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Abstract
The basis for the effective stiffness values or expressions and their applicability to nuclear power plant elements is not clearly 
presented in current seismic standards. This paper studies the effective stiffness of reinforced concrete (RC) squat walls 
under lateral loads. RC squat walls have height-to-length ratios less than or equal to 2. Prediction of the seismic response and 
proper capturing of the effective stiffness of squat walls are a challenging task, since these walls exhibit a shear-dominated 
behavior with strong coupling between shear and flexure responses. Finite-element models of several RC squat walls are 
developed using the commercial software Abaqus. The main objective of these models is to predict the lateral stiffness of 
RC squat walls appropriately and to identify the parameters that have main influence in the lateral stiffness of these walls. 
The results from analytical modeling are compared with the results of experimental tests available in the literature. Avail-
able expressions in current seismic standards and in the literature for the calculation of effective stiffness for RC squat walls 
are also evaluated. Key parameters influencing the effective stiffness are identified during the nonlinear analyses and from 
existing experimental data.
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Introduction

Reinforced concrete (RC) shear walls with height-to-length 
ratios less than or equal to two are commonly used in nuclear 
power plants buildings as part of their lateral-load-resisting 
system. These walls are known as squat or short walls. Three 
types of failure can be found in squat RC walls: diagonal ten-
sion, diagonal compression, and sliding shear (Paulay and 
Priestley 1992; Terzioglu et al. 2018). The type or combina-
tion of failure will depend on the design parameters such as 
horizontal and vertical web reinforcement ratio, wall geom-
etry, and axial force level (Epackachi et al. 2018). In general, 
reinforced concrete structures subjected to earthquakes always 
tend to crack even if these structures are in a low to moderate 
seismic region; squat walls are not the exception. A reduction 
factor is usually applied to the stiffness to account for the effect 

of cracking in linear analysis. Design codes and seismic stand-
ards (e.g., FEMA, ASCE, and ACI) provide factors to reduce 
stiffness to account for the effects of cracking in the analyses 
and design. However, the basis for these stiffness reduction 
factors or stiffness expressions is not clearly presented in 
these standards and their applicability to nuclear plant ele-
ments could not be assessed (NUREG/CR 6926). The ASCE 
Standard 4-98 indicates that care should be exercised in mod-
eling the stiffness of reinforced concrete elements depending 
on the level of stress and critical seismic load combinations in 
safety-related nuclear structures. Assumptions in stiffness can 
have a profound effect in the frequency of the system, could 
affect greatly the design seismic loads, and has an impact in 
the evaluation of RC elements or walls in NPPs for different 
performance objectives. The Nuclear Energy Agency (NEA) 
Committee on the Safety of Nuclear Installations (CSNI) has 
pointed out (NEA-CSNI 2003) that for the evaluation of NPPs 
at different performance limit states, a better understanding 
and prediction of the actual structural response is needed. In 
this regard, it is important to have a robust modeling scheme 
capable to capture initial stiffness and its changes as crack-
ing occurs in the element in special for squat RC walls. Pre-
diction of the seismic response and proper capturing of the 
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effective stiffness for squat walls are a challenging task, since 
these walls exhibit a shear-dominated behavior with strong 
coupling between shear and flexure responses. In addition, this 
type of wall can present significant shear sliding, as cycles 
of inelastic excursions occur. While significant research has 
been performed during the past years to address this situation 
(Epackachi et al. 2015; Terzioglu et al. 2018; Ma and Li 2019), 
more research is still necessary to improve current modeling 
approaches for the seismic analysis of squat RC walls that 
can be used in the design office environment. Estimation of 
the lateral stiffness of structural members especially for squat 
RC walls is not something straightforward. Effective lateral 
stiffness of squat RC walls depends on multiple factors such 
as: (a) geometrical effect, (b) the intensity of axial loads, (c) 
the deterioration in stiffness, (d) the use of special details, (e) 
the modulus of elasticity of the concrete, and (f) reinforce-
ment steel yield strength. Furthermore, a higher axial load can 
reduce the crack formed by tensile stress in concrete increas-
ing the stiffness in the walls. The degradation of the flexural 
stiffness and shear stiffness is different and could be affected 
by the bond-slip deformation and slipping resistance between 
the wall and the foundation.

