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Abstract
The purpose of seismic provisions included in modern building codes is to obtain a sat-
isfactory structural performance of buildings during earthquakes. However, in the United 
States and elsewhere, there are large inventories of buildings designed and constructed sev-
eral decades ago, under outdated building codes. Some of these buildings are classified as 
non-ductile buildings. Currently, under the ATC-78 project, a methodology is being devel-
oped to identify seismically hazardous frame–wall buildings through a simple procedure 
that does not require full nonlinear analyses by the responsible engineer. This methodology 
requires the determination of the controlling plastic collapse mechanism, the base shear 
strength, and the ratio between the story drift ratio and the roof drift ratio, called param-
eter � , at collapse level. The procedure is calibrated with fully inelastic nonlinear analyses 
of archetype buildings. In this paper we first introduce an efficient scheme for modeling 
frame–wall buildings using the software OpenSees. Later, the plastic collapse mechanism, 
the base shear strength, and values of � are estimated from nonlinear static and dynamic 
analyses considering a large suite of ground-motion records that represent increasing haz-
ard levels. The analytical experiment included several frame–wall combinations in 4 and 
8-story buildings, intended to represent a broad range of conditions that can be found in 
actual buildings, where the simplified methodology to evaluate the risk of collapse can 
be applicable. Analysis results indicate that even walls of modest length may positively 
modify the collapse mechanism of nonductile bare frames preventing soft story failures.
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1 Introduction

During the past several decades, reinforced concrete (RC) shear walls have been widely 
used in building construction as a primary gravity and lateral-force-resisting system. RC 
walls have proved to be highly efficient in providing strength and stiffness to protect build-
ings against strong earthquakes. Structural design according to modern building codes 
aims to obtain buildings that will perform satisfactorily during earthquakes. Several modi-
fications have been introduced in building codes over the past years due to lessons learned 
from the structural performance observed in RC walls during large earthquakes, especially 
related to ductility and confinement requirements for boundary elements (ACI-Commit-
tee-318 2014; Maffei et al. 2014). However, there is a large inventory of buildings designed 
and constructed several decades ago, under outdated building codes with lower ductility 
requirements for RC frames and walls. In many older buildings, RC walls were also added 
to the architectural plans to serve other purposes, different from resisting lateral loading. 
For example, RC walls were used as stair case enclosures, as firewalls, partitions, etc. The 
lateral resistance provided by such walls, though unintentional in the original design, can 
be substantial.

Concepts of seismic design for reinforced concrete buildings were introduced by Blume 
et al. (1961), but its recommendations were not immediately adopted as requirements by 
U.S. building codes. The 1971 San Fernando earthquake showed the vulnerabilities of 
several concrete buildings and therefore new code requirements regarding seismic design 
of reinforced concrete structures were incorporated. The 1976 Uniform Building Code 
(ICBO 1976) introduced many of the recommendations of Blume et al. (1961). Buildings 
designed prior 1976 are labeled as older non-ductile buildings to distinguish them from 
buildings constructed after this date. These non-ductile buildings are susceptible to brittle 
failure modes due to the lack of proper seismic detailing, and are especially hazardous and 
vulnerable to strong earthquakes, where they can exhibit non-ductile seismic performance 
with low strength and deformation capacity. This was proved by various past earthquakes, 
including the 1971 San Fernando earthquake, the 1989 Loma Prieta earthquake, and the 
1994 Northridge earthquake, where many concrete buildings were seriously damaged or 
even collapsed with fatal consequences for their occupants (Galanis and Moehle 2014). 
Problematic issues include inadequate steel reinforcing details, system irregularities, and 
element discontinuities that result in sudden failure and loss of vertical load-carrying abil-
ity. These events have triggered discussions among the engineering community concern-
ing potentially hazardous buildings that require retrofitting to prevent economic losses and 
casualties during future earthquakes. Analytical studies have been conducted in the past to 
assess collapse potential of non-ductile reinforced concrete frame structures (Liel 2008; 
Galanis and Moehle 2014), through dynamic analysis of nonlinear simulation models. The 
collapse potential was assessed for a group of frame structures, varying in height, fram-
ing system and other design and detailing characteristics, which represents older reinforced 
concrete frame structures constructed in California between 1950 and 1975. During the 
past 15 years, several researchers have contributed to the state of art of frame–wall build-
ings modeling. Only a few of the most recent contributions will be mentioned here. Araya-
Letelier et al. (2019) modeled a sixteen-story office building in Chile using PERFORM-3D 
(CSI 2016) and determined the collapse fragility curve and the mean annual frequency of 
collapse through incremental dynamic analysis. Kolozvari et  al. (2018a, b) performed a 
comparative study of state-of-art macroscopic models for planar reinforced concrete walls. 
Compared elements included the PERFORM 3D Shear Wall element, the Force Wall 
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element (Vásquez et  al. 2016), the Multiple Vertical Line Element Model with material 
behavior defined by simplified force–deformation relationships without shear-flexure inter-
action (Fischinger et al. 2004) and with shear-flexural interaction (Fischinger et al. 2012) 
implemented in OpenSees, the Shear-Flexure Interaction Multiple Vertical Line Element 
Model available in OpenSees (Kolozvari et  al. 2014, 2018a, b) and the Nonlinear Truss 
Model (Panagiotou et al. 2012) also available in OpenSees. Dabaghi et al. (2019) studied 
the impact of the number of stories (between four and twelve) and the reinforcement detail-
ing on the collapse fragility of RC wall buildings using incremental dynamic analysis and 
the model proposed by Kolozvari et  al. (2014). Gogus and Wallace (2015) assessed the 
seismic performance of 40 archetype buildings (half of them with ordinary structural walls 
and the other half with special structural walls), using the OpenSees displacement-based 
frame element. Archetypes included one to twelve story buildings, with different design 
categories and axial force levels (low or high).

The primary objective of the ATC-78 project (Holmes et al. 2017) is to develop a sim-
ple procedure for assessing the collapse risk of non-ductile RC frame–wall buildings, 
without requiring the responsible engineer to conduct full nonlinear analyses. However, 
the development of this methodology requires the estimation, for a large number of build-
ing configurations, of three parameters to represent the structural response: the controlling 
plastic collapse mechanism, the base shear strength, and the ratio between the maximum 
story drift ratio and the maximum roof drift ratio, denoted as parameter � , at collapse level. 
This large number of analyses requires the use of an efficient and stable analysis procedure 
whose results can be readily interpreted. The large number of analyses may preclude the 
use of some finite element modeling procedures that require relatively long computational 
times or are overly susceptible to numerical instabilities. At the same time, it is desirable to 
use models that reasonably represent the primary mechanisms of inelastic flexure, inelastic 
shear, and their interactions. Furthermore, for the results to be acceptable to the engineer-
ing community, the modeling procedures should be based on established procedures, docu-
mented in the literature, and implemented in computer codes that are well documented and 
tested.

