3.51 for 1.5% fiber content. Overall, increasing fiber content percentage leads to a
higher peak strength in the wall.

e The post-cracking response is quantified by considering the ratio of the strength at 1% drift
to the maximum strength (Fi9/Fmax). The average ratios were 0.53 for RC, 0.57 for 0.5%
fiber content, 0.70 for 1.0% fiber content, and 0.74 for 1.5% fiber content. An increase in

fiber content percentage leads to a larger post-peak strength at 1% drift.

In Figure 4.11, the solid lines indicate 0.5% fiber content, double lines indicate 0.0% fiber content,
dashed lines indicated 1.0% fiber content, and dotted lines indicated 1.5% fiber content. An
increase in fiber content leads to an increase in strength. The model designations do not have the
type of bond used and spliced or continuous reinforcement, as all the models in this section have
modeled bond and continuous reinforcement. For FRC models, the bond equation was not
modified to account for FRC, although research suggests fiber can improve bond response. The
more steel in the wall, the higher post-peak strength is observed, which is consistent with the

findings in Chapter 3.
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——— W18_10.0%

W18_10.5%
- = —W18_11.0%
cesses W18 11.5%
W18_2 0.0%
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Figure 4.11. Load-drift history for RC, 0.5, 1.0, and 1.5% fiber content
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Table 4.6. Load and Drift values at peak strength and simulation end of FRC fiber content

Peak 1% Drift

Model (End of Simulation)
Designation | Drift [ Fuae | Fuad | Fiu Fuo/
(%) | (kips) Fer (kips) Frnax
W18 1 0.0 0.28 | 3.72 1.40 1.73 0.47
W18 2 0.0 028 | 393 1.48 3.08 0.78
w48 1 0.0 0.28 | 3.84 1.45 1.36 0.35
W48 2 0.0 0.28 | 3.78 1.43 1.97 0.52
Average 1.44 0.53
CcCov 0.02 0.34
WO0_0 0.5 0.70 | 6.77 2.55 3.06 0.45
W18 1 0.5 0.70 | 6.83 2.57 3.91 0.57
WI18 2 0.5 0.70 | 7.19 2.70 5.28 0.73
W48 1 0.5 0.70 | 6.78 2.55 3.47 0.51
W48 2 0.5 0.70 | 6.98 2.63 4.20 0.60
Average 2.60 0.57
Cov 0.02 0.18
W0 0 1.0 0.78 | 8.17 3.08 5.24 0.64
W18 1 1.0 0.77 | 8.03 3.03 5.63 0.70
WI18 2 1.0 0.78 | 8.46 3.19 6.72 0.79
w48 1 1.0 0.78 | 8.01 3.02 5.37 0.67
w48 2 1.0 0.77 | 8.19 3.09 5.84 0.71
Average 3.08 0.70
Cov 0.02 0.08
W0 0 1.5 0.86 | 9.13 3.44 6.35 0.70
W18 1 1.5 0.86 | 9.20 3.47 6.77 0.74
WI8 2 1.5 0.86 | 9.66 3.65 7.78 0.81
W48 1 1.5 0.82 | 9.18 3.46 6.50 0.71
W48 2 1.5 0.85 | 9.42 3.55 7.03 0.75
Average 3.51 0.74
Cov 0.02 0.06

Table 4.7 presents a comparison of the two strength ratios for companion models of fiber contents

of 0.5, 1.0, and 1.5% to RC models.



Table 4.7. Wall strength comparisons of FRC and RC concrete

Model Designation Peak 1% Drift
Frrc/Fre Frrc/Fre

W18 1 0.5 1.84 2.26
W18 2 0.5 1.83 1.71
W48 1 0.5 1.77 2.55
W48 2 0.5 1.85 2.13
Average 1.82 2.16
CoVv 0.02 0.16
Wi18 1 1.0 2.16 3.25
W18 2 1.0 2.15 2.18
W48 1 1.0 2.09 3.95
W48 2 1.0 2.17 2.96
Average 2.14 3.09
COoV 0.02 0.24
WI18 1 1.5 2.47 3.91
W18 2 1.5 2.46 2.52
W48 1 1.5 2.39 4.78
W48 2 1.5 2.49 3.56
Average 2.45 3.69
Ccov 0.02 0.25
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Figure 4.12. Steel Strains at Peak Strength of W48 1 companion models
Black line indicates wall-foundation interface
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Figure 4.13. Steel Strains at 1% drift of W48 1 companion models
Black line indicates wall-foundation interface
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Figure 4.14. Strain histories for W48 1 companion models with different fiber content

