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■ This paper presents the results of a parametric study 
conducted using a fiber model and simple mod-
el, which were developed in previous research, to 
investigate the adequacy of the simple model for a 
broader range of parameters. 

■ Results show that the simple model accurately 
represents the lateral-load response, characterized 
by base shear and roof drift values at specific limit 
states obtained using the fiber model.

■ The simple model and the fiber model show similar 
values of base shear and roof-drift response, and 
they show similar trends for each parameter varia-
tion.

Buildings with reinforced concrete walls as the prima-
ry lateral-load-resisting system have demonstrated 
superior seismic performance in past earthquakes.1 

Precast concrete construction offers many benefits over cast-
in-place concrete, including improved quality control, fast 
erection, cost effectiveness, and construction efficiencies. 
Using precast concrete structural walls for earthquake resis-
tance combines the benefits of precast concrete construction 
and lateral-load-resisting walls.

Several precast concrete seismic structural systems were 
developed under the PRESSS (Precast Seismic Structural 
Systems) program. PRESSS research showed that using 
unbonded post-tensioning to connect precast concrete subas-
semblages results in beneficial hysteretic behavior character-
ized by a nonlinear elastic load-deformation response.2–4 The 
nonlinearity results from gaps opening along the joints as 
the precompression due to prestressing is overcome by the 
moment due to lateral loads. This early work showed that by 
using unbonded post-tensioning, it is possible to prevent or 
delay yielding in the post-tensioning steel and thus preserve 
the prestress during seismic response. Perez et al.5,6 experi-
mentally investigated the lateral-load response of large-scale 
unbonded post-tensioned precast concrete walls and showed 
that they have excellent self-centering capabilities before 
failure. These types of unbonded post-tensioned walls are 
broadly classified as a jointed construction seismic system, 
as opposed to an emulative construction seismic system, 
which is designed to perform comparable to an equivalent 
cast-in-place reinforced concrete system.7 Other types of 
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unbonded post-tensioned walls include hybrid unbonded 
post-tensioned precast concrete walls and unbonded post-ten-
sioned precast concrete walls with energy dissipaters (that is, 
dampers) that use either longitudinal mild steel reinforcement 
between the base joint and the foundation or supplemental 
dampers for inelastic energy dissipation.8,9,10,11

Several analytical models have been proposed to estimate 
the nonlinear behavior of unbonded post-tensioned precast 
concrete walls subjected to combined gravity and lateral 
loads. One model, referred to as the fiber model in this paper, 
was proposed by Kurama et al.12,13 and uses a nonlinear fiber 
element in a finite element program to estimate the response 
of unbonded post-tensioned precast concrete walls.14 A second 
model, referred to as the simple model in this paper, was 
proposed by Perez et al.15 and consists of several closed-form 
expressions that generate a trilinear idealization of the base 
shear versus roof drift behavior of unbonded post-tensioned 
precast concrete walls. Both models consider several critical 
limit states in the lateral-load response of these walls. The 
fiber model and simple model were previously validated with 
limited available experimental results.6,15 A parametric study 
was previously conducted by Kurama et al.12,13 using the fiber 
model to investigate the response of unbonded post-tensioned 
precast concrete walls under combined gravity and lateral 
loads.

This paper investigates the accuracy of the simple model by 
conducting a similar parametric study and comparing the 
simple model results with those of the fiber model. Because 

the simple model was verified using only five selected ex-
periments, a more complete verification of the simple model 
including multiple parameter variations is made available 
through this study.5,6 In the absence of experimental data, the 
simple model was verified using concurrent analysis results 
from the fiber model proposed by Kurama et al.12,13 The sim-
ple model used in the present study does not apply to hybrid 
walls but can be modified to do so. Smith et al.10 propose a 
linear-elastic effective stiffness model to evaluate the roof 
drift of hybrid walls, but it is only applicable prior to signif-
icant nonlinear behavior of the concrete at the wall toes and 
significant yielding of the energy-dissipating reinforcement 
crossing the base joint. Palermo et al.11 derived an approx-
imate closed-form section-equilibrium solution at ultimate 
conditions for rectangular sections with lumped mild steel 
reinforcement, which may be used to extend the simple model 
used in the present study to include the effects of bonded mild 
reinforcement across the base joint.

Background

This section gives background information on unbonded 
post-tensioned precast concrete walls. First, the general 
configuration of the wall considered in this study is present-
ed. Next, key limit states that characterize the lateral load 
behavior of unbonded post-tensioned precast concrete walls 
are identified. This is followed by a brief introduction of two 
analytical models used to obtain the lateral-load behavior of 
unbonded post-tensioned precast concrete walls: the simple 
model and the fiber model. Last, the parameters of the proto-

Figure 1. Unbonded post-tensioned precast concrete wall.
Source: Adapted from Kurama et al. (1996).
Note: 1 in. = 25.4 mm; 1 ft = 0.305 m.
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type wall considered in this study are summarized.

Unbonded post-tensioned  
precast concrete wall

Figure 1 shows a diagram of the unbonded post-tensioned 
precast concrete wall that was considered in this study. The 
wall consisted of six one-story precast concrete panels that 
were stacked vertically and connected along horizontal joints 
using post-tensioning steel that ran vertically through ducts 
in the panels. The post-tensioning steel was anchored with-
in the foundation, pulled to a desired level of tension, and 
secured at the roof. The ducts containing the post-tensioning 
steel remained ungrouted, resulting in unbonded behavior. 
The wall had special confining reinforcement at the ends of 
the base panel so that it could sustain the large compressive 
strains that developed under combined vertical and lateral 
loads. The confining reinforcement consisted of interlocking 
spirals (Fig. 1), but it can also consist of special confining ties 
and supplemental reinforcement as recommended by Perez et 
al.5 to mitigate the possibility of an unstable buckling failure 
in the base panel. In the present study, the post-tensioning 
steel was located inside the confined concrete regions of the 
wall, instead of closer to the center of the wall, as previously 
considered by Perez et al.5,6 As a result, the present study vali-
dates the simple model for conditions that are different than in 
previous work.