This paper focuses in the estimation of the plastic collapse mechanism, base shear 
strength, and parameter � from a large number of nonlinear static and dynamic analyses 
of several frame–wall planar structures. Analyses considered 4- and 8-story RC buildings, 
including several frame–wall configurations with continuous and discontinuous walls. 
In frame–wall systems, the interaction with the structural frames can strongly affect the 
distribution of moments over the height of the wall and can result in flexural yielding 
at elevations other than the base. This is especially true in the case of lightly reinforced 
walls, where multiple plastic regions may develop along the height of the building. Sen-
sitivity studies for some key modeling parameters are conducted to implement an efficient 
frame–wall model.

2  Criteria for nonlinear modeling of walls

Nonlinear analysis requires defining a set of parameters that influence the structural behav-
ior at the global and local levels of response. Modeling of structures with a strain-softening 
nature is numerically challenging because the response is mesh dependent. Localization 
in displacement-based solid finite elements has been studied extensively in the past by 
Bažant and Oh (1983), Bazant and Planas (1997) and De Borst et al. (1994), among several 



 Bulletin of Earthquake Engineering

1 3

authors. The concept of constant fracture energy has been used to deal with localization 
and mesh-sensitive response in continuum finite element analysis (Bažant and Oh 1983; 
Bazant and Planas 1997). Similarly, distributed plasticity force-based elements (FBE) 
lose objectivity at global levels of response depending on the section constitutive behav-
ior (Scott and Hamutçuoğlu 2008). Moreover, in FBE, strains localize at one integration 
point, which is a disadvantage in comparison with displacement-based elements, where the 
displacement interpolation functions force localization within a single element. The num-
ber of the integration points and their position along the height of an element, as well as 
the integration scheme used for the element formulation (e.g., to form the stiffness matrix, 
or integrate internal deformations to obtain end-node displacements) define the accuracy 
of the result and impact the structural response for strain-softening material. Coleman 
and Spacone (2001) introduced the concept of material regularization, based on constant 
compressive fracture energy, to deal with strain localization in FBE. This study does not 
consider a fracture energy-based material regularization for the estimation of the global 
response parameters. Instead an integration scheme with the largest integration-point 
weight at the wall base was evaluated and selected. It is worth noting that the integration 
point weights of FBE in some cases may not be compatible with the standard manner of 
defining expected plastic hinge (Lp) lengths in terms of wall lengths (Lw), that is Lp = η Lw, 
where η is a fraction of 1, historically 1/2. For example, while the typical Gauss–Lobatto 
integration scheme with five integration points has an associated weight at the end of the 
element (e.g., at the base of a wall) of 5% of the height of the first story (hw1), the wall 
lengths in this article range from 50 to 300  in. (1.3–7.6  m), requiring 25 ≤ Lp ≤ 150 in. 
(0.65 ≤ Lp ≤ 3.8 m), which in some cases exceeds the typical first story height of a building.

To test the impact of different quadrature rules and number of integration points in 
the response of FBE, a sensitivity study in OpenSees was conducted on a cantilever wall 
with the geometry, material characteristics and reinforcement layout indicated in Fig.  1, 
which is representative of older-type RC walls. A key characteristic of the case study wall 
is the reduction in strength deliberately introduced above midheight. The abrupt change in 
flexural strength is promoted by the elimination of the concentrated reinforcement at the 
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wall edges and has the purpose of helping test the capabilities of the integration scheme to 
model formation of plastic hinges above the critical section at the base. Concrete was mod-
eled as unconfined using the stress–strain relationship proposed in Kent and Park (1971) 
as modified by Scott et  al. (1982) to include the tensile behavior of concrete. The hys-
teretic behavior of concrete under stress reversal was modeled according to Mohd Yassin 
(1994), including gradual degradation of stiffness under unloading and reloading in com-
pression (Spacone et al. 1996). The uniaxial material model implemented in OpenSees was 
Concrete02 (Filippou 2009). The longitudinal reinforcing steel stress–strain behavior was 
assumed to be bilinear with isotropic strain hardening (Filippou et al. 1983) but modeled 
with the Hysteretic material as implemented by Scott and Filippou in OpenSees (McKenna 
2016), following Mazzoni et al. (2007) recommendations.

A physical interpretation often given to the weights of the quadrature rules used in the 
formulation of distributed plasticity elements is related to the spread of inelastic deforma-
tions within the element. For softening behavior, it is expected that the inelastic demand 
over the element concentrates on a single integration point. In flexure, this results in high 
curvature demand at the section level, which, in turn, reduces the global displacement 
capacity of the element. To evaluate the impact of the integration scheme on the model 
response, three wall models were implemented using the commonly used Gauss–Lobatto 
integration rule (Scott 2011) with increasing number of integration points (NIP): NIP = 3, 
4, and 5 (GLo3, GLo4, and GLo5). A fourth wall model was also developed by mixing 
the Gauss–Radau integration rule with NIP = 2 for the first story and Gauss–Legendre rule 
with NIP = 3 for the rest of the elements (GRa2GLe3). A Gauss–Radau quadrature scheme 
has an order of accuracy of 2NIP, hence, it requires only two integration points to properly 
formulate the element flexibility matrix. Furthermore, the GRa2 scheme is convenient for 
modeling the wall in the first story because (1) it locates an integration point at the base, 
thus allowing to monitor the demand on the most likely critical section (e.g., at the base); 
and because (2) it allows spreading the plasticity over a longer length among the other 
integration rules noted because the weight of the first integration point is equal to 25% of 
the height of the element. This results in a plastic hinge length of approximately 0.15Lw for 
the model in Fig. 1. The Gauss–Legendre rule is selected for the upper stories because of 
its higher accuracy and because integration points at the ends of each story are expected to 
be less necessary. A mixture of Gauss–Radau and Gauss–Legendre integration schemes 
proved to be accurate for the formulation of force-based beam elements under double cur-
vature by Scott and Hamutçuoğlu (2008).

Nonlinear static (pushover) analyses were conducted over the wall models using an 
inverted triangular load pattern with horizontal forces proportional to the height of each 
floor, with and without a load reversal at the top to excite two plausible modes of response 
during earthquake shaking (see Fig. 1). Figure 2 shows the pushover curves under the tri-
angular load pattern for two integration schemes: GLo5 and GRa2GLe3. The moment dis-
tribution on the wall is similar for both cases, exhibiting a decreasing cubic variation with 
height. The strength reduction upstairs is such that the section above the bar cutoff location 
exhibits a plastic response albeit its reduced moment demand with respect to that at the 
base. Hence, two critical sections are apparent from the curvature distribution over the wall 
height: one at the wall base and another where the section strength changes.