percentages for the extreme tensile reinforcing bar at the base of the wall
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The FRC models have larger strengths at peak and 1% drift than RC models. In addition, increasing
fiber content leads to larger strengths at peak and 1% drift as well. At peak strength, there is little
steel stress occurring in longitudinal reinforcement. At 1% drift, the RC model’s longitudinal
reinforcement has more stress than the FRC models. The tensile damage histories are the same for
all three fiber content percentages and models with fiber see much more distributed damage along

the height of the wall when compared to the RC models.

From the results, increasing fiber contents leads to higher peak strengths and residual capacity at
1% drift. All three fiber content percentages are suitable for the design of ICF walls. A fiber content
of 0.5% will be used for the remainder of the thesis, as it provides adequate strength and is the

most economical choice of the three fiber content percentages.

Solid Extra 15 Solid Extra 15 Solid Extra 15 Solid Extra 15
0.000 0.000 0.000 0.000
0.077 0.077 0.077 0.077
0.154 0.154 0.154 0.154
0.231 0.231 0.231 0.231
0.308 | 0.308 | 0.308 0.308
0.385 0.385 0.385 0.385
0.462 . 0.462 - 0.462 0.462
0.538 0.538 0.538 0.538
0.615 0.615 0.615 0.615
0.692 0.692 0.692 0.692
0.769 0.769 0.769 0.769
0.846 0.846 0.846 0.846
0.923 0.923 0.923 0.923
1.000 1.000 1.000 1.000

Figure 4.15. Tensile damage of W48 1 0.0, W48 1 0.5, W48 1 1.0, and W48 1 1.5 at peak

strength for lower 40 in. of wall
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Figure 4.16. Tensile damage of W48 1 0.0, W48 1 0.5, W48 1 1.0,and W48 1 1.5at 1%

drift for lower 40 in. of wall

Figure 4.17. Tensile damage of W48 1 0.0 at peak strength for lower 40 in. of wall



Figure 4.18. Tensile damage of W48 1 0.5 at peak strength for lower 40 in. of wall

Figure 4.19. Tensile damage of W48 1 1.0 at peak strength for lower 40 in. of wall

Figure 4.20. Tensile damage of W48 1 1.5 at peak strength for lower 40 in. of wall
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Figure 4.21. Tensile damage of W48 1 0.0 at 1% drift for lower 40 in. of wall

Figure 4.22. Tensile damage of W48 1 0.5 at 1% drift for lower 40 in. of wall

Figure 4.23. Tensile damage of W48 1 1.0 at 1% drift for lower 40 in. of wall
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Figure 4.24. Tensile damage of W48 1 1.5 at 1% drift for lower 40 in. of wall

4.4  REINFORCEMENT CONFIGURATION

Traditional RC walls use reinforcement to increase the tensile capacity of RC structures. In FRC,
the concrete has an increased tensile capacity which could allow for walls with reinforcement
ratios and spacings that do not meet ACI 318-19 requirements. This section investigates spacings
of 18 in. with one and two curtains of steel, 48 in. with one and two curtains of steel, and starter
bars only in the wall. The evaluation compares the force-drift response, the crack pattern as

determined by the tension damage parameter, and steel strains.