In this paper, the effective stiffness of RC squat walls and 
factors that affect its prediction are evaluated using a nonlinear 
finite model developed in ABAQUS. Seven RC shear wall 
specimens are modeled. The selected specimens were tested 
at the NEES facility at the University of New York at Buf-
falo (Rocks 2012; Luna et al. 2013). Current expressions for 
the calculation of lateral stiffness are evaluated and results 
are compared from the analytical model results. A paramet-
ric study is performed varying several concrete parameters to 
determine their impact in the lateral stiffness prediction.

Current expressions for lateral stiffness

Typically, the seismic design of RC structural members uses 
the results obtained from linear analyses in which appropriate 
modifications of the lateral stiffness of members are required. 
The theoretical initial in-plane lateral stiffness, Kt, is calcu-
lated, as shown in Eqs. (1–3). These equations are based on 
mechanics of materials theory:

(1)Kt =
1

1

Kf

+
1

Ks

,

(2)Ks =
GcAg

hw
,

(3)Kf =
3EcIg

h3
w

.

In these equations Ks and Kf are shear and flexural rigidi-
ties, respectively, where Gc =

Ec

2(1+�)
 is the shear modulus of 

concrete, Ec is the modulus of elasticity of concrete, Ig is the 
gross moment of inertia of the wall, Ag is the cross-sectional 
area of the wall, hw is the height of the wall from the top of 
the foundation to the centerline of loading, and � is the Pois-
son’s ratio. EcIg and GcAg are the flexural and shear stiffness, 
respectively.

For the calculation of the lateral effective stiffness of 
squat walls for linear analyses, some factors are used in 
building codes and standards of practice to reduce the initial 
theoretical lateral stiffness of the RC members. Reduction 
factors for the flexural and shear rigidities vary for uncracked 
and cracked reinforced concrete shear walls. For the cal-
culation of effective moment of inertia (Ie), the ACI 318-
14 (2014) recommend factors of 0.7 Ig and 0.35 Ig for an 
uncracked and cracked condition, respectively. ASCE 43-05 
(2005) recommends no reduction in the flexural and shear 
rigidities for uncracked walls and a 50% reduction in both 
the flexural and shear rigidities for cracked walls. ASCE 
41-13 (2013) recommends a reduction of 50% in the flexural 
rigidity but no reduction in the shear rigidity for cracked 
walls. Luna (2015) proposed reduction factors for the flex-
ural and shear rigidity of low aspect ratio RC walls of 0.5EIg 
and 0.35GAg, respectively. FEMA 356 (2000) recommends a 
factor of 0.5EIg and 0.4GAg for flexural and shear rigidities, 
respectively. Li and Xiang (2011) proposed and equation to 
calculate the effective stiffness of squat RC walls account-
ing for deformations attributable to both flexural and shear 
actions (Eq. 4):

where N = axial loads, fy = yield strength of reinforcement, 
f ′
c
 =compressive strength of concrete, Ag = gross area of 

wall’s section, hw = height of cantilever wall, Lw = length of 
cantilever wall, Ig = gross moment of inertia, and Ie = effec-
tive moment of inertia.

Selected wall specimens for validation

Seven RC squat walls with four different aspect ratios were 
selected to develop the finite-element models. These walls 
correspond to phase I specimens of 12 RC shear walls with 
low aspect ratio built and tested at NEES facility at Univer-
sity of Buffalo (Rocks 2012). The thickness and length of 
the test specimens were 203 mm and 3048 mm, respectively. 
The walls are identified as SW1 to SW7 according to their 
aspect ratio (hw/lw) and vertical/horizontal reinforcing steel 
quantities (ρv and ρh). The concrete compressive ( f ′

c
 ), steel 
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yield (fy), and ultimate (fu) strengths are shown in Table 1 
and were obtained from Rocks (2012) and Luna (2015). 
Additional information is provided in these references.

Analytical modeling

Modeling scheme

Finite-element models of the seven selected RC squat walls 
were developed using the commercial software Abaqus 
(2016). The main objective of the finite-element mod-
els of these RC squat walls is to predict the lateral stiff-
ness using the tools available in Abaqus and compare their 
results with the experimental tests available in literature. 
The walls were modeled using brick elements with 8 nodes 
linear reduce integrated hexagonal elements (C3D8R) and 
a mesh of 50 × 50 × 50 mm to represent the concrete. The 

reinforcement of the wall was modeled using 2-node lin-
ear truss elements (T3D2). To connect the concrete to the 
steel reinforcement, an embedded constrain type was used. 
A constrain type “tie” was used to connect the wall with the 
basement. This constrain connects two or more parts into the 
model no matter the type of mesh used on each part (wall or 
basement, Fig. 1).