As expected, comparison between the two pushover curves shows that the onset of 
strength loss (e.g., onset of crushing) occurs at lower roof drift ratio when the weight of 
the integration point located closest to the wall base decreases. In this case, the GLo5 
scheme has an integration weight at the base that is one-fifth of that of the GRa2 scheme. 
The moment and curvature demand distributions along the wall height are presented for 
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four instances of the force–displacement relation: (1) when the cracking moment devel-
ops at the base (red squared markers), (2) at first yield of an extreme longitudinal bar 
(green diamond markers), (3) at the onset of strength loss (cyan circular markers), and 
(4) at 3.5% roof drift ratio (purple starred markers). The curvature figures show that 
both models can simulate the spread of nonlinearity above the critical sections (i.e., 
above the first integration point in the first and fifth story). Elastic curvature distribution 
along the wall height is similar for both models. Inelastic curvature demand follows a 
parabolic shape within the first story element. Upstairs, both integration schemes also 
model the inelastic demand concentration along a few integration points above the criti-
cal section. This is an important feature of the model, especially in the dynamic domain 
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of response where the higher modes and the coupling with the frame may introduce 
such force distributions, that may trigger several moment reversals along its height.

To further study the response of the wall modeled with the GRa2GLe3 integration 
scheme, Fig. 3a shows the pushover curve of the wall when subjected to an inverted tri-
angular load pattern with a load reversal at the roof (see Fig. 1 for a scheme of loading). 
This load pattern mimics the response of the wall when coupled to a frame, inducing a 
moment sign reversal upstairs (Priestley et  al. 2007). Curvatures are shown for two lev-
els of magnification, one that highlights the elastic curvature distribution at cracking (e.g. 
represented by squared markers), and another highlighting the larger plastic demand after 
the onset of yielding (e.g. represented by circular and starred markers). It is noted that the 
mixed integration scheme implementation models properly the parabolic nature of the cur-
vature distribution given the moment distribution along the element length. Furthermore, 
it can model curvature sign change within the length of a single element and simulates 
the inelastic plastic demand upstairs as expected for a wall under double curvature with 
large moment demand at the base, and above midheight. As will be shown in Sect. 4, these 
simulation capabilities are also required for modeling the dynamic response of the walls 
coupled to frames.

Figure 4a shows the roof drift ratio at which three instances of response (e.g., cracking, 
yielding, and crushing) occurred for the model under the following integration schemes: 
GLo3, GLo4, GLo5 and GRa2GLe3. Figure 4b shows, in logarithmic space, the curvature 
demand at the first integration point of the wall for various levels of roof drift ratio. This 
is normalized by the curvature at the onset of yielding, obtained from a moment–curva-
ture analysis of the critical section, under the axial load at the base. To contextualize the 
global and the local demand levels, this moment–curvature ductility demand relation of 
the section at the base is presented in Fig. 4c. After the onset of yielding, the reduction of 
displacement capacity for smaller integration-point weights at the base is apparent. The 
onset of crushing presents differences in roof drift capacity as large as 60% (GRa2GLe3 
vs. GLo5). This is supported in Fig. 4b by the observation that even for modest levels of 
roof drift ratio (e.g., 1%) the curvature demand at the critical section can differ by a fac-
tor as large as 2.5 (GLo5 versus GRa2GLe3) among the models. For larger roof drift ratio 
(e.g., 3.5%), this ratio doubles. The moment–curvature relation shows that the wall has lim-
ited ductility capacity, and some integration rules might demand curvatures at the critical 
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section far beyond plausible values. In some cases, this can be solved with material regu-
larization to account for the size of the integration points. This requires additional effort to 
estimate fracture energy of the constitutive models and was not implemented in this study.

As noted, before, the idea of selecting an accurate quadrature rule with the largest inte-
gration point weights (IPW) arises to deal with the incompatibility between actual plastic 
hinge lengths in walls, and the IPW within an element to simulate them. The IPW cannot 
always match actual plastic hinge lengths (Lp) in frame–wall systems because of two con-
straints: (1) each integration scheme requires a minimum number of integration points for 
properly formulating the stiffness matrix and integrate the deformations along the element 
length, and (2) the maximum height of a single element is limited to matching the story 
height of the building, such that rigid-diaphragm-type of constrains can be imposed to cou-
ple the framing and the wall systems. The first constraint results in IPW that are too small 
to match Lp, hence requiring material regularization, in some case leading to quite artificial 
stress strain curves for the concrete material, which needs to be represented with a rather 
flat post-peak softening branch. On the other, for longer walls where Lp is defined to be a 
fraction of the wall length (e.g. Lp = 1/2  lw), required Lp might surpass the story height, 
which cannot be modeled due to the second constraint. In this article, a simpler approach is 
preferred, that is, selecting the quadrature rules with the least number of IPs for accurately 
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integrating the stiffness matrix and the deformations of the element, which in turn results 
in the largest IPW to control excessive curvature concentration at a single fiber section. 
This is achieved herein with the GRaGLe3 integration scheme.

3  Calibration of the wall nonlinear model

The capability of the GRa2GLe3 integration scheme of modeling the global and local 
response of cantilever walls under reversed cyclic loading is tested first by comparison with 
laboratory test results from specimen RW2 reported in Thomsen and Wallace (2004). The 
specimen is a slender wall with aspect ratio of 3.0, relatively low axial load of 0.09Agf′c, 
and experiencing flexural compression failure at the wall boundary. The wall cross section 
is rectangular with dimension 4 × 48 in. (100 × 1220 mm). The wall boundary element had 
eight longitudinal bars of 3/8 in. (9.5 mm) diameter, while the web was reinforced with 
1/4 in. (6.4 mm) bars every 7.5 in. (191 mm), in each direction. Transverse reinforcement 
detailing of the boundary element comprised a single hoop of 3/16 in. (4.8 mm) diameter 
spaced at 2 in. (51 mm). Further details of the experiment may be found elsewhere (Thom-
sen and Wallace 2004).

Figure  5 shows the OpenSees model setup of specimen RW2 with the GRa2GLe3 
formulation. The model comprises an element at the bottom with a Gauss–Radau for-
mulation and two integration points (GRa2), including one at the critical section, while 
the top elements are modeled with the Gauss–Legendre formulation and three inte-
gration points (GLe3). The figure also shows the relative position and weights of the 
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integration points of both quadrature schemes, as well as the fiber-based representation 
of the wall cross section. Shear deformations and nonlinear shear responses were not 
modeled because the aspect ratio of the walls modeled herein exceeds 15. The response 
of the model is compared against the experimental data in Fig. 6. Figure 6a shows the 
global force–displacement relationship of the analytical and the experimental data. The 
strength of the specimen is modeled within 95% of accuracy by the FBE model. The 
initial stiffness is overestimated by the model, mainly because microcracking and strain 
penetration is not accounted for at the wall base (Kolozvari et al. 2018a, b). Although 
the hysteretic response is well modeled, pinching in the FBE model is slightly larger 
than the one measured, especially as the displacements approach to zero. Figure  6b 
shows the displacement profile along the wall height for three levels of increasing aver-
age rotation θave (estimated as the top lateral displacement divided by the wall height). 
A good agreement between the model and the experiment is apparent, with minor dis-
crepancies as the wall is pushed further into the inelastic range of response.