Perez et al.5,6 experimentally evaluated the lateral-load 
response of five large-scale unbonded post-tensioned precast 
concrete walls and compared the experimental results with 
those from the simple model and the fiber model. Figure 2 
compares the base shear V versus roof drift Θ response for a 

wall tested monotonically to failure with results from the sim-
ple model and fiber model. The roof drift was computed by di-
viding the lateral displacement at the roof by the wall height. 
The experimental curve has repeated reductions in base shear, 
which occurred when the test was paused and the gravity load 
jack in the test fixture was adjusted. The experimental results 
are in agreement with results obtained using both the simple 
model and the fiber model. Furthermore, these analytical 
models captured several key limit states that characterize the 
lateral-load response of the wall, as described in the following 
section. The analytical models used in the present study were 
based on walls with ductile post-tensioning systems capable 
of developing large tensile strains beyond first yield, such that 
the wall roof drift at tensile fracture of post-tensioning steel 
exceeds the roof drift corresponding to confinement failure of 
the walls. Furthermore, the analytical models assume that suf-
ficient confinement reinforcement is provided at the wall toes, 
and that the total area of post-tensioning steel is sufficiently 
limited so that confinement failure does not occur prematurely 
(that is, before post-tensioning steel yields).

Key limit states

The lateral-load response of an unbonded post-tensioned pre-
cast concrete wall is characterized by the following key limit 
states: decompression at the wall base, effective linear limit of 
response, initiation of cover spalling, yielding of the post-ten-
sioning steel, and crushing of confined concrete (Fig. 2). 
These limit states are described in greater detail by Kurama et 
al.12,13,16 and Perez et al.,15 but a brief description is provided 
herein. Decompression occurs at the base of the wall when 
precompression due to prestress and gravity loads is overcome 
by the application of lateral loads. Softening, or a substantial 

Figure 2. Comparison of experimental and analytical results for an unbonded post-tensioned precast concrete wall under  
monotonic loading.
Sources: Perez et al. (2004) and Perez et al. (2013).
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loss of lateral stiffness, in an unbonded post-tensioned precast 
concrete wall occurs from gap-opening behavior along the 
horizontal joint at the base and from nonlinear behavior in the 
concrete in compression.12,13 The point at which softening is 
apparent is referred to as the effective linear limit. The initi-
ation of cover spalling occurs when the unconfined concrete 
at the toe of the wall spalls. The spalling limit state is not 
considered by the simple model because it represents a ser-
viceability limit state and does not appreciably affect overall 
seismic response. Yielding of the post-tensioning steel refers 
to the first occurrence of tension yielding in the post-tension-
ing bars located the farthest from the wall centerline. Last, 
crushing of confined concrete refers to a concrete confinement 
failure at the wall base. The wall loses all lateral resistance 
upon reaching the crushing of confined concrete limit state.

Simple model

The simple model is based on trilinear idealized base shear 

versus roof drift behavior (Fig. 2) and uses “simple” formu-
las to estimate the base shear and roof drift at the points of 
effective linear limit, yielding of post-tensioning steel, and 
crushing of confined concrete, which define the idealization. 
The simple model applies to a generalized unbonded post-ten-
sioned precast concrete wall comprising r one-story wall pan-
els, three groups of post-tensioning steel with different initial 
prestress forces, and eccentric gravity loads with magnitudes 
and eccentricities that vary along the height of the wall. 
Figure 3 shows the following forces acting on a generalized 
unbonded post-tensioned precast concrete wall:

• Fw,i, which is a lateral force on wall at floor i

• a wall base shear force V
w
 that is in equilibrium with the 

lateral loads

• a gravity load at ith floor level, including load supported by 
the wall and wall self-weight Ni acting at an eccentricity eN,i

Figure 3. Forces on an unbonded post-tensioned precast concrete wall. Note: c = contact length at wall base; C = concrete com-
pression stress resultant at wall base; eNi = eccentricity of Ni measured from the wall centerline; eNr = eccentricity of Nr measured 
from the wall centerline; ep = eccentricity of post-tensioning steel from wall centerline to centroid of post-tensioning steel group; 
Fw,i = lateral force on wall at floor i; Fw,r = lateral force on wall at roof level; Hi = height of floor level i measured from the base of 
the wall; Hr = height of roof level measured from the base of the wall = Hw; Hw = total wall height; lw = wall length; Ni = gravity 
load at ith floor level, including panel self-weight; Nr = gravity load at roof level, excluding top panel self-weight; r = total number 
of stories in a wall; rFi = ratio of the force in the ith floor level to the wall base shear; rFr = ratio of the force at the roof level to the 
wall base shear; rHi = ratio of the ith floor height to the total height of the wall; rHr = ratio of the roof height to the total height of 
the wall (equal to unity); T1 = total force in post-tensioning steel group 1; T2 = total force in post-tensioning steel group 2; T3 = 
total force in post-tensioning steel group 3; Vw = wall base shear (equal to sum of applied lateral loads).
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• post-tensioning forces in three groups of post-tensioning 
steel T

1
, T

2
, and T

3

• a concrete compression stress resultant at the wall base C

The wall length, height, and contact length at the base are 
denoted as lw, Hw, and c, respectively. The lateral load at each 
floor level is expressed as a fraction of the total base shear 
using the parameters rF1

, rFi, and rFr for floor 1, floor i, and the 
roof, respectively. Similarly, the height of each floor relative 
to the base is expressed as a fraction of the total wall height 
using the parameters rH1

, rHi, and rHr for floor 1, floor i, and 
the roof, respectively. The wall forces in Fig. 3 were used in 
the derivations of the base shear and roof drift response quan-
tities for the simple model. Perez et al.6 provide a detailed 
development of the simple model and the related formulas and 
present a performance-based seismic design methodology for 
unbonded post-tensioned precast concrete walls that uses the 
simple model to estimate their capacities. Perez et al.15 present 
the simple model formulas in an abridged form; thus, the 
formulas are not reproduced herein. The unbonded post-ten-
sioned precast concrete wall (Fig. 1) has four post-tensioning 
bars at two different eccentricities. The simple model consid-
ers only one eccentric post-tensioning group on either side 
of the wall centerline. Thus, the four post-tensioning bars in 
Fig. 1 are considered to make up post-tensioning steel group 
1 in the simple model (post-tensioning steel group 3 is on the 
opposite end of the wall). Similarly, the unbonded post-ten-
sioned precast concrete wall in Fig. 1 does not have a concen-
tric group of post-tensioning steel. Thus, post-tensioning steel 
group 2 in the simple model is neglected.