The only spacing configurations that meet ACI 318-19 requirements are the 18 in. spaced models.
In section 3.3, it was found that walls with 48 in. spacing with one curtain of steel for RC walls
was sufficient for ICF construction. Due to increased tensile capacity from FRC, walls with starter
bars may be sufficient for ICF construction. Table 4.8 lists the models used for comparison in this

section.
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Table 4.8. List of models for comparison of reinforcement configuration

Model ID Ciggzif)i)so(rC) Bar Spacing Curtains of Steel Flber(;(;ntent
W0 000 0.5 Starter Bars Starter Bars
W18 1 MB_C 0.5 18 1 o5
W48 1 MB C 0.5 C 48 .
W18 2 MB C 0.5 18 ,
W48 2 MB_C 0.5 48

Figure 4.25 provides a comparison of the normalized load-drift history to 1% drift for starter bars
only, 18 in. spacing with one and two curtains of steel, and 48 in. spacing with one and two curtains
of steel. Figures 4.26 - 4.31 provide the tensile damage histories at peak strength and 1% drift
between the starter bars and 48 in. spaced single curtain reinforcing bar wall models

(WO 0 0 0 0.5and W48 1 MB_C 0.5).

Table 4.9 provides values of the loading history at full cracking and simulation end. The models
will use a shortened notation listing the spacing, number of curtains, and fiber content. The
following observations are made:
e Higher peak strength was achieved with more longitudinal steel reinforcement in the wall.
e The peak strength normalized by the force corresponding to developing the ACI cracking
moment (Fmax/Fer) ranged from 2.55 to 2.70, and the average ratio was 2.60. Overall,
increasing the amount of steel in the wall increases the peak strength.
e The post-cracking response is quantified by considering the ratio of the strength at 1% drift
to the maximum strength (F1o/Fmax). The ratios ranged from 0.45 to 0.73, and the average
ratio was 0.57. Increasing the amount of steel in the wall increased post-peak strength in

the wall.

In Figure 4.25, the solid lines one curtain of steel, the dashed lines indicate two curtains of steel,
brown indicates starter bars only, red indicates 48 in. spacings and blue indicates 18 in. spacings.
An increase in fiber content leads to an increase in strength. The model designations do not have
the type of bond used and spliced or continuous reinforcement, as all the models with
reinforcement in this section have modeled bond and continuous reinforcement. For FRC models,

the bond equation was not modified to account for FRC, although research suggests fiber can
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improve bond response. The more steel in the wall, the higher post-peak strength is observed,

which is consistent with the findings in Chapter 3.

2.5 s
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Figure 4.25. Load-drift history for various reinforcement configurations

Table 4.9. Load and Drift values at peak strength and simulation end of FRC reinforcement

layouts
pi Peak 1% Drift
9 End of
Model (%) .( nd (.)
. . Simulation)
Designation

Drift Finax Frnax/ Fio Fioy/
(%) | (kips) Fer (kips) | Fmax
W0 0 0.5 0.00 | 0.70 | 6.77 2.55 3.06 0.45

W18 1 0.5 0.21 | 0.70 | 6.83 2.57 391 0.57

W18 2 0.5 042 | 070 | 7.19 2.70 5.28 0.73

W48 1 0.5 0.09 | 0.70 | 6.78 2.55 3.47 0.51

W48 2 0.5 0.18 | 0.70 | 6.98 2.63 4.20 0.60

Average 2.60 0.57
CoVv 0.02 0.18

The FRC models with more reinforcement have larger strengths at peak and post-peak. The tensile

damage histories for the reinforcement configurations are approximately the same. There is
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distributed damage along the height of the wall with the portion at the wall-foundation interface

having the most amount of damage.

From the results, increasing the amount of longitudinal reinforcement increases the strength
capacity of the wall. Walls without any steel reinforcement achieve similar peak strengths to those
with steel reinforcement. All reinforcement configurations are suitable for the design of ICF walls.
A FRC wall without any steel reinforcement is recommended for ICF construction, as it provides

adequate strength and is the most economical choice of any steel reinforcement configuration.
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Figure 4.26. Tensile damage of WO 0 0.5 and W48 1 0.5 at peak strength for lower 40 in. of

wall
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Figure 4.27. Tensile damage of WO _0 0.5 and W48 1 0.5 at 1% drift for lower 40 in. of wall

Figure 4.28. Tensile Damage of WO _0 0.5 at peak strength for lower 40 in. of wall



Figure 4.29. Tensile Damage of W48 1 0.5 at peak strength for lower 40 in. of wall