Figure 6c shows the normal strain profile at the base along the web length for three 
levels of increasing θave. It is apparent that the model overestimates the maximum ten-
sile strains (εsu), while under predicts the maximum compressive strains (εcu). Tensile 
strains are over predicted by factor 1.4 approximately for θave = 0.4% and 1.2%, whilst 
they double for the largest rotation demand. Over prediction of the tensile strains is 
explained by two aspects: (1) the nonlinear nature of the strain distribution is such that 
the experimental tensile strains become invariant to the location within the cross sec-
tion half-way between the position of the wall centroid and the extreme fiber in tension; 
meanwhile, the analytical strains increase monotonically, with constant slope, from the 
neutral axis of the wall to the extreme fiber in tension; and (2) the average curvature of 
the simulated response is larger than the experimental one because no curvature post-
processing is performed, as suggested by Coleman and Spacone (2001), to account for 
the mismatch between the integration point weight of the model, and the actual plastic 
hinge length (Lp) of the experiment. The first reason of the mismatch cannot be concili-
ated, and it is a limitation that arises when elements meant to model slender beams and 
columns, programed using the plane-section Euler–Bernoulli assumption, are employed 
for modeling walls. The second issue can be addressed using a scale factor for curvature 
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demand, nevertheless an actual Lp value is required, which is not available prior to mod-
eling a new wall.

The model compressive strains are under predicted with similar factors as the tensile 
case for each increment of θave. Similar results are reported by Kolozvari et al. (2018a, b) 
for the same specimen, using different macro models to simulate walls cyclic response. 
Location of the neutral axis, and the strain at the centroid of the wall (εa) are predicted 
within 1% of the experimental values for the two larger rotation demands; nevertheless it 
is over predicted by 39% for θave = 0.4%. Table 1 compares the experimental results with 
simulated data for several integration schemes. On average, the smallest bias is observed 
for the GRa2GLe3 integration scheme, although the results for the other quadrature rules 
fit the description presented previously for the GRa2GLe3 case.

To further explore the capabilities of the GRa2GLe3 integration scheme to model slen-
der walls, specimen WSH4 from the test set by Dazio et al. (2009) is selected. The speci-
men is a rectangular wall with aspect ratio of 2.28, axial load of 0.06Agf′c, and experienced 
flexural compression failure at the wall boundary. The wall cross section is rectangular with 
dimension 6 × 79 in. (150 × 2000 mm). The wall was not specifically designed for ductile 
behavior; thus, had no confining or stabilizing reinforcement at the edges. At the boundary, 
the wall had six longitudinal bars of 1/2 in. (12 mm) in diameter, while the web was rein-
forced with 5/16 in. (8 mm) bars every 5 in. (125 mm), in each direction. Transverse rein-
forcement detailing of the wall comprised bars of 1/4 in. (6 mm) diameter spaced at 6 in. 
(150 mm). Further details of the experiment may be found elsewhere (Dazio et al. 2009).

Figure 7 shows that the model comprises 1 GRa2 element at the bottom and 2 GLe3 ele-
ments upstairs. Figure 8a depicts a reasonable representation of the experimental data, with 
apparent under prediction of maximum strength, but within tolerable limits (e.g. within 
94% of accuracy). The experimental hysteretic loops exhibit larger pinching than the simu-
lations, which is consistent with a contribution of shear to the displacements that cannot 
be modeled by the fiber wall elements. Compared to specimen RW2, specimen WSH4 had 
a shear-span-ratio 24% smaller. The local response is evaluated in terms of the curvature 
distribution along the specimen height. Figure 8b, c compare the simulations against the 
experimental data using the GRa2GLe3 and the GLo3 integration schemes, respectively. 
The linear elastic curvature (i.e., for θave = 0.25%) profiles are over predicted by approxi-
mately 40% at the base for both integration schemes. It is observed that both integration 
schemes do not represent closely the parabolic nature of the curvature distribution for the 
larger rotation demand levels, given the limited number of integration points along the bot-
tom element length. As the lateral demand increases, the discrepancy between the simu-
lations and the experimental data is more evident for the GLo3 integration scheme. For 
example, for drift demand θave = (0.70%, 1.00%, 1.35%), the ratios between the simulated 
curvatures at the base and the experimental data are (1.8, 1.5, 1.2) for the GRa2GLe3 inte-
gration scheme, while they are (2.1, 2.0, 1.6) for the GLo3 scheme. 

Regarding the analytical estimation of the local response in terms of the curvature dis-
tribution over the element height, an accurate estimation of the plastic hinge length does 
not ensure an accurate estimation of the curvature demand. In fact, it has been observed 
that the axial load, reinforcing steel ratio and hardening properties have an important effect 
in the inelastic nonlinear curvature distribution (Dazio et  al. 2009; Massone and Alfaro 
2016). Massone and Alfaro (2016) proposed to reduce the plastic hinge length by a fac-
tor β to take into account the concentration of the curvature towards the most critical zone 
within the plastic hinge length when the inelastic curvature distribution becomes highly 
nonlinear, where β depends on the reinforcing steel ratio at the wall boundary and its hard-
ening properties. No special consideration of this type has been adopted on this analysis to 
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improve the estimation of the local response in terms of curvature, since the main purpose 
of the project relies on an acceptable estimation of the structural response at global level 
(drifts, base shear and collapse mechanism) and this has been satisfactorily achieved by the 
proposed methodology.
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Fig. 7  Fiber-based model of wall specimen WSH4 constructed with the Gra2Gle3 quadrature scheme

Fig. 8  Comparison of model and test data of specimen WSH4: a global force–displacement relationship, 
b curvature distribution over height for various levels of average rotation using the GRa2GLe3 integration 
scheme, c and the GLo3 integration scheme
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The results presented in the previous two sections confirm that the GRa2GLe3 inte-
gration scheme is an efficient option for the formulation of walls coupled to frames 
undergoing seismic shaking. The quadrature scheme has few integration points, includ-
ing one at the base, can model curvature sign changes along the wall height, and per-
formed well in simulating the global response of slender cantilever walls under reversed 
cyclic loading. At the local level, and in absence of material regularization, and/or scal-
ing of simulated curvature to account for actual plastic hinge lengths, the GRa2GLe3 
integration scheme controls better the excessive plastic localization, inherent to FBE 
models. The walls models in the following sections are formulated with this integration 
scheme.

4  Frame–wall systems responses

Nonlinear static analyses were performed on structural systems comprising one frame 
with non-seismic detailing coupled to different wall configurations. The main tasks 
were to determine the influence of the walls in the building strength, the plastic collapse 
mechanism of the bare frame, and the story drift demands at collapse. The structures 
were subjected to an inverted triangular load pattern. Three cases were considered: (1) 
a single frame coupled to one continuous rectangular wall (FCw1 model), (2) a single 
frame coupled to one continuous and one “positively discontinuous” rectangular wall 
(FCw1PDw1 model), and (3) a single frame coupled to one continuous and one “nega-
tively discontinuous” rectangular wall (FCw1NDw1 model). The details of each con-
figurations are provided later.

