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ABSTRACT
This paper proposes a novel approach for the efficient simulation of the nonlinear performance of
buildings with infilled RC frames under seismic loads. The proposed modeling framework can be
particularly helpful for actual buildings with multiple stories and bays, for which the current
methods can be cumbersome to implement, or inaccurate. This framework uses a novel approach
to estimate the backbone curve for every bay and then combines these to obtain the force-vs.-drift
ratio for every floor. This curve is used to calibrate a set of two diagonal struts along each line of
resistance. The results from the shake-table tests of a two-bay, three-story frame tested at
University at California, San Diego are used to validate the newly developed framework. The
comparison indicates that the proposed approach can capture the important features of the
nonlinear structural behavior with minimal computational effort.
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resistance. The results from the shake-table tests of a two-bay, three-story frame tested at University
at California, San Diego are used to validate the newly developed framework. The comparison
indicates that the proposed approach can capture the important features of the nonlinear structural
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Introduction
Reinforced concrete (RC) frame buildings with masonry infill walls are common in seismically
active regions around the world. The walls in such buildings are generally treated as non-structural
components and are not considered in design or analysis, despite their strong interaction with the
bounding RC frames under lateral loads. Nevertheless, their presence can alter the load transfer
mechanism and cause the brittle failure of the infilled frames. Past earthquakes have demonstrated
that infills can increase the strength and stiffness of the structure; however, that can develop
significant damage even when subjected to moderate ground shaking, causing casualties and high
economic losses [1-3]. Predicting their seismic performance is a necessity, as well as a challenging
task for practicing engineers. However, there is a lack of a reliable approach for the structural
assessment of the infilled RC frames. The uncertainties associated with the frame-infill interaction,
the different failure modes exhibited and the highly nonlinear behavior of masonry add to the
challenge of predicting their seismic performance.
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The modeling approaches used to simulate the lateral behavior of infilled frames can be
classified into two major categories: detailed micro-models and simplified macro-models. The first
approach is based on the nonlinear finite element (FE) analysis, which can accurately predict the
nonlinear behavior and the failure mechanisms of the infilled frames at the local level [4, 5].
However, the calibration of the material parameters of these models requires extensive
experimental validation, which is not commonly available in the case of existing buildings. In
addition, such detailed analyses involve intensive computational effort, which limits their
application to static monotonic analysis of small structures. The simplified macro-models usually
utilize the equivalent diagonal struts to represent the global response of masonry-infilled RC
frames. The appropriate modeling configuration, the properties and the constitutive law of the
equivalent struts have been investigated in past studies. Most of those studies [6-8 among others]
consider a single strut along each diagonal and adopt empirical equations to estimate the effective
strut width. Some researchers [9, 10] tried to refine the strut modeling approach by introducing
multiple struts. However, in most cases, the models are based on case-specific data and their
accuracy in predicting the lateral behavior of infilled frames tends to vary significantly. Moreover,
these models are not capable of capturing some of the failure mechanisms of infilled frames, such
as the horizontal sliding failure through bed joints of masonry infill and more importantly the shear
failure in columns. However, the limited computational effort required for the implementation of
the strut models makes them the best practical alternative, particularly for assessment of real
structures.
This paper extends the strut modeling approach proposed by Bose at al. [11], to simulate
the seismic performance of real structures with complex plans, where developing strut models
considering all the elements is rather time consuming. Martin and Stavridis [12, 13] developed
analytical equations to estimate the quadrilinear backbone curve of the response of single-story
single-bay infilled frames to in-plane lateral loads based on the anticipated failure mechanism. The
lateral force-vs.-drift ratio behavior for each floor of the entire structure is estimated as the
summation of the backbone curves of all the single bays in that story. In the case of actual
buildings, a four-sided rectangular model with columns at the corners of the building is developed,
while for a two-dimensional test specimen a single-bay model is sufficient. The bays are equipped
with a pair of diagonal struts, which are calibrated so that when combined with the columns, they
can represent the lateral resistance of the actual building while maintaining the location of the
center of rigidity. The first step towards the validation of the proposed methodology is the
application on a large-scale, two-dimensional, two-bay, three-story frame tested on the shake table
at the University of California, San Diego [14]. The methodology is validated with the comparison
with the test results, as well as a recently proposed more detailed modeling methodology [11].
Proposed Modeling Approach
Step 1: Development of Backbone Curves for Single-Story, Single-Bay Frames
The performance of each bay of the building is estimated in terms of nonlinear backbone curves.
These can be obtained through actual testing or detailed finite element analysis that provide
accurate results. However, they involve significant more resources, which hinders their application
in the analysis of large structures. In this study, the simplified backbone curves derived using
analytical equations are used as a practical alternative as the framework proposed by Martin and