Figure 4.30. Tensile Damage of WO _0 0.5 at 1% drift for lower 40 in. of wall

Figure 4.31. Tensile Damage of W48 1 0.5 at 1% drift for lower 40 in. of wall

106



107
Chapter 5. SUMMARY, CONCLUSIONS, AND

RECOMMENDATIONS FOR FUTURE WORK

The research presented here uses a validated finite element model to investigate the flexural
behavior at peak and residual strength of minimally reinforced concrete walls loaded in the out-
of-plane direction. The primary objectives of the research presented were:
1. To develop a nonlinear finite element model capable of predicting, the stiffness, strength,
and deformation capacity of wall test specimens.
2. To use this model to test the impact of differing steel reinforcement layouts on ICF walls.
3. To develop a FRC model to test its impact on ICF walls.
From this work, it can be seen that the peak strength is controlled by concrete tensile strength, and

residual strength is controlled by longitudinal reinforcement.

Section 5.1 provides a summary of the research conducted, Section 5.2 provides conclusions on
the research conducted, and Section 5.3 provides potential future to further understand lightly

reinforced walls loaded in the out-of-plane direction.
5.1  RESEARCH SUMMARY

5.1.1  Model Development and Evaluation

LS-DYNA was used to develop a FE model for this research. Using 3 in-plane and 4 out-of-plane
loaded walls, a modeling approach was developed and calibrated. Model development determined

appropriate levels of mesh refinement and strategies to minimize explicit dynamic fluctuation.

The models simulate the envelope of the cyclic response curve, tensile damage history, and
deformation capacity well. The models did not capture failure mechanisms in any of the
simulations. This may be due to the fact the models were run only monotonically, making it

difficult for the reinforcement to buckle and subsequently fracture.
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5.1.2  Parametric Study to Investigate Effect of Minimal Steel Reinforcement

An extensive study was conducted to see the impact of increasing steel spacing and the number of
curtains of steel. Model parameters tested were splice vs continuous reinforcement modeling, use
of bond equation, reinforcing bar spacing, and curtains of bar reinforcement. The results indicate
that one curtain with 48 in. spacing with modeled bond and continuous reinforcement should
provide ample strength capacity to the wall. The tensile damage is primarily concentrated at the
base of the wall. However, peak strength is achieved in these walls before cracking, so walls should
be designed for the cracking load and drift. The results indicate that reinforcement spacings larger

than the minimum ACI reinforcement spacings should be suitable for ICF walls.
5.1.3 Parametric Study to Investigate Effect of FRC

An extensive study was conducted to see the impact of using FRC for ICF walls. The model
parameters tested were spliced vs continuous reinforcement modeling, reinforcing bar spacing,
curtains of bar reinforcement, and fiber content percentage. The results indicate that the use of
FRC increases the overall strength and drift capacity of the wall. The tensile damage is distributed
along the height of the wall. The foundation concrete tensile strength must match that of the FRC
wall to prevent damage in the foundation. It was found that a wall with a fiber content of 0.5%
without any steel reinforcement is suitable for ICF construction. The results indicate that the use

of FRC should be suitable for ICF walls.
5.1.4  Study Limitations

The limitations to this study are:

1. Inability to model failure mechanisms — The model validation walls were unable to model
failure mechanisms of bar buckling and bar fracture. This inability to capture this behavior
allows for the models to show larger drift capacities that were seen in the tests.

2. Inability to model shrinkage and creep — The reinforcing bars aid in the resistance to
shrinkage and creep damage. In cases for walls with little reinforcement and starter bars
only, there could be more shrinkage and creep damage in the walls when compared to walls
with more reinforcement. This damage that occurs before loading could have an impact on

the wall capacity, as there is already some damage in the wall.
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CONCLUSIONS

Modeling Conclusions

The presence of the bond-slip equation reduces the residual capacity of the specimens. This
slip makes the steel strains to be less than the concrete strains. Less strain in the steel leads
to less steel stress and thus less capacity of the wall.