Fiber model

The fiber model developed by Kurama et al.13 uses fiber beam–
column elements to model the precast concrete wall panels and 
nonlinear truss elements to model the post-tensioning steel. 
Figure 4 is a schematic of a fiber model for the unbonded 
post-tensioned precast concrete wall depicted in Fig. 1. The wall 
was modeled using seven fiber beam–column elements (Fig. 4). 
A total of 98 fibers were used to discretize the cross section of 
the wall near the base (Fig. 4). Multilinear uniaxial stress-strain 
relationships were used to model the unconfined concrete and 
spiral-confined concrete. An unconfined concrete compressive 
strength fc

' of 6 ksi (41.4 MPa) and a confined concrete com-
pressive strength ʹfcc  of 11.5 ksi (79.3 MPa) were specified. The 
uniaxial stress-strain relationship used to model the spiral-con-
fined concrete was based on the confinement model proposed 
by Mander et al.17 The confining effect of ties in the wall panels 
are so small that they can be neglected.13 Thus, the tie-confined 
concrete regions of the wall were modeled using unconfined 
concrete properties. Modeling of gap-opening behavior at the 
wall base in the fiber model is discussed by Kurama et al.13 
Gap-opening displacement along a horizontal joint was repre-
sented as distributed tensile deformation between panels (and 
between the base panel and the foundation). For gap-opening 
displacements to be distributed in the wall panels, the tensile 
strength of the concrete fibers was neglected.

The post-tensioning steel was modeled using a bilinear stress-
strain relationship with an elastic modulus Ep of 29,000 ksi 
(200 GPa), a yield stress fpy of 145 ksi (1000 MPa), an 
ultimate tensile strength fpu of 160 ksi (1100 MPa), and a 

Figure 4. Fiber model of an unbonded post-tensioned precast concrete wall.
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Table 1. Properties of the prototype unbonded post-tensioned precast concrete wall PW1

Wall  
parameters

Wall length lw, in. 240

Wall height Hw, in. 996

Wall thickness tw, in. 12

Confined length lcr, in. 18

Confined height hcr, in. 120

Confined thickness ʹ́tw , in. 9.375

Critical crushing height Hcr = 2 ʹ́tw , in. 18.75

Stories r 6

First-floor height ratio rH1
0.217

Second-floor height ratio rH2
0.373

Third-floor height ratio rH3
0.530

Fourth-floor height ratio rH4
0.687

Fifth-floor height ratio rH5
0.843

Roof-level height ratio rHr
1.0

Net cross-sectional area Aw,net, in.2 2841

Moment of inertia of the uncracked section Iw, in.4 1.333 × 107

Effective shear area ʹAw, in.2 2367

Prestress  
parameters

Total area of post-tensioning steel in the wall Ap = Ap1 + Ap2 + Ap3, in.2 (4 + 0 + 4) = 8

Eccentricity of post-tensioning steel from wall centerline to centroid of post-tensioning steel 
group ep, in.

113

Modulus of elasticity of post-tensioning steel Ep, ksi 29,000

Yield stress of post-tensioning steel fpy, ksi 145

Tensile strength of post-tensioning steel fpu, ksi 160

Initial stress in post-tensioning steel in group 1 fp1i = initial stress in post-tensioning steel in group 3 
fp3i = 0.57 fpu, ksi

92.1

Initial stress in post-tensioning steel in group 2 fp2i, ksi 0

Total initial prestress force in post-tensioning steel group 1 T1i = total initial prestress force in 
post-tensioning steel group 3 T3i, kip

368.5

Total initial prestress force in post-tensioning steel group 2 T2i, kip 0

Average initial stress in concrete due to prestressing fci,P = (T1i + T2i + T3i)/Aw,net, ksi 0.259

Concrete  
properties

Unconfined concrete compressive strength ʹfc , ksi 6

Elastic modulus of concrete Ec, ksi 4415

Shear modulus of concrete Gc, ksi 1920

Volumetric ratio of spiral reinforcement ρsρ, % 3.67

Confined concrete compressive strength ʹfcc , ksi 11.5

Ultimate strain capacity of confined concrete εcu, in./in. 0.0364

Load  
parameters

Total gravity load at the wall base N = Ni
i=1

r

∑ , kip 1278

Eccentricity of gravity load at ith floor level Ni measured from the wall centerline eNi (for i = 1 to r) 0

First-floor load ratio rF1
0.0472

Second-floor load ratio rF2
0.0906

Third-floor load ratio rF3
0.1379

Fourth-floor load ratio rF4
0.1882

Fifth-floor load ratio rF5
0.2408

Roof-level load ratio rFr
0.2954

Source: Data from Kurama et al. (1996). 

Note: Ap1 = total area of post-tensioning steel in post-tensioning steel group 1; Ap2 = total area of post-tensioning steel in post-tensioning steel group 2; 

Ap3 = total area of post-tensioning steel in post-tensioning steel group 3. 1 kip = 4.45 kN; 1 in. = 25.4 mm; 1 ksi = 6.895 MPa.
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postyield tangent modulus of 429 ksi (2960 MPa). One truss 
element was used to model a pair of post-tensioning bars with 
the same eccentricity.

Prototype wall parameters

Figure 1 shows the prototype unbonded post-tensioned precast 
concrete wall considered in this study. All parameters given in 
Table 1 use notation consistent with the simple model de-
scribed earlier. The following prestress parameters were taken 
as zero: area of post-tensioning steel group 2 Ap2

, initial stress 
in post-tensioning steel group 2 fp2i, and total initial prestress 
force in post-tensioning steel group 2 T

2i. These parameters 
correspond to a concentric post-tensioning steel group, in ac-
cordance with the simple model derivations (prestress force T

2
 

in Fig. 3). Because the walls considered in the present study did 
not have a concentric post-tensioning steel group, these param-
eters were neglected. The load parameter N represents the total 
gravity load at the wall base. Because the gravity loads were 
concentric along the wall height, the eccentricity of the gravity 
load at each floor level eNi was set equal to zero.

Parametric study

This section presents an analytical parametric study of un-

bonded post-tensioned precast concrete walls under mono-
tonic pseudostatic lateral loads. The results of the parametric 
study were obtained using the fiber model and the simple 
model described previously. These comparisons were the 
basis for validating the simple model.

The study considered a total of 16 different walls: the 
prototype wall and 15 other walls that include variations of 
the properties of the prototype wall. The prototype wall is 
referred to as PW1, and the remaining walls are referred to as 
W2 through W16.

