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A B S T R A C T   

This paper presents a new modeling approach for masonry-infilled, reinforced concrete (RC) frames, based on the 
nonlinear truss analogy. The unreinforced masonry infill walls are modeled with truss cells containing hori
zontal, vertical and inclined elements. Zero-length macroelements are also used to account for the localized 
damage on mortar joints. The frame members are modeled with a recently proposed scheme that can account for 
inelastic response and can capture the effect of shear damage and failure of RC columns. The modeling approach 
is validated through analysis of experimentally tested masonry-infilled frames, and its capability in capturing the 
strength and damage patterns is evaluated. A sensitivity study is also provided, to elucidate the impact of several 
model parameters on the obtained analytical results.   

1. Introduction 

Masonry-infilled reinforced concrete frames are a common type of 
construction in the United States, Eastern Europe, Asia and Latin 
America. The interaction between the frame and the infill walls typically 
increases the lateral resistance of the system. This increase of resistance 
can be beneficial for old construction, which is usually not designed for 
the level of seismic intensity of modern standards. However, the inter
action of the frame with the infill walls may also lead to undesired 
patterns such as soft-story modes and brittle shear failures in the frame 
columns. Experimental research (e.g., [36,51,27] has provided valuable 
data for the performance of infilled RC frames and for the effectiveness 
of retrofit techniques. However, it is not possible to conduct large-scale 
tests for a sufficiently wide range of structural configurations and 
loading scenarios. This means that analytical simulation methods are 
necessary for the systematic, computational performance assessment of 
infilled RC frames. 

The simplest type of modeling approach for masonry-infilled frames 
is based on the representation of the infill walls with equivalent struts. 
This approach, originally proposed by Polyakov [43], has been the focus 
of a significant amount of work [21,48,31,22,55,20,52,28,7,9] . 
Klingner and Bertero [22] used strut-based models for infilled frame 
specimens that were experimentally tested. Al-Chaar [1] conducted 
nonlinear static analysis with equivalent strut models to investigate the 

behavior of RC frames with brick infills. He proposed guidelines to 
determine the expected location of plastic hinges in the frame members, 
the lengths of the rigid-end zones associated with contact between the 
frame and infill wall, the effect of openings and partial infills, and the 
combined effect of in- and out-of-plane loads. Di Trapani et al. [14] 
proposed a macroelement based on the equivalent strut concept to 
describe the behavior of infilled frames under combined in-plane and 
out-of-plane seismic loads. The macroelement consisted of diagonal, 
vertical and horizontal elements with a fiber section. Hak et al. [18] used 
equivalent strut models for the prediction of inter-story drifts in infilled 
frames. Huang et al. [19] used the results of 113 infilled frame experi
ments in the literature to calibrate a backbone curve for equivalent strut 
models. 

The equivalent strut method provides a simple procedure to account 
for the effect of masonry infills. Several codes and evaluation guidelines, 
such as the MSJC code [39] and the ASCE/SEI 41 document [3] include 
procedures for the analysis and design of infilled frames with equivalent 
strut models. Given their computational efficiency, such models are 
well-suited for parametric studies for the seismic performance assess
ment of infilled frames [10,46,41]. However, an equivalent strut is an 
over-simplification of the actual behavior of an infill wall and may not 
properly capture some key aspects of behavior, as explained in Kou
tromanos and Shing [24]. For instance, a strut model cannot accurately 
describe column shear failures which may be caused by the frame-to- 
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infill interaction. An earlier study by Hashemi and Mosalam [20] 
compared the recorded response of a shake-table specimen which 
included an unreinforced masonry infill with the corresponding results 
of a strut-based model. They concluded that improvements were 
necessary in the specific modeling approach, since it did not give very 
accurate results for the test that led to significant damage in the infill 
wall. Stavridis [49] has demonstrated (by means of nonlinear finite 
element analyses) that the compressive stress field in a masonry infill 
wall may not be accurately represented by a single diagonal strut and 
that a strut model ignores the shear transfer between the beam and the 
infill. Hence, replacing a wall by a diagonal strut will not lead to a 
realistic representation of the load transfer from the frame to the wall. 
This has motivated several researchers (e.g., [12,14,15,9]) to pursue 
multi-strut models to better represent the behavior of infilled frames. 
While some studies (e.g., [4]) have shown that multiple struts may 
improve the accuracy of analyses based on the equivalent strut concept, 
the additional complications introduced by a multi-strut approach may 
not warrant the development and extensive use of such models. 

To address the limitations of the equivalent strut concept, many 
studies have pursued the analysis of infilled RC frames with refined, 
nonlinear finite element models [37,2,50,26,45,8]. Such models typi
cally combine continuum, smeared-crack formulations to capture the 
behavior of the concrete and brick materials, with discrete-cohesive 
crack elements to account for localized damage along the mortar 
joints and brick-to-infill interfaces. Special attention is required for 
capturing the effect of column shear failures, which is usually accom
plished through cohesive-crack interface elements. The vast majority of 
nonlinear finite element analysis efforts have been focused on mono
tonic loading. Koutromanos et al. [26] have validated the capability of 
their finite element analysis scheme to capture the in-plane response and 
damage of infilled frames under cyclic loading. Koutromanos and Shing 
[25] formulated and validated finite element models for the simulation 
of infilled frames retrofitted with overlays of composite materials on the 
infill walls. A similar modeling approach has been used by Redmond 
et al. [44] for the nonlinear static analysis of infilled RC frames with 
overlays of mesh-reinforced mortar. 