Stavridis [12, 13] to predict the nonlinear response of single-story single-bay infilled frames is
adopted. According to that methodology, the failure mechanism of each bay is predicted first that
allows the estimation of the lateral force-vs.-displacement backbone relation. The methodology is
derived for solid infill panels and adjustments are proposed in the case of openings [15].
Step 2: Estimation of Backbone Curves of the Entire Structure
Once the lateral force-vs.-displacement response of all bays of the building is estimated according
to Step 1, the backbone curve of the entire structure is calculated. All the bays at a particular story
of the building oriented along each direction are considered. The lateral force-vs.-displacement
behavior of that particular story is obtained as summation of the backbone curves of the
corresponding bays. This step is repeated for all the stories. For simplicity, the backbone curves
may also be considered same along the stories if the layouts are sufficiently similar and there are
no irregularities along the height.
Step 3: Calibration of the Struts in the Simplified Model
The lateral force-vs.-displacement curves for the infilled frame is employed to calibrate a pair of
diagonal struts. To achieve this, a single bay frame is created with two columns and one beam per
side of the structure, as shown in Fig 1a. For a planar frame as the one shown in Fig. 2a, two
columns and a pair of struts are sufficient. In either case, the story height is considered equal to
that of the structure, while the bay width is assumed equal to the total width of the structure in each
direction. The dimensions of the RC members are adjusted to ensure the average stress in the
columns due to gravity load is maintained. The goal of the calibration for these struts is when
added to the model with a two columns and beam per side, the lateral resistance of the model
matches the load-vs.-displacement curve of Step 2. This is illustrated in Fig 1b: the bare singlebay frame is modeled initially. Once the RC frame model is developed, diagonal truss elements
are added to provide the shaded portion of the lateral response Fig. 1b so that the backbone curve
is reached.
Step 4: Development of the Model for the Entire Structure
Once the diagonal struts for all the stories are calibrated, the simplified model of the entire structure
can be assembled. This approach can be used to develop a three dimensional model of an actual
structure. If the center of rigidity has been maintained, the simplified model can capture the
torsional response in case of irregularities along the plan of the building.
This model does not directly account for some of the failure patterns of infilled frames
including shear failure in columns and horizontal bed joint sliding failure. However, the struts are
calibrated using the backbone curves derived for every bay, which can account for the anticipated
failure mechanisms, including the brittle shear failure. Moreover, the proposed approach cannot
capture the behavior of the individual components of the building during an earthquake; however,
it can successfully predict the overall seismic performance.

(a) diagonal strut modeling
Figure 1.