Nonlinear force-based frame elements with fibers were used to model beams, col-
umns, and walls in OpenSees, details provided in Fig. 9. As stated before, the selected 
integration scheme for wall modeling was GRa2GLe3. Frame elements were modeled 
with “beam-with-hinges” elements in OpenSees, with six integration points (two at each 
hinge on the element end nodes plus two in the middle region). Integration schemes 
were Gauss–Radau at the hinges and Gauss–Legendre for the middle region. For beam 
and columns, the hinge length considered was one half the member cross-sectional 
height. Effects of shear and axial failure were not modeled. The model considers only 

Fig. 9  OpenSees model of frame–wall structures
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horizontal interaction between the wall and frame, implemented through a rigid pin-
ended link attached to the frame at its centerline.

4.1  Frame–wall interaction under static lateral loading (FCw1 model)

Collapse potential was assessed for several 4- and 8-story buildings under various con-
figurations. Global collapse of the frame wall building is defined as the point at which the 
pushover curve degrades 50% of its peak capacity. The maximum roof drift ratio is also 
limited to 0.04 to declare global collapse. Archetype frames details are those presented 
by Galanis and Moehle (2014) and a brief description is presented here. Concrete com-
pressive strength is f′c = 3 ksi (20.7 MPa) and reinforcing steel yielding stress is fy = 60 ksi 
(413.7 MPa). Service gravity loads where 150 psf (7.2 kPa) dead and 60 psf live (2.9 kPa). 
The tributary width considered for determination of distributed loads acting over the 2D 
model is 22 ft (6.7 m). Figure 10 present schematic elevations of the 4- and 8-story arche-
type frames.

Galanis and Moehle (2014) present a complete description of the reinforcement details 
of archetype frames. For the 4-story frame, the columns longitudinal steel ratio varies from 
2.9% at the first story to 1.5% at the top story, with transverse steel ratio between 0.32 
and 0.65%. In beams, the longitudinal steel ratio ranges from 1.0 to 1.4%, with transverse 
steel ratio of 0.14%. For the 8-story frame, the columns longitudinal steel ratio varies from 
2.9% at the first story to 1.2% at the top story, with transverse steel ratio between 0.31 and 
0.81%. In beams, the longitudinal steel ratio ranges from 1.0 to 1.7%, with transverse steel 
ratio between 0.20 and 0.25%. Figure 11 shows the typical cross sections of walls used for 
this analysis. Longitudinal reinforcement of walls comprised concentrated boundary steel 
and distributed minimum reinforcement along the web. For older type structural elements, 

Fig. 10  Schematic elevation of: a 4-story, b 8-story archetype frames (1 in. = 25.4 mm: 1 ft = 0.30 m), after 
Galanis and Moehle (2014)

Fig. 11  Typical cross sec-
tion of wall with length Lw 
(1 in. = 25.4 mm)
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seismic detailing was not considered, therefore, concrete is considered unconfined. Fig-
ure 12 depicts the structural configuration of the FCw1 model studied in this section. Grav-
ity loading is applied over the wall at each story to obtain an axial force demand at the wall 
base of 0.1f′cAg, where Ag is the wall cross-sectional area. Several values of wall length Lw 
were considered to evaluate the influence of the wall length on the onset of collapse.

Figure 13 shows the collapse mechanism of a 4-story FCw1 model with walls of dif-
ferent lengths. For context, Fig. 13a presents the collapse mechanism of the bare frame, 
where a soft story failure at the first story is observed. Figure 13b–d show the influence of 
the wall length on the collapse mechanism, starting with Lw = 50 in. (1.3 m). It is observed 
that a 50 in. (1.3 m) wall suffices to modify the soft story collapse mechanism in the bare 
frame. According to Fig. 14, a linear relation is observed between the wall length and base 
shear strength of the 4-story building for these cases.

Table  2 presents the values of coefficient � (ratio of story drift ratio to roof drift 
ratio) for the analyzed structures, where parameter index is the ratio between the wall 

Fig. 12  Schematic elevation view of an 8-story FCw1 building (1 ft = 0.3 m)

Fig. 13  Influence of wall length 
on the collapse mechanism of 
a 4-story FCw1 building: a no 
wall, b Lw = 50 in., c Lw = 60 in., 
d Lw = 70 in. (1 in. = 25.4 mm). 
Note Frame images are not to 
scale
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area and the total floor tributary area (all stories), and Vwall/V is the ratio between the 
shear taken by the wall over the total base shear at the peak of the pushover curve. For 
the case of the bare frame, Table 2 shows an �-value of 3.3 for the first story, which is 
consistent with the “soft story” failure depicted in Fig. 13a. When a 50 in. (1.3 m) wall 
is added (wall area index of 0.0004), the building base shear strength increases from 
18 to 22% of the building seismic weight. For this case, the wall provides 16% of the 
building shear strength, impacting the deformed shape of the structure and preventing 
the soft-story collapse mechanism. Values of coefficient α presented in Table 2 become 
1.0 for all stories (i.e., the story drift ratio is equal to the roof drift ratio for all stories), 
indicating that the story drift ratio is equal to the roof drift ratio in all stories. This dis-
placement distribution induces a more ductile overall building response. While longer 
walls increase the base shear strength (Fig. 14), no change is observed in the collapse 
mechanism. Note that this observation is based on the assumption that wall shear failure 
does not occur.

Figure 15 shows the collapse mechanism of an 8-story FCw1 model for different wall 
lengths. According to the collapse mechanism shown in Fig.  15a, the demand of lateral 
displacement in the bare frame occurs at the fifth and sixth stories; the mid-height mecha-
nism is associated with a frame weakness at mid-height. This is also evident in the values 
of coefficient � presented in Table 3, where peak values are observed at the fifth and sixth 

Fig. 14  Influence of wall length 
on the base shear strength 
of a 4-story FCw1 building 
(1 in. = 25.4 mm)
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Table 2  Values of coefficient � for a 4-story FCwl building (1 in. = 25.4 mm)

Story Archetype frame + wall

Lw (in.)

0 50 60 70 80 125 225 250 275 300

Vwall/V

0.00 0.16 0.21 0.25 0.29 0.46 0.71 0.74 0.78 0.80

Index = Awall/Afloor

0.0000 0.0004 0.0004 0.0005 0.0006 0.0009 0.0016 0.0018 0.0019 0.0021

1 3.3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
2 0.2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
3 0.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
4 0.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
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stories. When a 50 in. (1.3 m) wall is added (wall area index of 0.0002), the collapse mech-
anism changes to an effective linear shape. Values of coefficient � change as the wall length 
increases up to 90 in. (2.3 m) approximately (wall are index of 0.0003). For longer walls, 
changes in coefficient � are small. As for the four-story frame–wall structure, Fig. 16 shows 
a nearly linear relation between wall length and base shear strength.