Structural design parameters

The effect of four structural design parameters on the mono-
tonic nonlinear lateral load behavior of the prototype wall 
was investigated. The four design parameters were: total area 
of post-tensioning steel in the wall Ap, initial stress in the 
post-tensioning steel after the application of prestress forces 
and gravity loads on the wall fpi with constant Ap to produce a 
variable total initial prestress force on the wall Pi equal to Apfpi, 
initial stress in post-tensioning steel fpi with variable Ap to pro-
duce a constant Pi, and initial stress in concrete due to varying 
gravity loads fci,N with constant initial stress in concrete due to 
prestressing fci,P. Table 2 summarizes the structural design pa-

Table 2. Summary of structural design parameters varied in current study

Parameter investigation Wall Ap, in.2 fpi, ksi Pi, kip N, kip fci,P, ksi fci,N, ksi fci, ksi

Prototype PW1 8.0 92 736 1278 0.259 0.450 0.709

Variable Ap

W2 4.0 92 368 1278 0.130 0.450 0.579

W3 6.0 92 552 1278 0.194 0.450 0.644

W4 10.0 92 920 1278 0.324 0.450 0.774

W5 12.0 92 1104 1278 0.389 0.450 0.838

Variable fpi

W6 8.0 65 520 1278 0.183 0.450 0.633

W7 8.0 80 640 1278 0.225 0.450 0.675

W8 8.0 108 864 1278 0.304 0.450 0.754

W9 8.0 120 960 1278 0.338 0.450 0.788

Variable Ap, variable fpi, 
constant Pi

W10 6.0 123 736 1278 0.259 0.450 0.709

W11 7.0 105.1 736 1278 0.259 0.450 0.709

W12 10.0 73.6 736 1278 0.259 0.450 0.709

W13 12.0 61.3 736 1278 0.259 0.450 0.709

Variable fci,N, constant fci,P

W14 8.0 92.0 736 426 0.259 0.150 0.409

W15 8.0 92.0 736 639 0.259 0.225 0.484

W16 8.0 92.0 736 852 0.259 0.300 0.559

Note: Ap = total area of post-tensioning steel in the wall; fci = initial stress in concrete due to post-tensioning and gravity loads; fci,N = initial stress in con-

crete due to gravity loads; fci,P = average initial stress in concrete due to prestressing; fpi = stress in post-tensioning steel after the application of prestress 

forces and gravity loads; N = total gravity load at the wall base; Pi = total force in the post-tensioning steel after the application of prestress forces and 

gravity loads. 1 in.2 = 645.2 mm2; 1 kip = 4.448 kN; 1 ksi = 6.895 MPa.
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rameters that were varied for all of the walls considered in this 
study. Parameters not shown in Table 2 remained unchanged 
from those given in Table 1 for wall PW1.

Area of post-tensioning steel 

The objective of this parameter investigation was to verify 
that the simple model can adequately capture the effect of 
varying the total area of post-tensioning steel in the wall Ap. 
Varying Ap while keeping the initial stress in the post-tension-
ing steel fpi constant varies the initial stress in the wall due to 
post-tensioning and gravity loads fci. Five walls were consid-
ered in this parameter investigation (PW1 and W2 to W5).

Initial stress in post-tensioning steel  
with constant Ap 

The objective of this parameter investigation was to veri-
fy that the simple model adequately captures the effect of 
varying the initial stress in the post-tensioning steel fpi while 
keeping the total area of post-tensioning steel in the wall Ap 
constant. Varying fpi while keeping Ap constant varies the ini-
tial stress in the wall due to post-tensioning and gravity loads 
fci. Five walls were considered in this parameter investigation 
(PW1 and W6 to W9).

Initial stress in post-tensioning steel  
with variable Ap and constant Pi 

The objective of this parameter investigation was to verify 
that the simple model adequately captures the effect of vary-
ing both the initial stress in the post-tensioning steel fpi and 
the total area of post-tensioning steel in the wall Ap such that 
the total initial prestress force on the wall after the application 
of prestress forces and gravity loads Pi equal to fpiAp remains 
constant. Furthermore, the choice of fpi and Ap values pro-
duces a constant initial stress in the wall due to prestressing, 
fci,P equal to Pi /Aw,net, where Aw,net

 is the net cross-sectional 
area of the wall. Five walls were considered in this parametric 
investigation (PW1 and W10 to W13).

Initial stress in concrete due to varying gravity loads

The objective of this parametric investigation was to veri-

fy that the simple model adequately captures the effect of 
varying the initial stress in concrete due to varying gravity 
loads fci,N while keeping the initial stress in the wall due to 
prestressing fci,P constant. This parametric investigation was 
achieved by varying the amount of total gravity load sustained 
by the wall N. Four walls were considered in this parameter 
investigation (PW1 and W14 to W16).

Analysis response quantities

The main response quantities from the analyses focus on base 
shear V and roof drift Θ values corresponding to four key limit 
states: decompression (Vdec and Θdec), effective linear limit (Vell 
and Θell), yielding of post-tensioning steel (Vllp and Θllp), and 
crushing of confined concrete (Vccc and Θccc). The limit state 
corresponding to cover spalling was not considered in this study 
because this limit state is not considered by the simple model.

The analysis response quantities are presented using base-shear-
roof-drift plots. In addition, plots were generated to compare the 
sensitivity of a given parameter (for example, fpi) on the base 
shear and roof drift quantities for both the simple model and fi-
ber model. The results of the simple model were compared with 
those of the fiber model to validate the simple model.

Results and discussion

This section presents the results of the parametric study. First, 
the observed lateral-load behavior of the prototype wall is 
presented. Next, the plots used to present the results of the 
parametric study are explained. Finally, the effects of four 
structural design parameters on the analysis response quanti-
ties are discussed.

Prototype wall behavior

Figure 5 shows the base-shear-roof-drift response of the 
prototype wall (PW1) obtained from the simple model and the 
fiber model. The figure shows the occurrence of the key limit 
states considered by both models. Table 3 summarizes the 
base shear and roof drift corresponding to the key limit states 
for both the simple model and fiber model. All base shear 
response quantities estimated by the simple model are within 
4% of the base shear response quantities obtained using the 

Table 3. Base shear V and roof drift response Θ for wall PW1 using simple model and fiber model

Wall ID Model

Decompression  
at the wall base

Effective linear limit
Yielding of  

post-tensioning steel
Crushing of confined 

concrete

Θdec, % Vdec, kip Θell, % Vell, kip Θllp, % Vllp, kip Θccc, % Vccc, kip

PW1

Simple 
model

0.041 108.6 0.104 271.5 0.985 354.2 3.08 354.2

Fiber 
model

0.041 112.8 0.213 282.0 0.908 360.8 3.09 365.0

Note: 1 kip = 4.448 kN.
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Figure 5. Base-shear-roof-drift response of prototype wall PW1 to wall W16. Note: Ap = total area of post-tensioning steel in the 
wall; Ap, pw1 = total area of post-tensioning steel in the prototype wall PW1; fpi = stress in post-tensioning steel after the applica-
tion of prestress forces and gravity loads; fpu = ultimate tensile strength of post-tensioning steel. (Continued on p. 60.)
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Figure 5. (Continued from p. 59.) Base-shear-roof-drift response of prototype wall PW1 to wall W16. Note: Ap = total area of 
post-tensioning steel in the wall; Ap, pw1 = total area of post-tensioning steel in the prototype wall PW1; fpi = stress in post-tension-
ing steel after the application of prestress forces and gravity loads; fpu = ultimate tensile strength of post-tensioning steel; N = 
total gravity load at the wall base; Npw1 = total gravity load at the base of prototype wall PW1.
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fiber model. The roof drift at decompression Θ
dec

 and at 
crushing of confined concrete Θ

ccc
 are in excellent agreement. 