For modeling in LS-DYNA, continuous reinforcing bars should be used. There is little
difference between the behavior of spliced and continuous reinforcing bars for RC models.
The same peak strengths and post-peak residual behavior were observed. Using continuous

reinforcement also simplifies the model development process.
RC Wall Conclusions

The location of the longitudinal reinforcement has an impact on the residual capacity post-
cracking. When two layers of steel reinforcement are provided, post-crack hardening
occurs whereas one layer of steel reinforcement is provided, the residual strength remains
constant. In addition, the smaller the bar spacing, the larger increase in residual strength.
Steel reinforcement requirements outlined by ACI codes are over-restrictive on the design
of RC walls subject to low seismic loads. Models that met ACI code requirements saw the
same behavior with non-ACI compliant models until peak strength. In the post-peak
residual region, hardening occurred in ACI compliant models whereas constant residual
strength was maintained in non-ACI compliant models. It is recommended that these code
provisions be reviewed for walls subject to low seismic loads.

For reinforced concrete walls, the tensile damage is primarily at the base of the wall
regardless of steel layout. The reduced bar spacings saw a slight decrease in residual

strength, which is expected as there is less steel reinforcement to carry tensile load.
FRC Wall Conclusions

The use of FRC increases strength and drift capacity and is a viable solution to reduce cost
in ICF wall construction. However, concrete mix workability must be considered before

design.
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The same behavior is seen in FRC walls with reinforcement and FRC walls with starter
bars. The behavior at peak strength is the same. The more reinforcement in the FRC wall,

the higher residual capacity observed.

FUTURE WORK

Future Modelling

Fiber contents of 0.125 and 0.25%: Fiber contents of 0.5% or higher were used in previous
research. This amount of fiber may have workability issues, so investigating the impact of
less fiber on wall behavior would be beneficial to the ICF industry.

Wall Lengths: For 48 in. spaced specimens, the wall length could only fit two 48 in. spaces
(3 layers of steel). A larger wall length would be beneficial in understanding wall behavior
as there would be more layers of steel as a wall would have in practice.

Non-planar walls: In typical construction, walls have other walls frame into each other
providing some lateral or out-of-plane resistance. Modeling a non-planar may be able to

capture this effect and provide better detail for wall behavior.
Future Laboratory Testing

2 tests studying bar spacings at 18 and 48 in. with 1 curtain of steel. This is to confirm the
findings of the research presented in this thesis.

1 test studying bar spacings at 48 in. with 2 curtains of steel. This is to confirm the findings
of the research presented in this thesis.

1 test studying the effect of removing transverse steel. This research did not remove any
transverse steel in the reinforced concrete walls. Removing transverse steel could lead to
cost benefits as there would be fewer materials and fewer hours needed to prepare the wall
for a concrete pour.

1 test studying bar spacings at 48 in. with 1 curtain of steel with low shrinkage add-
mixtures. Shrinkage was not investigated in this research. This low-shrinkage add-mixture
would be investigated to limit cracking before the wall is being loaded. Since there is little
steel to act in tension, the reduction of cracks could allow for more tensile capacity in the

wall.



111
3 tests studying differing fiber content percentages of 0.125%, 0.25%, and 0.5%. Most

research on FRC is done for fiber content percentages higher than 0.5%. This can lead to
workability issues when pouring the concrete. Fiber content percentages less than 0.5%
should be tested to see its effect on concrete tensile capacity.

2 tests studying fiber content percentages without any longitudinal reinforcement, but with
dowel bars. To have a wall without any longitudinal reinforcement, dowel bars must be

placed for the transfer of forces from the wall to the foundation.
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APPENDIX A

R1

R3

R4

Figure A.1. Tensile Damage Results for Roller Walls
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Figure A.2. Load Displacement History of W18 1 MB C 0
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Figure A.3. Tensile Damage of W18 1 MB C 0 at 0.5% and 1% Drift
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Figure A.4. Tensile Damage of W18 1 MB C 0 at 1.0% Drift

Figure A.5. Tensile Damage of W18 1 MB C 0 at 0.5% Drift
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Figure A.6. Load Displacement History of W24 1 MB C 0
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Figure A.7. Tensile Damage of W24 1 MB C 0 at 0.5% and 1% Drift
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Figure A.8. Tensile Damage of W24 1 MB C 0 at 0.5% Drift

Figure A.9. Tensile Damage of W24 1 MB C 0 at 1.0% Drift
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Figure A.10. Load Displacement History of W36 1 MB C 0
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Figure A.11. Tensile Damage of W36 1 MB _C 0 at 0.5% and 1% Drift
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Figure A.12. Tensile Damage of W36 1 MB_C 0 at 0.5% Drift