Fig. 15  Influence of wall length 
on the collapse mechanism of 
an 8-story FCw1 building: a No 
wall, b Lw = 50 in., c Lw = 90 in., 
d Lw = 300 in. (1 in. = 25.4 mm). 
Note Frame images are not to 
scale

Table 3  Values of coefficient � for an 8-story FCw1 building (1 in. = 25.4 mm)

Story Archetype frame + wall

Lw (in.)

0 50 60 70 90 100 125 175 225 275 300

Vwall/V

0.00 0.06 0.08 0.10 0.14 0.16 0.22 0.33 0.43 0.52 0.55

Index = Awall/Afloor

0.0000 0.0002 0.0002 0.0002 0.0003 0.0004 0.0004 0.0006 0.0008 0.0010 0.0011

1 0.4 0.7 0.8 0.7 0.8 0.8 0.8 0.8 0.8 0.9 0.9
2 0.5 1.2 1.1 1.0 0.9 0.9 0.9 0.9 0.9 0.9 1.0
3 0.6 1.3 1.2 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0
4 0.5 1.3 1.2 1.1 1.1 1.1 1.1 1.0 1.0 1.0 1.0
5 2.7 1.2 1.2 1.1 1.1 1.1 1.1 1.1 1.1 1.0 1.0
6 2.3 1.1 1.0 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.0
7 0.7 0.8 0.9 1.0 1.0 1.1 1.1 1.1 1.1 1.1 1.0
8 0.3 0.6 0.7 0.9 1.0 1.0 1.1 1.1 1.1 1.1 1.0
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4.2  Frame–wall interaction under earthquake ground motions (FCw1 model)

Figure 17a shows a set of ground motion selected based on the Conditional Scenario Spectra 
(CSS) Methodology (Arteta and Abrahamson 2017) for a site of high seismicity in the West 
Coast of the United States. The CSS is a set of ground motions with assigned rate of occur-
rence (Fig. 17b) that represents the hazard at a site over a period of 100,000 years. Under the 
assumption that structural responses have the same rate of occurrence as the uniform excita-
tion that generates them, a hazard consistent set of ground motions allows estimating the risk 
of engineering demand parameters (EDP) of interest. Selection procedure for the CSS is based 
on targeting several conditional mean spectra (Baker 2011) with corresponding variability at 
increasing return periods. These conditional mean spectra are anchored at a given period to 
uniform hazard spectra that are estimated from the hazard curves at a site, which are typically 
estimated by means of a probabilistic seismic hazard analysis. This ensures that the selected 
ground motions have the proper spectral shape at all intensities of selection, thus allowing 
recovery of the hazard according to Eq. 1:

(1)𝜈

(

Sa(T) > z
)

=

#recordings
∑

i=1

RateCS,iH
(

Sa,i(T) − z
)

Fig. 16  Influence of wall length 
on the base shear strength 
of an 8-story FCw1 building 
(1 in. = 25.4 mm)

0

0.1

0.2

0.3

0.4

0.5

0 100 200 300

V
/W

Lw (in.)

10
-2

10
0

10
-2

10
-1

10
0

10
1

0 200 400
10

-10

10
-8

10
-6

10
-4

10
-2

Period, [s] Spectrum index

Sp
ec

tr
al

 a
cc

el
er

at
io

n,
 [g

]

R
at

e 
of

 o
cc

ur
re

nc
e

(a) (b)

0.00001

0.0001

0.001

0.01

0.01 0.1 1

A
nn

ua
l r

at
e 

of
 b

ei
ng

 e
xc

ee
de

d

Spectral acceleration, [g]

T=1.7sT=2.5s T=0.55s

=2.5x10-4

=1x10-3

Target  (Y.B. site)
Recovered from CSS

(c)

υ

υ
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where Sa,i(T) is the spectral acceleration of the ith recording, z is a test level, H is the 
Heavyside function (for example, H(x) = 1 for x > 0 and H(x) = 0 for x ≤ 0); and RateCS,i 
is the assigned rate of occurrence to each ground motion. Figure 17c compares the hazard 
recovered from the CSS with target hazard curves (estimated in a probabilistic seismic haz-
ard analysis) of a site in a high seismicity site. The target and recovered hazard curves are 
shown for hazard levels from  10−2 to  10−5 at three different periods.

The risk of response parameters of interest, such as story drift ratio or roof drift ratio, can 
be readily estimated using Eq. 2, which has the same functional form as Eq. 1:

where 𝜈EDP(EDP > d) is the annual frequency with which demand level d is exceeded and, 
as before, H(EDP − d) is either 1 or 0, per the Heaviside function H, depending on whether 
or not the EDP from time series i exceeds level d. The seismic behavior of frame–wall sys-
tems was assessed using the CSS methodology. To illustrate the type of data available after 
analyzing structural systems with the CSS methodology, Fig. 18 shows the response of two 
8-story reinforced concrete buildings, one whose lateral-load-resisting system comprises 
a bare nonductile frame, and the other having in addition a competent flexural wall (for 
example, those in Fig. 15a, 12c, respectively). Figure 18a shows maximum roof drift ratio 
versus rate of occurrence relationships, which is representative of the type of data available 
from dynamic analyses under the CSS set. Reduction of the data in Fig. 18a through Eq. 2 
allows estimating the annual rate of exceedance of any EDP of interest. Figure 18b shows 
risk curves for the maximum roof drift ratio of the structures. A noteworthy feature of the 
graph is that it offers an objective platform to compare system performances at different 
levels of return periods. In the example shown, the wall-frame system shows an apparent 
(measurable) improved behavior with respect to the bare frame system at any return period 
over 75 years.

Thanks to the broad range of intensities covered, the CSS ground motions provide an 
adequate set to study building behavior in the elastic and inelastic ranges of response. The 
same data presented above can also be analyzed to estimate dynamic �-values at vari-
ous levels of seismic demand. Figure  19 shows the transition of �-values from those of 
an archetype bare-frame 4-story building to those of frame–wall structures with walls 

(2)𝜆(edp) ≡ 𝜈(EDP > d) =

#recordings
∑

i=1

RateCS,iH(EDP − d)

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

55.0

R
at

e 
of

 o
cu

rr
an

ce

Maximum RDR [%]

Frame w/ wall

Bare Frame

(a) (b)

0.00001

0.0001

0.001

0.01

0.1

0.1 1 10

A
nn

ua
l f

re
qu

en
cy

 o
f 

ex
ce

ed
an

ce

Maximum RDR [%]

Wall-Frame System

Bare Frame
TR=75 yrs

TR=500 yrs

TR=2,500 yrs
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a maximum roof drift ratio versus rate of occurrence; b risk curves of maximum roof drift ratio for two 
8-story buildings
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Fig. 19  Dynamic �-values, 4-story building: a bare frame archetype; b frame coupled to a wall with Lw = 50 
in. (1.3 m); c frame coupled to a wall with Lw = 80 in. (2.0 m)
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8-story building: a Archetype I structure; b Archetype II structure
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of increasing length. It is observed that as the walls grow in length, the mean � distribu-
tions tend to one, which is consistent with the observations in the static domain of analy-
sis, although, because of higher mode effects, the dynamic analysis requires slightly larger 
walls to completely modify the response of the frame. Figure 20 shows the transition of �
-values from those of archetype bare-frames 8-story buildings to those of frame–wall struc-
tures with walls of increasing length. The Archetype I structure in Fig. 20a is identical to 
than in Fig. 15. Figure 2a, where concentration of demand is apparent for the bare-frame 
at the 5th and 6th stories, while the Archetype II structure (Fig. 20b) is a variation of the 
latter, with stronger beams that effectively modify the location of drift demand concen-
tration to lower stories. Figure 20a shows the �-values transition from a distribution with 
large concentrations in the bare frame due to a weak story upstairs to a more uniform dis-
tribution, with �-values close to one and smaller, for a frame–wall system with a wall of 
length Lw = 100 in. (2.5 m). The transition in Fig. 20b confirms that this wall length suffices 
to modify the collapse mechanism of the 8-story building with another structural-element 
configuration. Again, this is consistent with �-values in Table 3.