Constitutive models

In the last decades, many constitutive models have been 
developed for the prediction of the concrete behavior. There 
are three models available in Abaqus to predict the behav-
ior of the concrete: the smeared crack concrete model, con-
crete damage plasticity (CDP), and the brittle crack concrete 
model. The CDP model was selected for the concrete in 
the walls due to its higher potential of convergence com-
pared with smeared crack approach and has the potential to 

Table 1  Properties of material 
of wall

Wall Web f ′
c
 Mpa (Ksi) fy Mpa (Ksi) fu Mpa (Ksi) hw/lw

ρh (%) ρv (%)

SW1 0.7 0.7 24.8 (3.6) 462 (67) 703 (102) 0.94
SW2 1.0 1.0 48.3 (7.0) 434 (63) 600 (87) 0.54
SW3 0.7 0.7 53.8 (7.8) 434 (63) 600 (87) 0.54
SW4 0.3 0.3 29 (4.2) 462 (67) 703 (102) 0.54
SW5 1.0 1.0 29.6 (4.3) 462 (67) 703 (102) 0.33
SW6 0.7 0.7 26.2 (3.8) 462 (67) 703 (102) 0.33
SW7 0.3 0.3 26.2 (3.8) 462 (67) 703 (102) 0.33

Fig. 1  a Reinforcement of the wall with truss elements. b Wall with bricks elements and steel reinforcement embedded into the wall
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represent the complete behavior of the concrete in the inelas-
tic range for both tension and compression including damage 
characteristics. The CDP model requires the definition of the 
following parameters: uniaxial compression response, uni-
axial tension response, ratio of initial equibiaxial compres-
sive yield stress to initial uniaxial compressive yield stress 
(σb0/σc0), ratio of tension meridian and compression merid-
ian deviator second stress invariants (Kc), eccentricity (e), 
and the dilation angle for the flow potential ( �).

The uniaxial compressive response for unconfined con-
crete in the absence of reported data is represented using 
the numerical model of Popovics (1973) using the following 
equation:

where f ′
c
 is the compressive strength, εc0 is the strain cor-

responding to f ′
c
 the concrete compressive strength, and Ec 

is the modulus of elasticity of the concrete.
To define the compression compressive stress–strain 

relationship of for concrete in Abaqus, it is necessary to 
calculate inelastic strains ( �∼in

c
 ) corresponding to stress and 

damage values. The total strain is related to inelastic strains 
using Eq. (8):

where �el
oc

 is the elastic strain that corresponds to the undam-
aged material and εc is the total compressive strain. Special 
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c

r
(
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,

care must be taken with negative plastic strain compressive 
values �∼plc  , because they are indicative of incorrect damage 
curves which may lead to generate error massage before the 
analysis is performed. The plastic strain is defined by the 
following equation:

Figure 2 shows the typical compressive stress–strain 
relationship with damage properties and the calculated 
curves for the seven selected specimens.

To describe the stress–strain relationship for concrete 
in tension, the model of Belarbi and Hsu (1994) was used. 
Eqs. (11) and (12) define this constitutive model:

where Ec is the modulus of elasticity, ft is the direct tensile 
strength of concrete, and �cr is the strain associate to critic 
tension stress. To develop this model in Abaqus, it is 
required the modulus of elasticity (Ec), the tensile stress (σt), 
the cracking strain values ( �∼ck

t
= �t − �el

ot
) , and the damage 

parameter (dt), where �el
ot
=

�t

Eo

 is the elastic strain corre-
sponding to the undamaged material and �t is the total tensile 
strain. Special care must be taken to ensure that the plastic 
tensile strain values �∼plt = �∼in

t
−

dt

(1−dt)
�t

Eo

 are not negative 
or decreasing. Figure 3 shows a typical tensile stress–strain 
relationship with damage properties and the calculated 
curves for the selected specimens.

The parameters required to define the yield function 
for the CDP model are: the compressive yield stress ratio 
(σb0/σc0) for concrete, the parameter Kc and the dilation 
angle. The influence of these parameters in the wall stiff-
ness and lateral response was evaluated by means of a 
parametric study.

(10)�
∼pl
c

= �
∼in
c

−
dc(

1 − dc
)
�c

Eo

.