Figure A.13. Tensile Damage of W36 1 MB_C 0 at 1.0% Drift
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Figure A.14. Load Displacement History of W48 1 MB C 0
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Figure A.15. Tensile Damage of W48 1 MB C 0 at 0.5% and 1% Drift
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Figure A.16. Tensile Damage of W48 1 MB _C 0 at 0.5% Drift

Figure A.17. Tensile Damage of W48 1 MB_C 0 at 1.0% Drift
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Figure A.18. Load Displacement History of W18 2 MB C 0
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Figure A.19. Tensile Damage of W18 2 MB C 0 at 0.5% and 1% Drift
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Figure A.20. Tensile Damage of W18 2 MB C 0 at 0.5% Drift

Figure A.21. Tensile Damage of W18 2 MB C 0 at 1.0% Drift
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Figure A.22. Load Displacement History of W24 2 MB C 0
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Figure A.23. Tensile Damage of W24 2 MB C 0 at 0.5% and 1% Drift
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Figure A.24. Tensile Damage of W24 2 MB C 0 at 0.5% Drift

Figure A.25. Tensile Damage of W24 2 MB C 0 at 1.0% Drift
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Figure A.26. Load Displacement History of W36 2 MB C 0
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Figure A.27. Tensile Damage of W36 2 MB C 0 at 0.5% and 1% Drift



129

Figure A.28. Tensile Damage of W36 2 MB C 0 at 0.5% Drift

Figure A.29. Tensile Damage of W36 2 MB C 0 at 1.0% Drift
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Figure A.30. Load Displacement History of W48 2 MB C 0
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Figure A.31. Tensile Damage of W48 2 MB C 0 at 0.5% and 1% Drift
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Figure A.32. Tensile Damage of W48 2 MB C 0 at 0.5% Drift

Figure A.33. Tensile Damage of W48 2 MB C 0 at 1.0% Drift
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Figure A.34. Load Displacement History of W18 2 PB C 0
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Figure A.35. Tensile Damage of W18 2 PB C 0 at 0.5% and 1% Drift
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Figure A.36. Tensile Damage of W18 2 PB C 0 at 0.5% Drift

Figure A.37. Tensile Damage of W18 2 PB C 0 at 1.0% Drift
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Figure A.38. Load Displacement History of W24 2 PB C 0
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Figure A.39. Tensile Damage of W24 2 PB C 0 at 0.5% and 1% Drift
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Figure A.40. Tensile Damage of W24 2 PB_C 0 at 0.5% Drift

Figure A.41. Tensile Damage of W24 2 PB C 0 at 1.0% Drift
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Figure A.42. Load Displacement History of W36 2 PB C 0
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Figure A.43. Tensile Damage of W36 2 PB C 0 at 0.5% and 1% Drift
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Figure A.44. Tensile Damage of W36 2 PB C 0 at 0.5% Drift

Figure A.45. Tensile Damage of W36 2 PB C 0 at 1.0% Drift
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Figure A.46. Load Displacement History of W48 2 PB C 0

Solid Extra 15 Solid Extra 15
0.000 0.000
0.077 0.077
0.154 I 0.154
0.231 0.231
0.308 | 0.308
0.385 [ 0.385
0.462 - 0.462 -
0.538 0.538
0.615 0.615
0.692 0.692
0.769 0.769
0.846 0.846
0.923 0.923
1.000 1,000

Y T O |

Figure A.47. Tensile Damage of W48 2 PB C 0 at 0.5% and 1% Drift
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Figure A.48. Tensile Damage of W48 2 PB C 0 at 0.5% Drift

Figure A.49. Tensile Damage of W48 2 PB_C 0 at 1.0% Drift
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Figure A.50. Load Displacement History of W18 1 MB S 0
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Figure A.51. Tensile Damage of W18 1 MB S 0 at 0.5% and 1% Drift