The set of analyses performed in this study of 4- and 8-story buildings suggests that 
the presence of a continuous wall of limited length, as short as 50 in. (1.3 m) (wall area 
index of 0.0004 in the 4-story and 0.0002 in the 8-story building), is enough to completely 
change the collapse mechanism of a nonductile bare frame, preventing lateral failures con-
centrated in a single or a few stories. For these cases, the collapse mechanism is driven by 
the wall, and it is possible to estimate the values of coefficient α from Tables 2 and 3.

4.3  Nonlinear static analysis of a frame coupled to discontinuous walls (FCw1PDw1 
and FCw1NDw1 models)

This section explores the behavior of frames with discontinuous walls. The analyses are 
limited to the nonlinear static cases. Figure 21 shows the FCw1PDw1 model, which com-
prises a frame coupled to two rectangular walls: one continuous and one “positively dis-
continuous.” The term “positively discontinuous” refers to a wall that is continuous from 
the base to some intermediate level below the roof level. Variable Dn defines the number 
of stories above the discontinuous wall. Therefore, the case of two continuous walls cor-
responds to Dn = 0. Different cases are studied to evaluate the sensitivity of the collapse 
parameters under several structural configurations. Both walls have an axial force demand 
due to gravity load of 0.1f′cAg at the base.

Fig. 21  Schematic view of an 8-story FCw1PDw1 building (1 ft = 0.3 m)
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Figure 22 depicts the plastic collapse mechanism for one of the analyzed 4-story con-
figurations, with wall length Lw = 150 in. (3.8  m) and the discontinuous wall ending at 
various levels. The collapse mechanism extends over the full height for all cases except it 
extends only above the discontinuous wall for the case where the discontinuous wall ends 
at the first level above the base (Fig. 22d). This behavior was observed in all analyzed cases 
except where the wall length was decreased below about 90 in. (2.3 m) (see Fig. 21d and 
Table 4). A reduction in the base shear capacity is reported in those cases where the plastic 
collapse occurs only in the upper three stories (Fig. 23).

Fig. 22  Influence of the wall 
discontinuity Dn on the col-
lapse mechanism of a 4-story 
FCw1PDw1 building Lw = 150 
in. (3.8 m): a Dn = 0, b Dn = 1, 
c Dn = 2, d Dn = 3. Note Frame 
images are not to scale

Table 4  Values of coefficient 
� for a 4-story FCw1PDw1 
building, Dn = 3 (1 in. = 25.4 mm)

Story Archetype frame + continuous wall + discontinuous wall

Wall length Lw (in.) Dn = 3

50 60 70 80 90 100 150 200

1 1.0 0.9 0.8 0.8 0.5 0.4 0.3 0.3
2 1.0 1.0 1.1 1.1 1.2 1.2 1.2 1.2
3 1.0 1.0 1.1 1.1 1.2 1.2 1.3 1.3
4 1.0 1.0 1.1 1.1 1.2 1.3 1.3 1.3

Fig. 23  Influence of wall length 
and wall discontinuity Dn on 
the base shear strength of a 
4-story FCw1PDw1 building 
(1 in. = 25.4 mm)
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Fig. 24  Influence of the wall 
discontinuity Dn on the col-
lapse mechanism of an 8-story 
FCw1PDw1 building with 
Lw = 70 in.: a Dn = 0, b Dn = 4, 
c Dn = 6, d Dn = 7. Note Frame 
images are not to scale

Table 5  Values of coefficient � for an 8-story FCw1PDw1 building, Dn = 6 and 7 (1 in. = 25.4 mm)

Story Archetype frame + continuous wall + discontinuous wall

Wall length Lw (in.) Dn = 6

70 80 90 100

1 0.0 0.1 0.1 0.1
2 0.1 0.1 0.2 0.1
3 1.1 1.1 1.1 1.1
4 1.4 1.4 1.3 1.4
5 1.4 1.4 1.4 1.4
6 1.4 1.4 1.4 1.4
7 1.4 1.4 1.4 1.4
8 1.3 1.4 1.4 1.4

Story Archetype frame + continuous wall + discontinuous wall

Wall length Lw (in.) Dn = 7

70 80 90 100

1 0.0 0.2 0.0 0.0
2 0.6 0.8 0.7 0.8
3 1.3 1.1 1.2 1.2
4 1.3 1.2 1.2 1.2
5 1.3 1.3 1.2 1.2
6 1.3 1.3 1.2 1.2
7 1.2 1.2 1.2 1.2
8 1.2 1.2 1.2 1.2
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For the case of 8-story buildings, change in the plastic collapse mechanism was 
observed only in cases with wall length Lw larger or equal to 70 in. (1.8 m) and discontinu-
ous wall ending at the first or second level. Figure 24 presents one of the analyzed cases, 
where partial collapse is evident in Fig. 24c, d. Table 5 reports values of coefficient � for 
cases where partial collapse mechanism is obtained within the analyzed cases [walls up to 
100 in. (2.5 m) long]. In other cases, values of coefficient � are equal to 1.0 and the plastic 
collapse mechanism extends full-height. Figure 25 reports the reduction in the base shear 
strength caused by the change in the collapse mechanism for discontinuous wall ending at 
the first or second level.

Figure 26 shows the FCw1NDw1 model, which comprises a frame coupled to two rec-
tangular walls: one continuous and one “negatively discontinuous.” A “negatively discon-
tinuous” wall is defined as a wall that is discontinuous in the first story, where it is sup-
ported by non-ductile columns [18 in. × 18 in. (457 mm × 457 mm) with 1% longitudinal 
steel ratio]. The discontinuous wall is represented with a fiber model for the continuous 
part of the wall connected to two other fiber models representing the columns underneath.