(b) calibration of struts
Development of the box model

Validation of the Proposed Framework
Test Structure
The proposed strut modeling approach is implemented here to simulate the response of three-story
two-bay masonry-infilled RC frame building tested on the shake table at the University of
California, San Diego (UCSD). The test structure, shown in Fig. 2a, represented the construction
practice carried out in California in the 1920s. It included an infilled non-ductile RC frame
designed with the allowable stress method considering only gravity loads [15]. The RC frame had
two bays on each floor; one bay was infilled with solid unreinforced masonry wall and the other
included masonry walls with an eccentric opening. Details of the test specimen is presented in
Fig. 3. The test structure was subjected to a sequence of 44 dynamic tests, including recordings of
ambient vibration, white noise excitation and 14 scaled earthquake ground motions of increasing
intensity obtained by scaling the acceleration time histories recorded at the Gilroy 3 station during
the 1989 Loma-Prieta earthquake, and in El Centro during the 1940 Imperial Valley earthquake.
The specimen was tested until its stability was severely compromised because of the induced
damage. More information on the test structure and its performance can be found in Stavridis et
al. [14].
Calibration of the Numerical Model
Following the proposed methodology, the infill is classified as strong and the frame is classified
as non-ductile [12, 13] and the force-vs.-displacement curves for the solid panels are estimated.
Then, the curves are modified to account for the openings on the East bays of the test structure
following the adjustments outlined in Stavridis [15]. The simplified backbone curves for each
infilled bay of the test specimen can be seen in Fig. 4a. Combining the two curves for the bays of
each story one can obtain for the force-vs.-displacement relationship for each story. This curve for
the first-story corresponds to the base shear-vs.-first story drift ratio curve for the structure, which
is compared with the test results in Fig. 5a. The backbone curve can accurately capture the initial
stiffness and the peak strength of the test specimen, however, it under-estimates the ability of the

structure to maintain its lateral strength once the peak is reached. The relatively small deviation
observed around the peak load is on the conservative side and can be expected considering the
simplicity of the method.

(a) test specimen
(b) simplified model
Figure 2. Test specimen used for validation of the proposed framework.

Figure 3.

Details of the test specimen

Single-story single-bay models for each bay of the equivalent frame model are developed
in OpenSEES [16] adopting displacement-based inelastic beam-column elements [17] for the RC
members and diagonal truss elements for the struts representing the infill. The Menegotto-Pinto
[18] material model is used for the steel reinforcement, while the Kent-Scott-Park material model
[19] introduced as ‘concrete02’ in the OpenSEES material library is used for the concrete and

masonry elements. More details on the selection of the material models can be found in Bose et al.
[11].

(a) Estimated force-vs.-displacement
(b) Calibrated response of 1st story
Figure 4. Lateral force-vs.-drift curves for infilled bays of the three-story specimen
The backbone curve for each story is obtained by combining the two curves of the solid
panel and the panel with opening. The strut properties including the tensile strength, strut width,
strain at peak strength and at the onset of residual strength are adjusted so that the calibrated lateral
force-vs.-drift response of the infilled frames match the backbone curves for each story. The
calibrated concrete and strut properties are presented in Table 1. The material properties for the
RC models are the same for the entire structure, but different masonry properties are used for each
story to reflect the difference in the backbone curves due to the different gravity loads. Figure 4b
presents the calibrated response of the infilled bay in the first story and compared with the response
of a more detailed two-bay model following the methodology proposed by Bose et al. [11]. The
single-bay model is observed to be less stiff than the simplified curve and the two-bay model, but
overall, it provides a reasonably good estimate of the backbone curve. Once the diagonal struts are
calibrated, the numerical model of the entire frame of the shake-table specimen consisting of 12
elements is assembled (Fig. 2b). A more detailed model of the specimen is also developed in
OpenSEES with 27 elements considering all the bays following the modeling approach proposed
in Bose et al. [11]. Damping of the structure is modeled using the Rayleigh formulation for
mathematical convenience considering 3% damping in the first two modes.
Comparison with Test Results and Detailed Strut Model
The numerical models are subjected to the six ground motions (gilroy67a, gilroy67b, gilroy83,
gilroy91, gilroy100 and gilroy120) recorded at the base of the specimen with intensities equal to,
or higher than, the design level earthquake at San Diego. The peak first-story drift, base shear and
periods obtained from the numerical model (1-bay) at the end of each ground motions are
compared with the measured response and the detailed model (2-bay) response in Table 2. The
base shear-vs.-first story drift ratio response and the first-story drift ratio time histories of the
numerical models are compared with the experimental response in Figs. 5 and 6. The comparison
indicates that the simplified single-bay numerical model predicts the period after each motion and