(11)�t = Ec�t �t ≤ �cr,

(12)𝜎t = ft

(
𝜀cr

𝜀t

)0.4

𝜀t > 𝜀cr,

Fig. 2  a Compressive stress–
strain relationship (Abaqus 
manual-2016), b compressive 
concrete stress–strain curves for 
selected specimens
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The wall reinforcement is modeled as an elasto-plastic 
material with isotropic hardening, based on the constitutive 
model proposed by Chang and Mander (1994). In this model 
the steel behavior is divided in three parts: the elastic branch 
0 ≤ �s ≤ �y

where �y = fy∕Es ,  �y = yield strain ,  fy = yield stress , 
Es = Elastic Modulus of Elasticity.

The Yield Plateau 𝜀y < 𝜀s < 𝜀sh , where fs = fy , Et = 0 , in 
which �sh = strain hardening.

The Strain Hardening Branch �s ≥ �sh

where �su = is the stress at ultimate stress, fsu = ultimate 
(maximum) stress.

(13)fs = Es�s, Et = Es,

(14)fs = fsu +
(
fy − fsu

)||||

�su − �s

�su − �sh

||||

P

, P = Esh

�su − �sh

fsu − fy
,

The two reinforcement parameters that should be inserted 
into Abaqus are: true stress ftru = fs

(
1 + �s

)
 and plastic strain 

�pl = �true − ftrue∕Es , where �true = ln
(
1 + �s

)
 is defined as 

true strain of the material.

Modeling results and discussion

Parametric study of Kc and σb0/σc0

According to Lubliner et al. (1989), the parameters Kc and 
σb0/σc0 can take values of 0.67 and 1.16, respectively. A par-
ametric study of how these parameters affect the behavior 
of squat wall models in a pushover analysis was performed 
in Abaqus. For the Kc parameter, two extreme values of 0.5 
and 1.0 were considered to analyze the wall models. The 
analyses were also performed varying the parameter σb0/σc0 
with values 1.1 and 1.16 (Fig. 4). The models used in this 

Fig. 3  a Tensile stress–strain 
relationship (Abaqus manual), 
b tensile concrete stress–strain 
(Chang and Mander 1994)
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analysis were the walls SW1 and SW7 with aspect ratios of 
0.94 and 0.33, respectively. Minimal changes in the wall 
response were obtained with the variation of these param-
eters, as shown in Fig. 4.

Parametric study‑dilation angle

For all seven squat walls, it was necessary to determine an 
appropriate dilation angle ( � ). For this purpose, a parametric 

Fig. 5  Pushover analysis of 
shear walls for different dilation 
angles
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analysis was conducted for all wall models varying the dila-
tion angles from 35° to 56°. The models were subjected to 
lateral loads (pushover). Figure 5 shows how dilation angle 
affects the shear wall vs drift response for walls SW1–SW7 
for three dilation angle cases (35°, 45°, and 56°). As shown 
in this figure, as the dilation angle increases, the results 
improve when compared with the experimental test values. 
From these analyses, it was determined that the dilation 
angle that better predicts the lateral response of these squat 
walls is 56°.

Parametric study on ultimate concrete strain

Once the appropriate dilation angle was found for the analy-
ses, additional calibrations were performed. Two tests were 
performed in which the concrete compressive constitutive 
curve was varied. The first analyses were performed with a 
variation of the Popovics (1973) curve that is more typical 
of an unconfined concrete. In this curve, when the concrete 
reaches a strain of 0.004, the strength begins to drop lineally 
until a strain of 0.0064. The second analyses were performed 
with the whole compressive concrete curve obtained from 
the Popovics Eq. (5). These two curves are shown in Fig. 6.

Figure 7 shows the results of the analytical model in 
Abaqus (shear vs drift) and the average backbone curve 

Fig. 7  Base shear vs drift for 
different concrete models
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from the experimental tests (Rocks 2012) using the first 
and third quadrants of loading curves. As seen in these 
figures, the best results are obtained using the Popovics 
curve until a concrete deformation of 0.01. This concrete 
curve allows a better estimation of the peak and post peak 

response of these walls. Nevertheless, using a concrete 
curve with a drop of strength until a strain of 0.0064, we 
can give a good estimation of shear peak and its, respec-
tively, strain, but the post peak response is not predicted 
well (Fig. 7).