141

Figure A.52. Tensile Damage of W18 1 MB S 0 at 0.5% Drift

Figure A.53. Tensile Damage of W18 1 MB S 0 at 1.0% Drift
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Figure A.54. Load Displacement History of W18 2 MB S 0
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Figure A.55. Tensile Damage of W18 2 MB S 0 at 0.5% and 1% Drift
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Figure A.56. Tensile Damage of W18 2 MB S 0 at 0.5% Drift

Figure A.57. Tensile Damage of W18 2 MB S 0 at 1.0% Drift
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Figure A.58. Load Displacement History of W48 1 MB S 0
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Figure A.59. Tensile Damage of W48 1 MB S 0 at 0.5% and 1% Drift
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Figure A.60. Tensile Damage of W48 1 MB S 0 at 0.5% Drift

Figure A.61. Tensile Damage of W48 1 MB S 0 at 1.0% Drift
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Figure A.62. Load Displacement History of W48 2 MB S 0
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Figure A.63. Tensile Damage of W48 2 MB S 0 at 0.5% and 1% Drift
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Figure A.64. Tensile Damage of W48 2 MB S 0 at 0.5% Drift

Figure A.65. Tensile Damage of W48 2 MB S 0 at 1.0% Drift
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Figure A.66. Load Displacement History of W18 1 MB S 0.5
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Figure A.67. Tensile Damage of W18 1 MB S 0.5 at Peak Strength and 1% Drift
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Figure A.68. Tensile Damage of W18 1 MB S 0.5 at Peak Strength

Figure A.69. Tensile Damage of W18 1 MB S 0.5 at 1.0% Drift
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Figure A.70. Load Displacement History of W18 2 MB S 0.5
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Figure A.71. Tensile Damage of W18 2 MB S 0.5 at Peak Strength and 1% Drift
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Figure A.72. Tensile Damage of W18 2 MB S 0.5 at Peak Strength

Figure A.73. Tensile Damage of W18 2 MB S 0.5 at 1.0% Drift
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Figure A.74. Load Displacement History of W48 1 MB S 0.5
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Figure A.75. Tensile Damage of W48 1 MB_S 0.5 at Peak Strength and 1% Drift
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Figure A.76. Tensile Damage of W48 1 MB S 0.5 at Peak Strength

Figure A.77. Tensile Damage of W48 2 MB S 0.5 at 1.0% Drift
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Figure A.78. Load Displacement History of W48 2 MB S 0.5
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Figure A.79. Tensile Damage of W48 2 MB S 0.5 at Peak Strength and 1% Drift
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Figure A.80. Tensile Damage of W48 2 MB S 0.5 at Peak Strength

Figure A.81. Tensile Damage of W48 2 MB S 0.5 at 1.0% Drift
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Figure A.82. Load Displacement History of WO 0 0 0 0.5
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Figure A.83. Tensile Damage of WO 0 0 0 0.5 at Peak Strength and 1% Drift
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Figure A.84. Tensile Damage of WO 0 0 0 0.5 at Peak Strength

Figure A.85. Tensile Damage of WO 0 0 0 0.5 at 1.0% Drift
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Figure A.86. Load Displacement History of WO 0 0 0 1.0
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Figure A.87. Tensile Damage of WO 0 0 0 1.0 at Peak Strength and 1% Drift
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Figure A.88. Tensile Damage of WO 0 0 0 1.0 at Peak Strength
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Figure A.89. Tensile Damage of WO 0 0 0 1.0 at 1.0% Drift
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Figure A.90. Load Displacement History of WO 0 0 0 1.5
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Figure A.91. Tensile Damage of WO 0 0 0 1.5 at Peak Strength and 1% Drift
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Figure A.92. Tensile Damage of WO 0 0 0 1.5 at Peak Strength

Figure A.93. Tensile Damage of WO 0 0 0 1.5 at 1.0% Drift
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Figure A.94. Load Displacement History of W18 1 MB C 0.5
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Figure A.95. Tensile Damage of W18 1 MB _C 0.5 at Peak Strength and 1% Drift
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Figure A.96. Tensile Damage of W18 1 MB _C 0.5 at Peak Strength

Figure A.97. Tensile Damage of W18 1 MB C 0.5 at 1.0% Drift
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Figure A.98. Load Displacement History of W18 1 MB C 1.0
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Figure A.99. Tensile Damage of W18 1 MB C 1.0 at Peak Strength and 1% Drift
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Figure A.100. Tensile Damage of W18 1 MB C 1.0 at Peak Strength