the peak inter-story drift with considerable accuracy, particularly for the ground motions up to
gil91. The model can also successfully capture the non-symmetrical displacements sustained by
the structure during the tests. The peak floor displacement and acceleration profiles of the
numerical models for the gil100 motion that represents the maximum considered earthquake for a
class D site in San Diego [14] are compared with the experimental results in Fig. 7. The models
successfully simulate the soft-story mechanism as the inter-story drift ratios for the upper stories
are observed to be very small and remains same even with accumulation of damage. Both
numerical models under-estimate the lateral strength of the structure, which can be attributed to
the simplified backbone curves employed to calibrate the struts. However, the peak base shear
reached during each ground motion from the single-bay model matches well with those from the
two-bay model, which has slightly higher strength due to the additional column between the two
bays. In summary, the simplified one-bay numerical model can capture the main features of the
response accurately, which is encouraging considering the simplicity of the modeling approach.
Moreover, the single-bay model is computationally more efficient than the two-bay model without
sacrificing the accuracy in predicting the in-plane response.
Table 1.
Materials

Calibrated concrete and strut properties of the model elements.

Peak
Residual Tensile Strain at Strain at Strut
Compressive Strength Strength peak residual width
Strength
strength strength
MPa (ksi) MPa (ksi) MPa (ksi)
mm (in)

Masonry

Concrete 38.0 (5.5)

6.3 (0.9) 3.8 (0.55) 0.0032

Tension
Softening
Stiffness
MPa (ksi)

Lamda
*

758.4 (110.0)

0.1

0.003 101.6 (4.0) 2206.3 (320.0)

0.1

0.006

Story-1
Story-2

127.0 (5.0)

22.1 (3.2)

3.7 (0.5) 11.1 (1.6) 0.0006

Story-3
78.7 (3.1)
*ratio between unloading slope and initial slope at strain at residual strength
Table 2.

Comparison of periods, peak first story drift and base shear

Period (s)

Peak IS Drift (%)

EQ
ID

Test

2-Bay

1-Bay

Test

Initial

0.055

0.060

0.065

-

-

Gil67a

0.060

0.078

0.082

0.10

0.10

Gil67b

0.063

0.079

0.084

0.17

Gil83

0.068

0.081

0.085

Gil91

0.074

0.087

Gil100

0.120

Gil120

0.190

2-Bay 1-Bay

Peak Shear (kN/kips)
Test

2-Bay

1-Bay

-

-

-

0.11

907/204

760/171

743/167

0.16

0.17

1134/255

823/185

792/178

0.28

0.26

0.27

1143/257

841/189

805/181

0.092

0.39

0.38

0.40

1134/255

943/212

907/204

0.144

0.148

0.55

0.45

0.47

1081/243

912/205

881/198

0.214

0.220

1.06

0.90

0.93

1081/243

890/200

850/191

Figure 5.

Hysteretic response for the simplified and detailed models and shake table
specimen

(b) gil67a

Figure 6.

(c) gil91

(d) gil100
(e) gil120
First story drift history for the simplified and detailed models and shake table specimen

(a) peak floor displacements

(b) peak floor accelerations

Figure 7. Profiles of peak floor displacements (Δi) and accelerations (Ai) for gil100 ground
motion (hfr is the height of the frame, and PGA is the peak ground acceleration).
Conclusions
This paper discusses a computationally efficient modeling approach, which can be used to predict
the lateral in-plane response of RC frames with masonry infills. The simplified model adopts
diagonal struts, which are used to account the response of the frame and masonry components not
explicitly included in the model. The contribution of these elements is estimated in the first step
of the proposed framework in which the backbone curves for every single-story, single-bay subassemblies of the building are estimated. The lateral force-vs.-drift behavior of the entire structure
along the two orthogonal directions is then estimated as the summation of the backbone curves of
the sub assemblages
The newly developed framework is implemented on a 2/3-scale two-bay three-story frame
tested on a shake table. By direct comparison, it is observed that the simplified procedure is quite
efficient in predicting the basic features of the nonlinear behavior of infilled frames subjected to
in-plane lateral loads. The simple model is successful in capturing the asymmetrical displacements
sustained by the three-story structure during the shake-table tests. The results from the simplified
model of the specimen are compared with the results of a more detailed model, which models all
RC members and infill panels the elements. The box model is computationally more efficient than
the detailed model without a significant sacrifice of accuracy. Given the encouraging results, the
next step is to use the proposed model to simulate the response of an actual building.
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