Table 2  Effective stiffness wall values

Wall type Keff (kN/mm)

Data Theoretical Luna ASCE 43-05 ASCE 43-05 ASCE 43-13

Keff Stiffness (Kt) Cracked Uncracked Cracked Cracked

Exp No reduction EcIg = 0.5 1.00 0.50 0.50

GcAg = 0.35 1.00 0.50 1.00

SW1 322.23 845.07 354.88 845.07 422.54 543.40
SW2 735.53 3268.73 1253.68 3268.73 1634.36 2530.98
SW3 1781.04 3450.46 1323.39 3450.46 1725.23 2671.70
SW4 499.11 2531.95 971.10 2531.95 1265.97 1960.49
SW5 1558.63 5130.70 1870.44 5130.70 2565.35 4527.95
SW6 1325.71 4823.19 1758.33 4823.19 2411.59 4256.57
SW7 2147.06 4823.19 1758.33 4823.19 2411.59 4256.57

Wall type Keff (kN/mm)

ACI 318-14 ACI 318-14 FEMA 356 FEMA 356 FE Abaqus Error

Uncracked Cracked Uncracked Cracked Test

0.70 0.35 0.80 0.50 FE Abaqus

1.00 1.00 1.00 1.00 %

SW1 682.65 416.09 742.08 543.40 369.86 0.15
SW2 2905.74 2120.72 3046.71 2530.98 853.16 0.16
SW3 3067.29 2238.63 3216.10 2671.70 1420.69 0.20
SW4 2250.77 1642.70 2359.97 1960.49 579.41 0.16
SW5 4853.79 4113.72 4965.45 4527.95 1720.99 0.10
SW6 4562.88 3867.16 4667.84 4256.57 1623.97 0.22
SW7 4562.88 3867.16 4667.84 4256.57 2025.11 0.06

Fig. 8  Error percentages of effective stiffness calculation compared with experimental data



329International Journal of Advanced Structural Engineering (2019) 11:321–330 

1 3

Lateral stiffness calculation

The effective stiffness of experimental walls was compared 
with different stiffnesses calculated by codes using reduc-
tion flexural and shear factors (Table 2). The experimental 
effective stiffness data were obtained from Luna (2015). 
From Table 2, it can be noticed that the reduction factors 
that provide a better approximation of the effective stiff-
ness are the factors proposed by Luna and ASCE 43-05 
for cracked walls. The other factors provided in the ASCE 
43-05 for uncracked walls, ASCE 41-13 for cracked walls, 
ACI 318-14, and FEMA 356 standards overestimate the 
results. The effective stiffness was also calculated for the 
calibrated 3D model using the software Abaqus (2016). It 
was obtained at 15% of the shear peak and its, respectively, 
displacement as recommended by Luna (2015). Figure 8 
presents the error percentages of all the different effec-
tive stiffness calculations in relation with the experimental 
data. Error percentages varied from 5.7 to 22.5% for the 
finite-element model developed in Abaqus. The analyti-
cal model predicts with good approximation the effective 
stiffness taking into consideration that the wall response at 
low levels of drifts presents more variability. Theoretical 
stiffness (Kt) values were calculated using the formulas 
derived from mechanics of materials (Eqs. 1–3).

Conclusions

This paper presented a study of the effective lateral stiffness 
of RC squat walls. Finite-element models of seven walls 
were developed to determine which modeling parameters 
provide the best agreement in lateral stiffness and peak 
strength. In Abaqus, the Concrete Damage Plasticity Model 
was evaluated by means of a parametric study focusing on 
important concrete parameters. From these analyses, it was 
determined,

• The parameter that has more influence in the response of 
the walls analyzed in this study was the dilation angle of 
the concrete. An angle of 56° better captures the response 
of these walls and provides accurate results of lateral 
stiffness and peak shear values.

• The prediction of the lateral response of the walls ana-
lyzed in this research was better obtained with the consti-
tutive relationship of the concrete based on the Popovics 
curve. Additional studies are recommended to improve 
the post peak response of the squat walls with other con-
stitutive models.

• The parameters Kc and σb0/σc0 have a minimal impact in 
the wall response and lateral stiffness.

From the evaluation of existing lateral stiffness factors 
and equations, it was assessed that the reduction factors that 
provide a better approximation of the effective stiffness are 
the factors proposed by Luna and ASCE 43-05 for cracked 
walls. The finite-element models developed in Abaqus pro-
vide results that are in good agreement with the experimen-
tal data.
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