Figure A.101. Tensile Damage of W18 1 MB C 1.0 at 1.0% Drift
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Figure A.102. Load Displacement History of W18 1 MB C 1.5
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Figure A.103. Tensile Damage of W18 1 MB_C 1.5 at Peak Strength and 1% Drift
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Figure A.104. Tensile Damage of W18 1 MB C 1.5 at Peak Strength

Figure A.105. Tensile Damage of W18 1 MB C 1.5 at 1.0% Drift
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Figure A.106. Load Displacement History of W18 2 MB C 0.5
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Figure A.107. Tensile Damage of W18 2 MB_C 0.5 at Peak Strength and 1% Drift
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Figure A.108. Tensile Damage of W18 2 MB C 0.5 at Peak Strength

Figure A.109. Tensile Damage of W18 2 MB _C 0.5 at 1.0% Drift
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Figure A.110. Load Displacement History of W18 2 MB C 1.0
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Figure A.111. Tensile Damage of W18 2 MB C 1.0 at Peak Strength and 1% Drift
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Figure A.112. Tensile Damage of W18 2 MB C 1.0 at Peak Strength

Figure A.113. Tensile Damage of W18 2 MB _C 1.0 at 1.0% Drift
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Figure A.114. Load Displacement History of W18 2 MB C 1.5
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Figure A.115. Tensile Damage of W18 2 MB C 1.5 at Peak Strength and 1% Drift
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Figure A.116. Tensile Damage of W18 2 MB C 1.5 at Peak Strength

Figure A.117. Tensile Damage of W18 2 MB C 1.5 at 1.0% Drift
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Figure A.118. Load Displacement History of W48 1 MB C 0.5
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Figure A.119. Tensile Damage of W48 1 MB C 0.5 at Peak Strength and 1% Drift
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Figure A.120. Tensile Damage of W48 1 MB C 0.5 at Peak Strength

Figure A.121. Tensile Damage of W48 1 MB C 0.5 at 1.0% Drift
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Figure A.122. Load Displacement History of W48 1 MB C 1.0
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Figure A.123. Tensile Damage of W48 1 MB_C 1.0 at Peak Strength and 1% Drift
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Figure A.124. Tensile Damage of W48 1 MB C 1.0 at Peak Strength

Figure A.125. Tensile Damage of W48 1 MB C 1.0 at 1.0% Drift
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Figure A.126. Load Displacement History of W48 1 MB C 1.5
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Figure A.127. Tensile Damage of W48 1 MB_C 1.5 at Peak Strength and 1% Drift
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Figure A.128. Tensile Damage of W48 1 MB C 1.5 at Peak Strength

Figure A.129. Tensile Damage of W48 1 MB C 1.5 at 1.0% Drift
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Figure A.130. Load Displacement History of W48 2 MB C 0.5
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Figure A.131. Tensile Damage of W48 2 MB_C 0.5 at Peak Strength and 1% Drift
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Figure A.132. Tensile Damage of W48 2 MB C 0.5 at Peak Strength

Figure A.133. Tensile Damage of W48 2 MB C 0.5 at 1.0% Drift
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Figure A.134. Load Displacement History of W48 2 MB C 1.0
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Figure A.135. Tensile Damage of W48 2 MB _C 1.0 at Peak Strength and 1% Drift
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Figure A.136. Tensile Damage of W48 2 MB C 1.0 at Peak Strength

Figure A.137. Tensile Damage of W48 2 MB C 1.0 at 1.0% Drift



184

35 -

2.5 7

F/F.,
N
N\

1.5 >

0.5 7

0 0.2 0.4 0.6 0.8 1
Drift (%)

Figure A.138. Load Displacement History of W48 2 MB C 1.5
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Figure A.139. Tensile Damage of W48 2 MB C 1.5 at Peak Strength and 1% Drift
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Figure A.140. Tensile Damage of W48 2 MB C 1.5 at Peak Strength

Figure A.141. Tensile Damage of W48 2 MB C 1.5 at 1.0% Drift