The roof drift at yielding of the post-tensioning steel Θ
llp

 was 
slightly overestimated by the simple model. This is because 
the simple model treats the four post-tensioning bars located 
at the end of the wall (Fig. 1) as one group of bars located 
at the centroid of the four bars. Because the centroid of the 
group of bars was slightly closer to the middle of the wall, the 
onset of yielding was delayed, resulting in a slightly larger 
roof drift. This was true of all walls considered in this study.

The largest discrepancy between the two models occurred 
with the roof drift at the effective linear limit state Θ

ell
. 

Because softening in an unbonded post-tensioned precast con-
crete wall occurs in a smooth and continuous manner, there 
is no specific stress condition associated with the effective 
linear limit state. Thus, Θ

ell
 is estimated for the fiber model 

by first computing the base shear at the effective linear limit 
as V

ell
 equals 2.5V

dec
, per Kurama et al.,12 then locating the 

corresponding roof drift on the base-shear-roof-drift response 
curve. The simple model requires the evaluation of V

ell
 first, 

then Θ
ell

 is computed from a linear elastic analysis. Thus, Θ
ell

 
based on the simple model does not lie directly on the base-
shear-roof-drift response curve obtained using the fiber model. 
As a result, a large discrepancy is observed when comparing 
the specific values of Θ

ell
 based on the simple model and fiber 

model. However, the simple model adequately captures the 
effective linear limit state in the trilinear idealization (Fig. 5).

Results of the parametric study

Results of the parametric study using the simple model and 
fiber model are presented in two ways: base-shear-roof-drift 
plots for each wall considered in the parameter investigation 
and plots of relationships between the analysis response quan-
tities and the design parameters.

Base-shear-roof-drift plots

Figures 5 shows the base-shear-roof-drift response curves ob-
tained using the simple model and fiber model for each of the 
walls considered in the parameter investigation. The roof drift, 
in percent, was obtained by normalizing the roof displace-
ment with respect to the height of the wall H

w
, which was 

83 ft (25 m). In each figure, the parameter being investigated 
was normalized with respect to the same parameter for the 
prototype wall PW1. The trilinear idealized response obtained 
using the simple model was plotted for each wall to determine 
the accuracy of the simple model.

Analysis response quantities versus design 
parameters 

Figures 6 through 9 show the relationships between the struc-
tural design parameters and the analysis response quantities. 
Each figure shows the effect of one design parameter on 
the normalized base shear and roof drift response quantities 
obtained using the simple model and the fiber model. The 

base shear response quantities were normalized with respect 
to the base shear at the limit state corresponding to yielding 
of post-tensioning steel for PW1, calculated using the fiber 
model V

llp
 of 360.8 kip (1605 kN). In Fig. 6, the area of 

post-tensioning steel was normalized with respect to the area 
of post-tensioning steel of PW1 A

p,pw1
 of 8.0 in.2 (5200 mm2). 

In Fig. 7 and 8, the initial prestress in the post-tensioning steel 
f

pi 
was normalized with respect to the ultimate strength of the 

post-tensioning steel f
pu

 of 160 ksi (1100 MPa). In Fig. 9, the 
total gravity load N was normalized with respect to the total 
gravity load supported by PW1 N

pw1
 of 1278 kip (5685 kN).

Discussion of parametric study results

The accuracy of the simple model (that is, the trilinear idealized 
lateral load behavior of unbonded post-tensioned precast con-
crete walls obtained using the simple model) is examined first, 
followed by a discussion of the effect of each structural design 
parameter on the base shear and roof drift response quantities.

Accuracy of the simple model

In general, excellent agreement is obtained when compar-
ing the trilinear idealized lateral load behavior of the walls 
obtained using the simple model with the lateral load behavior 
obtained using the fiber model. Figure 5 shows that for all the 
walls considered in the study, the decompression point for the 
simple model matches the decompression point for the fiber 
model almost exactly. In addition, the figure shows that for 
all the walls considered in the study, the effective linear limit 
point for the simple model is generally in agreement with the 
effective linear limit point for the fiber model. Moreover, the 
effective linear limit point for the simple model is located in 
the region where the initial lateral stiffness of the walls begins 
to reduce significantly. Furthermore, the figure shows that for 
all the walls considered in the study, the point corresponding 
to yielding of the post-tensioning steel using the simple model 
is in good agreement with the occurrence of first yielding in 
the post-tensioning steel obtained using the fiber model. Last, 
the point corresponding to confined concrete crushing based 
on the simple model is in good agreement with the confined 
concrete crushing point based on the fiber model.

Therefore, it is concluded that the simple model based on 
closed-form expressions previously derived by Perez et al.15 
defines a trilinear idealized base-shear-roof-drift behavior for 
unbonded post-tensioned precast concrete walls that accurate-
ly represents the lateral-load response obtained using nonlin-
ear fiber model (fiber model) analysis of these walls.

Effect of area of post-tensioning steel

Figure 6 plots the effect of varying the total area of post-ten-
sioning steel in a wall A

p
 on the base shear and roof drift 

response quantities. The area A
p
 was varied while keeping 

the initial stress in the post-tensioning steel f
pi
 constant. As a 

result, the initial post-tensioning force P
i
 and the initial stress 

in the concrete f
ci
 both increased with an increase in A

p
.
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Figure 6 shows that as A
p
 increases, the base shear at decom-

pression V
dec

, estimated using the simple model and the fiber 
model, also increases. This occurs because as A

p
 increases, P

i
 

increases, resulting in a larger clamping force at the wall base 
and requiring a larger lateral load to cause the wall to decom-
press. Figure 6 shows that the roof drift at decompression Θ

dec
 

increases slightly with A
p
 for both the simple model and the 

fiber model. The base shear corresponding to the effective lin-
ear limit V

ell
, estimated using the simple model and the fiber 

model, significantly increases with increasing A
p
. However, 

the roof drift corresponding to the effective linear limit Θ
ell

 is 
not significantly affected by A

p
 in either analytical model.