The continuous wall has an axial force demand due to gravity load of 0.1f′cAg at the base. 
For the discontinuous wall, a constant gravity force is applied at each story to obtain an 
axial force demand at each of the supporting columns of 0.15f′cAg (lightly axially loaded), 
where Ag is the column gross area. Analyzed cases included 4-story and 8-story buildings 
with wall lengths between 50 and 200 in (1.3–5.1 m). For all cases the complete collapse 
mechanism was obtained, with all values of coefficient � equal to 1. Figure 27 shows the 

Fig. 25  Influence of wall length 
and wall discontinuity Dn on 
the base shear strength of an 
8-story FCw1PDw1 building 
(1 in. = 25.4 mm)

Fig. 26  Schematic elevation view of an 8-story FCw1NDw1 building (1 ft = 0.3 m)
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structural response of a 4-story FCw1NDw1 building with wall length Lw = 50 in. (1.3 m). 
Figure  27a depicts the calculated normalized base shear strength of 0.15 occurring at a 
roof drift ratio around 0.02. The purpose of the study is to assess the improvement in seis-
mic performance of frame walls systems compared to bare frames, and therefore the cor-
responding pushover curve of the bare frame is also presented, for comparison. For this 
case, the base shear strength of 0.10 occurs at a roof drift ratio of 0.08 and strength loss 
is observed for roof drift ratios larger than 0.022. It is clear the enhanced seismic per-
formance of the frame wall system provided by the walls. The base shear normalized by 
the seismic weight strength increases up to 0.27 when two 200 in. (5.1 m) walls are used. 
Figure 27b presents the complete plastic collapse mechanism obtained from this analysis. 
As shown in Fig. 27c, the strength loss is triggered by failure of the right column below 
the discontinuous wall (in compression due to lateral loading). The column failure occurs 
due to interaction between moment and axial load at an axial load well below a nominal 
squashing load of Agf′c.

Figure 28 shows the structural response of an 8-story FCw1NDw1 building with two 
50 in. (1.3 m) walls. For this case, the normalized base shear strength is equal to 0.1 
(Fig. 28a). This value increases up to 0.14 when two 200 in. (5.1 m) walls are used. For 
comparison purpose, Fig. 28a also shows the pushover curve of the corresponding bare 
frame, where the base shear strength is 0.07 and strength loss is observed for roof drift 
ratios larger than 0.02. Figure 28b presents the complete plastic collapse mechanism. As 
before, the lateral strength loss is triggered by compressive failure of a column below 
the discontinuous wall at axial load well below Agf′c.

The question that arises from the results of pushover analyses of these structural con-
figurations is the possibility of enhancing the structural performance, in terms of the 
base shear strength and its corresponding roof drift ratio, by providing more ductility to 

Fig. 27  Structural response of a 4-story FCw1NDw1 with walls length Lw = 50 in. (1.3 m), a normalized 
base shear versus roof drift ratio, b plastic collapse mechanism, c internal forces versus roof drift ratio al 
right column below discontinuous wall (1 kips = 4.4 kN, 1 kip-in. = 0.1 kN-m). Note Frame images are not 
to scale



Bulletin of Earthquake Engineering 

1 3

Fig. 28  Structural response of an 8-story FCw1NDw1 with walls length Lw = 50 in. (1.3 m), a normalized 
base shear versus roof drift ratio, b plastic collapse mechanism, c internal forces versus roof drift ratio al 
right column below discontinuous wall (1 kips = 4.4 kN, 1 kip-in. = 0.1 kN-m). Note Frame images are not 
to scale

Fig. 29  Structural response of an 8-story FCw1NDw1 with wrapped (ductile) columns below discontinuous 
wall, a normalized base shear versus roof drift ratio, b plastic collapse mechanism, c internal forces ver-
sus roof drift ratio al right column below discontinuous wall (1 kips = 4.4 kN, 1 kip-in. = 0.1 kN-m). Note 
Frame images are not to scale
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the columns that support the discontinuous wall. To explore this possibility, an elastic 
perfectly plastic concrete material model was used to quantify the effect of a ductile 
behavior of these columns in the global structural response of the 8-story FCw1NDw1 
buildings. Figure 29 presents the main results of one of these analyzes. The base shear 
strength has a very limited increment with respect to the value obtained for the non-
ductile columns. However, the corresponding roof drift ratio increases up to a value 
larger than 0.03 (Fig. 29a). For this case, collapse is not triggered by failure in the dis-
continuous wall supporting columns (Fig. 29a). Rather, it is caused by plastic hinging in 
the frame beams and columns at the base, plus hinges at the base of the continuous wall 
and in the supporting columns of the discontinuous wall. Values of coefficient � at col-
lapse are still equal to 1. Similar responses were obtained for the other analyzed 8-story 
FCw1NDw1 buildings with wall lengths up to 200 in. (5.1 m).

5  Conclusion and closing remarks

The majority of existing reinforced concrete buildings were constructed before the introduc-
tion of modern design requirements for earthquake resistance. Such buildings have an elevated 
collapse risk compared with buildings designed by modern codes. The ATC-78 project aims 
to develop a methodology to quantify the collapse risk of these older buildings through an 
approximate procedure that does not require the responsible engineer to conduct a full nonlin-
ear analysis. The development of this methodology requires the determination of three param-
eters to represent the structural response: the controlling plastic collapse mechanism, the base 
shear strength, and the ratio between the maximum story drift ratio and the maximum roof 
drift ratio, denoted as parameter � , at collapse level. These parameters have been estimated in 
this paper from a large number of nonlinear static (pushover) and dynamic analyses conducted 
on several 4- and 8-story frame–wall planar archetype structures.

A numerical experiment was conducted on an isolated cantilever wall to evaluate the non-
linear modeling parameters required to efficiently and adequately model the flexural response 
of a wall coupled to a frame and undergoing seismic shaking. The adequacy of these results 
was confirmed by comparing measured responses with those calculated using a numerical 
model constructed with a hybrid integration scheme comprising Gauss Radau quadrature with 
two integration points in the first story and Gauss–Legendre with three integration points in 
upper stories (GRa2GLe3 scheme). The GRa2GLe3 scheme is an efficient option for wall 
modeling in frame–wall structures because it has an integration point at the wall base, where 
the critical section will most likely develop, is able to model curvature sign change along the 
wall height, and provides an accurate estimation of the global response of a slender cantilever 
wall under cyclic loading. Effects of nonlinear shear or axial response were not modeled.

Results of nonlinear static and dynamic analyses of a frame with a continuous wall indicate 
that walls of modest length may positively modify the collapse mechanism of bare frames 
by converting the mechanism from a story mechanism to a full-height mechanism. Nonlinear 
static analyses of structures composed of a frame plus two walls, one of them discontinuous 
in upper stories, showed that partial collapse mechanisms might occur in upper stories if the 
discontinuous wall is terminated at a low elevation in the building. Nonlinear static analyses 
were also conducted of a frame with walls where some walls were discontinuous in the first 
story and supported on columns in that story. For this case, failure of the first-story columns 
could occur at low lateral drift ratios due to moment–axial force interaction at axial loads well 
below the nominal squashing axial load. For axial forces well below the estimated values of 
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coefficient � are always equal to 1. Retrofitting the columns to have large ductility capacity 
increased the building base shear strength and roof drift ratio capacity.
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