Figure 6 shows that increasing A
p
 significantly increases the 

base shear corresponding to yielding of the post-tensioning 
steel V

llp
 for both the simple model and the fiber model. How-

ever, the roof drift corresponding to yielding of the post-ten-
sioning steel Θ

llp
 is not significantly affected by A

p
 in either 

analytical model.

The base shear corresponding to confined concrete crushing 
V

ccc
 significantly increases with increasing A

p
 for both the 

simple model and the fiber model (Fig. 6). However, the roof 
drift at the confined concrete crushing limit state Θ

ccc
 dramati-

cally decreases with increasing A
p
, according to both the sim-

Figure 6. Effect of area of post-tensioning steel Ap on the wall base shear and roof drift response quantities for walls PW1 and 
W2 to W5. Note: symbols shown shaded in white represent simple model results, while all other symbols represent fiber model 
results. Note: Ap, pw1 = total area of post-tensioning steel in the prototype wall PW1.
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ple model and the fiber model. This occurs because increasing 
A

p
 while maintaining the f

pi
 constant increases the total force 

in the post-tensioning steel after gap opening, especially at 
the limit state of confined concrete crushing. This increase in 
total post-tensioning steel force requires a larger compression 
resultant force at the wall base for equilibrium, which, in turn, 
requires a larger depth of the section in compression at the 
limit state of confined concrete crushing because the stress 
capacity of the concrete is limited. With a larger depth of the 
section in compression, the roof drift is smaller for a given 
concrete extreme fiber compression strain. Thus, the roof drift 
at the limit state of confined concrete crushing is reduced 

when the ultimate confined concrete strain ε
cu

 is reached at the 
toe of the wall when A

p
 is increased.

To summarize, the simple model and the fiber model show 
similar values of base shear and roof drift response, as well 
as similar trends for the variation of the total area of post-ten-
sioning steel A

p
 in an unbonded post-tensioned precast 

concrete wall. Both the simple model and the fiber model 
show that increasing A

p
 increases V

dec
, V

ell
, V

llp
, and V

ccc
 and 

has no significant effect on Θ
dec

, Θ
ell

, and Θ
llp

 but significantly 
reduces Θ

ccc
.

Figure 7. Effect of initial stress in post-tensioning steel with constant area of post-tensioning steel Ap and variable total initial 
prestress force Pi on the wall base shear and roof drift response quantities for walls PW1 and W6 to W9. Note: symbols shown 
shaded in white represent simple model results, while all other symbols represent fiber model results. fpi = stress in post-tension-
ing steel after the application of prestress forces and gravity loads; fpu = ultimate tensile strength of post-tensioning steel.
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Effect of initial stress in post-tensioning steel  
with constant Ap 

Figure 7 plots the effect of varying the initial stress in the 
post-tensioning steel f

pi
 on the base shear and roof drift 

response quantities. The area A
p
 was kept constant so that the 

total initial post-tensioning force on the wall P
i
 varied.

Figure 7 shows that as f
pi
 increases, V

dec
 increases for both 

the simple model and the fiber model. This occurs because 
increasing the post-tensioning force in a wall increases the 
clamping force at the wall base, requiring a larger lateral load 

to cause the wall to decompress. The roof drift at decompres-
sion Θ

dec
 is not significantly affected by f

pi
.

The base shear corresponding to the effective linear limit 
V

ell
, estimated using the simple model and the fiber model, 

increased with increasing f
pi
 (Fig. 7); however, the roof drift 

corresponding to the effective linear limit Θ
ell

 is not signifi-
cantly affected by f

pi
 in either analytical model (Fig. 7).

Figure 7 shows that increasing f
pi
 has no significant effect on 

the base shear corresponding to yielding of the post-tension-
ing steel V

llp
 for either the simple model or the fiber model. 

Figure 8. Effect of initial stress in post-tensioning steel with variable area of post-tensioning steel Ap and constant total initial 
prestress force Pi on the wall base shear and roof drift response quantities for walls PW1 and W10 to W13. Note: symbols shown 
shaded in white represent simple model results, while all other symbols represent fiber model results. fpi = stress in post-tension-
ing steel after the application of prestress forces and gravity loads; fpu = ultimate tensile strength of post-tensioning steel.
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This is because the base shear capacity is influenced mostly 
by the total area of post-tensioning steel, not f

pi
 (Fig. 6). How-

ever, the roof drift corresponding to yielding of the post-ten-
sioning steel Θ

llp
 decreases significantly with increasing f

pi
 

for both analytical models (Fig. 7). This occurs because as f
pi
 

increases, the initial strain in the post-tensioning steel also in-
creases. Thus, a smaller gap opening along the wall base (and 
thus a smaller roof drift) is required before the post-tensioning 
steel yields.

The base shear corresponding to confined concrete crushing 
V

ccc
 is not significantly affected by f

pi
 for both the simple 

model and the fiber model (Fig. 7). However, the roof drift at 
the confined concrete crushing limit state Θ

ccc
 decreases with 

increasing f
pi
, according to both the simple model and the 

fiber model (Fig. 7). This occurs because increasing f
pi
 while 

maintaining a constant A
p
 increases f

ci
. Thus, a smaller gap 

opening along the wall base (and thus a smaller roof drift) 
is required before the ultimate confined concrete strain εcu 
is reached at the toe of the wall, at which point crushing of 
confined concrete occurs.

In summary, the simple model and the fiber model show sim-
ilar values of base shear and roof drift response quantities and 

Figure 9. Effect of initial stress in concrete due to varying gravity loads fci,N on the wall base shear and roof drift response quan-
tities for walls PW1 and W14 to W16. Note: symbols shown shaded in white represent simple model results, while all other sym-
bols represent fiber model results. fpi = stress in post-tensioning steel after the application of prestress forces and gravity loads; 
fpu = ultimate tensile strength of post-tensioning steel.

Effect on the wall base shear response quantities

Effect on the wall roof drift response quantities
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they show similar trends for the variation of the initial stress 
in the post-tensioning steel f

pi
 with constant A

p
 and variable 

P
i
. Both analytical models show that increasing f

pi
 with a 

constant A
p
 and variable P

i
 increases V

dec
 and V

ell
, decreases 

Θ
llp

 and Θ
ccc

, and has no significant effect on Θ
dec

, Θ
ell

, V
llp

, 
and V

ccc
.

Effect of initial stress in post-tensioning steel  
with variable Ap and constant Pi 

Figure 8 plots the effect of varying the initial stress in the 
post-tensioning steel f

pi
 on the base shear and roof drift re-

sponse quantities. The area A
p
 was simultaneously varied with 

f
pi
 so that the total initial post-tensioning force on the wall P

i
 

remained constant.

Figure 8 shows that for both the simple model and the fiber 
model, the base shear and roof drift at decompression, V

dec
 

and Θ
dec

 respectively, are not significantly affected by f
pi
 when 

P
i
 remains constant. The decompression limit state is unaf-

fected because the initial force in the post-tensioning steel 
remains the same.

For both the simple model and the fiber model, the base shear 
and roof drift corresponding to the effective linear limit V

ell
 

and Θ
ell

, respectively, are not significantly affected by f
pi
 when 

P
i
 remains constant (Fig. 8). Thus, the walls considered in this 

particular parameter investigation exhibit the same behavior up 
to the effective linear limit state (walls W10 to W13 in Fig. 5).

Figure 8 shows that for both the simple model and the fiber 
model, increasing f

pi
 while maintaining P

i
 constant signifi-

cantly reduces the base shear corresponding to yielding of the 
post-tensioning steel V

llp
. To maintain a constant P

i
 while in-

creasing f
pi
 requires a reduction in the area of post-tensioning 

steel A
p
. Since the base shear capacity is influenced mostly 

by A
p
, not f

pi
 (Fig. 6), reducing A

p
 reduces V

llp
. Furthermore, 

the roof drift corresponding to yielding of the post-tensioning 
steel Θ

llp
 decreases significantly for both the simple model 

and the fiber model with increasing f
pi
 while maintaining P

i
 

constant (Fig. 8). This occurs because as f
pi
 increases, the 

initial strain in the post-tensioning steel also increases. Thus, 
a smaller gap opening along the wall base (and thus a smaller 
roof drift) is required before the post-tensioning steel yields.

Figure 8 shows that for both the simple model and the fiber 
model, increasing f

pi
 while maintaining P

i
 constant signifi-

cantly reduces the base shear corresponding to crushing of the 
confined concrete V

ccc
. Again, to maintain a constant P

i
 while 

increasing f
pi
 requires a reduction in the area of post-ten-

sioning steel A
p
. Since the base shear capacity is influenced 

mostly by A
p
, reducing A

p
 reduces V

ccc
. For both the simple 

model and the fiber model, the roof drift at the confined 
concrete crushing limit state Θ

ccc
 increases when f

pi
 increases 

and P
i
 remains constant (Fig. 8). Increases in f

pi
 are accompa-

nied by corresponding decreases in A
p
. Thus, the walls in this 

parametric investigation have the same initial post-tensioning 
force at the wall base and, owing to the reduction in A

p
, devel-

op a smaller compression resultant (and a smaller maximum 
compressive strain) at the wall base under lateral loads. As a 
result, a larger gap opening along the wall base (or a smaller 
depth of section in compression), and thus a larger roof drift, 
is required before the ultimate confined concrete strain ε

cu
 is 

reached at the toe of the wall.

In summary, both the simple model and the fiber model show 
similar values of base shear and roof drift response, and they 
show similar trends for the variation of the initial stress in the 
post-tensioning steel f

pi
 with variable A

p
 and constant P

i
. Both 

analytical models show that increasing f
pi 

with a variable A
p
 

and a constant P
i
 reduces V

llp
, V

ccc
, and Θ

llp
; has no significant 

effect on V
dec

, V
ell

, Θ
dec

, and Θ
ell

; and increases Θ
ccc

.

Effect of initial stress in concrete due to varying 
gravity loads 

Figure 9 plots the effect of varying the initial stress in con-
crete at the wall base due to varying gravity loads f

ci,N
 on the 

base shear and roof drift response quantities. Because the 
cross section of the walls remained unchanged, this paramet-
ric investigation was achieved by varying the amount of total 
gravity load sustained by the walls N.

Figure 9 shows that for both the simple model and the fiber 
model, the base shear at decompression V

dec
 increases for 

increasing values of gravity load N. This occurs because in-
creasing N results in a larger clamping force at the wall base, 
requiring a larger lateral load to cause the wall to decompress. 
Figure 9 shows that the roof drift at decompression Θ

dec
 is not 

significantly affected by N for both the simple model and the 
fiber model.

The base shear corresponding to the effective linear limit V
ell

 
estimated using the simple model and the fiber model signifi-
cantly increases with increasing N (Fig. 9). However, Fig. 9 
shows that the roof drift corresponding to the effective linear 
limit Θ

ell
 increases slightly with N for both the simple model 

and the fiber model.

Figure 9 shows that increasing N significantly increases the 
base shear corresponding to yielding of the post-tensioning 
steel V

llp
 for both the simple model and the fiber model. How-

ever, the roof drift corresponding to yielding of the post-ten-
sioning steel Θ

llp
 is not significantly affected by N in either 

analytical model (Fig. 9).

The base shear corresponding to confined concrete crushing 
V

ccc
 significantly increases with increasing N for both the sim-

ple model and the fiber model (Fig. 9). However, the roof drift 
at the confined concrete crushing limit state Θ

ccc
 dramatically 

decreases with increasing N, according to both the simple mod-
el and the fiber model (Fig. 9). This occurs because increasing 
N increases the compression resultant at the wall base, which, 
in turn, requires a larger depth of the section in compression at 
the limit state of confined concrete crushing because the stress 
capacity of the concrete is limited. With a larger depth of the 
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section in compression, the roof drift is smaller for a given 
concrete extreme fiber compression strain. Thus, the roof drift 
at the limit state of confined concrete crushing is reduced when 
the ultimate confined concrete strain ε

cu
 is reached at the toe of 

the wall when the total gravity load N is increased.

To summarize, the simple model and the fiber model show 
similar values of base shear and roof drift response and simi-
lar trends for the variation of the total gravity load N support-
ed by an unbonded post-tensioned precast concrete wall. Both 
the simple model and the fiber model show that increasing N 
increases V

dec
, V

ell
, V

llp
, and V

ccc
 and has no significant effect 

on Θ
dec

, Θ
ell

, and Θ
llp

 but significantly reduces Θ
ccc

.

Conclusion

Based on the results of this study, the following conclusions 
can be drawn:

• The simple model, based on closed-form expressions, 
defines a trilinear idealized base-shear-roof-drift behavior 
for unbonded post-tensioned precast concrete walls that 
accurately represents the lateral-load response obtained 
using nonlinear fiber model analysis.

• A parametric study of 16 walls indicates that the lateral 
load behavior, characterized by base shear and roof drift 
values at selected limit states, of an unbonded post-ten-
sioned wall is influenced by the total area of post-tension-
ing steel in the wall, the initial prestress forces in a wall, 
and the total gravity load sustained by the wall.

• Both the simple model and the fiber model show similar 
values of base shear and roof drift response quantities, and 
they show similar trends for each parameter variation.

• The simple model is recommended for the seismic design 
of unbonded post-tensioned precast concrete walls.
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Notation

A
p
 = total area of post-tensioning steel in the wall

A
p1

 =  total area of post-tensioning steel in post-tensioning 
steel group 1

Ap2
 =  total area of post-tensioning steel in post-tensioning 

steel group 2

Ap3
 =  total area of post-tensioning steel in post-tensioning 

steel group 3

Ap,pw1
 =  total area of post-tensioning steel in the prototype 

wall PW1

ʹAw  = effective shear area of the wall

A
w,net

 = net cross-sectional area of the wall

c = contact length at wall base

C = concrete compression stress resultant at wall base

e
Ni

 =  eccentricity of N
i
 measured from the wall centerline

e
Nr

 =  eccentricity of N
r
 measured from the wall centerline

e
p
 =  eccentricity of post-tensioning steel from wall cen-

terline to centroid of post-tensioning steel group

E
c
 = elastic modulus of concrete

E
p
 = modulus of elasticity of post-tensioning steel

fc
' = unconfined concrete compressive strength

ʹfcc  = confined concrete compressive strength

f
ci
 =  initial stress in concrete due to post-tensioning and 

gravity loads

f
ci,N

 = initial stress in concrete due to gravity loads

f
ci,P

 = average initial stress in concrete due to prestressing

fp1i = initial stress in post-tensioning steel group 1

fp2i = initial stress in post-tensioning steel group 2

fp3i = initial stress in post-tensioning steel group 3

fpi =  stress in post-tensioning steel after the application 
of prestress forces and gravity loads (also referred 
to as the initial stress in the post-tensioning steel)

fpu = ultimate tensile strength of post-tensioning steel

fpy = yield stress of post-tensioning steel

Fw,i = lateral force on wall at floor i

F
w,r

 = lateral force on wall at roof level

G
c
 = shear modulus of concrete

h
cr
 =  height over which confining reinforcement is pro-

vided from the wall base

H
cr
 =  critical confined concrete crushing height measured 

from the wall base

H
i
 =  height of floor level i measured from the base of the 

wall

H
r
 =  height of roof level measured from the base of the 

wall = H
w

H
w
 = total wall height

i = floor level

I
w
 =  moment of inertia of the uncracked section of the wall

l
cr
 =  length over which confining reinforcement is pro-

vided from each end of the wall

l
w
 = wall length

N = total gravity load at the wall base



69PCI Journal  | September–October 2018

N
i
 =  gravity load at ith floor level, including panel self-

weight

N
pw1

 = total gravity load at the base of prototype wall PW1

N
r
 =  gravity load at roof level, excluding top panel self-

weight

P
i
 =  total force in the post-tensioning steel after the ap-

plication of prestress forces and gravity loads (also 
referred to as the total initial prestress force on the 
wall)

r = total number of stories in a wall

r
F1

 =  ratio of the force in the 1st floor level to the wall 
base shear

r
F2

 =  ratio of the force in the 2nd floor level to the wall 
base shear

r
F3

 =  ratio of the force in the 3rd floor level to the wall 
base shear

r
F4

 =  ratio of the force in the 4th floor level to the wall 
base shear

r
F5

 =  ratio of the force in the 5th floor level to the wall 
base shear

r
Fi
 =  ratio of the force in the ith floor level to the wall 

base shear

r
Fr

 =  ratio of the force at the roof level to the wall base shear

r
Hi

 =  ratio of the ith floor height to the total height of the 
wall

r
H1

 =  ratio of the 1st floor level height to the total height 
of the wall

r
H2

 =  ratio of the 2nd floor level height to the total height 
of the wall

r
H3

 =  ratio of the 3rd floor level height to the total height 
of the wall

r
H4

 =  ratio of the 4th floor level height to the total height 
of the wall

r
H5

 =  ratio of the 5th floor level height to the total height 
of the wall

r
Hr

 =  ratio of the roof height to the total height of the wall 
(equal to unity)

t
w
 = wall thickness

t"
w
 =  wall thickness measured between centerlines of 

confining reinforcement

T
1
 = total force in post-tensioning steel group 1

T
1i
 =  total initial prestress force in post-tensioning steel 

group 1

T
2
 = total force in post-tensioning steel group 2

T
2i
 =  total initial prestress force in post-tensioning steel 

group 2

T
3
 = total force in post-tensioning steel group 3

T
3i
 =  total initial prestress force in post-tensioning steel 

group 3

V = base shear

V
ccc

 =  base shear at limit state corresponding to crushing 
of confined concrete

V
dec

 =  base shear at limit state corresponding to decom-
pression at the wall base

V
ell

 =  base shear at limit state corresponding to the effec-
tive linear limit

V
llp

 =  base shear at limit state corresponding to yielding 
of post-tensioning steel

V
w
 =  wall base shear (equal to sum of applied lateral loads)

ε
cu

 = ultimate strain capacity of confined concrete

ρ
sp

 = volumetric ratio of spiral reinforcement

Θ = roof drift

Θ
ccc

 =  roof drift at limit state corresponding to crushing of 
confined concrete

Θ
dec

 =  roof drift at limit state corresponding to decompres-
sion at the wall base

Θ
ell

 =  roof drift at limit state corresponding to the effec-
tive linear limit

Θ
llp

 =  roof drift at limit state corresponding to yielding of 
post-tensioning steel
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Abstract

Previous research on unbonded post-tensioned pre-
cast concrete walls included the development of a 
nonlinear wall model based on fiber elements and of 
a design-oriented simple analytical model based on 
generalized closed-form expressions that define a tri-
linear idealized wall response under combined gravity 
and lateral loads. Each model considers several key 
limit states in the lateral-load response of unbonded 
post-tensioned precast concrete walls. The fiber model 
and simple model were previously validated using 
limited available experimental results on unbonded 
post-tensioned precast concrete walls. This paper pres-
ents the results of a parametric study conducted using 
the fiber model and the simple model to investigate 
the adequacy of the simple model for a broader range 
of parameters. Results show that the simple model 
accurately represents the lateral-load response obtained 
using the fiber model. Furthermore, the simple model 
and the fiber model show similar values of base shear 
and roof drift response, and they show similar trends 
for each parameter variation. Thus, the simple model 
is recommended for the seismic design of unbonded 
post-tensioned precast concrete walls.
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