Despite their demonstrated accuracy, refined finite element models 
are conceptually complicated, because they require the use of special 
formulations such as discrete-cohesive crack interface elements, and 
constitutive laws which involve many parameters to be calibrated. 
Furthermore, finite element analyses are computationally demanding, 
which means that it may be difficult – if at all possible – to conduct 
systematic parametric studies of prototype, multi-story structures with 
finite elements. 

Based on the above, there is still a need for an analysis method for 
infilled RC frames, which will be conceptually simpler and algorithmi
cally more efficient than finite element models, yet more accurate than 
the somehow crude equivalent-strut models. The present study is aimed 
to provide such an analysis method, based on the nonlinear truss anal
ogy. A recently proposed truss modeling approach, which is capable of 
capturing the inelastic response and shear failure of RC components, is 
used for the frame members. Truss elements are also used to model the 
brick units of the unreinforced masonry infills. Special, zero-length 
macroelements are formulated and calibrated to account for localized 
damage in mortar joints and frame-to-infill interfaces. The number of 
the model parameters is kept to a minimum, to facilitate calibration with 
material test data. The capability of the method to capture the response 
of infilled RC frames, including potential shear failure at the columns, is 
validated through analyses of experimental tests from the literature. 

2. Description of analysis method 

The proposed modeling approach constitutes an extension of the 
method by Moharrami et al. [38] for the analysis of shear-critical RC 
columns with a rectangular cross-section. This previous method has 
been shown to be capable of capturing the hysteretic response and 

damage pattern of columns, including cases involving strength degra
dation due to shear failures. The method is extended to simulate the 
behavior of infill walls, by capturing the inelastic response of masonry 
under compressive stress, and the localized damage along mortar joints 
and infill-to-frame interfaces. The constitutive models and element 
formulations described in this section are available in the open-source 
software OpenSees [34], which has been used for the analyses in this 
paper. 

A description of the modeling approach and the process to determine 
the truss representation of RC members are given in Moharrami et al. 
[38]. A brief overview is provided here for completeness. The RC com
ponents are represented by an assemblage of truss cells, with each cell 
consisting of two horizontal, two vertical and two diagonal truss ele
ments. Additional horizontal and vertical elements are provided to 
represent the longitudinal and transverse reinforcement of the various 
RC components. A summary of the process to establish the planar truss 
representation of an RC column with a cross-sectional depth h and an 
out-of-plane sectional thickness t is presented in Fig. 1. As shown in the 
specific figure, the sectional width, bd, of the inclined truss elements is 
determined from the dimensions of the truss cell and the value of the 
inclination angle θd. 

The masonry infills are also modeled with truss assemblages, as 
schematically summarized in Fig. 2. More specifically, each brick is 
modeled with two truss cells. The truss geometry is determined from the 
dimensions of the bricks. The spacing of the vertical elements is equal to 
0.5Lb, where Lb is the length of a brick unit, and the spacing of the 
horizontal truss elements is equal to the height, Hb, of the brick. 
Knowledge of the horizontal and vertical dimensions of the truss cell 
allows to uniquely determine the inclination angle, θd, of the diagonal 
truss elements of the cells. Ultimately, each masonry unit is represented 
with three vertical, four horizontal and four inclined truss elements. 

The mortar joints and infill-to-frame interfaces must also be 
accounted for in the analyses, since they constitute weak planes where 
localized mode-I (tensile) opening and/or shear sliding can occur. 
Additionally, it is necessary to capture the contact stress distribution 
along the infill-to-frame interface with adequate accuracy. To describe 
these aspects of behavior, the proposed modeling scheme relies on zero- 
length macroelements, i.e. assemblages of several nonlinear spring ele
ments, at the locations of the mortar interfaces (e.g., bed and head 
joints), as shown in Fig. 2. These elements are described in detail later in 
the paper. 

The determination of the truss geometry is completed by establishing 
the cross-sectional areas of the various elements. In accordance with the 
approach in Panagiotou et al. [40], the cross-sectional area of each 
element is obtained as the product of a tributary sectional width times 
the out-of-plane thickness of the masonry wall. For the vertical elements, 
a distinction is made between the two external elements and the inter
mediate element of the truss representation of a unit. For an infill wall 
with thickness t, the cross-sectional areas of the external elements, Av,ext, 
and of the intermediate element, Av,int, are given by the following 
equations. 

Aν,ext = 0.25Lb⋅t (1)  

Aν,int = 0.5Lb⋅t (2) 

The cross-sectional area Ah of the horizontal truss elements is given 
by the following expression. 

Ah = 0.5Hb⋅t (3) 

Finally, the following equation provides the cross-sectional area of 
the diagonal elements. 

Ad = beff ⋅t (4) 

where the tributary width, beff, of these elements is obtained from an 
equation proposed in Panagiotou et al. [40]: 
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beff = 0.5Lb⋅sin(θd) (5)  

2.1. Material models for truss elements 

The truss elements are provided with constitutive models to capture 
the nonlinear material response of concrete, masonry and steel 

reinforcement. The material model for concrete and masonry, which is 
schematically summarized in Fig. 3a, is the one formulated by Lu and 
Panagiotou [30]. This model can capture the strength and stiffness 
degradation due to cracking and the compressive strength degradation 
due to crushing. This constitutive law can also account for the effect of 
transverse tension on the compressive resistance of the diagonal truss 

Fig. 1. Modeling approach for RC columns (figure from [38].  

Fig. 2. Modeling Approach for Brick Masonry Infill Walls.  

Fig. 3. Constitutive models for concrete, masonry and reinforcing steel.  
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elements. To this end, an additional pair or nodes needs to be defined for 
each diagonal element, to provide a “strain gauge element” for the 
computation of the transverse strain as shown in Fig. 3b. The transverse 
strain allows the calculation of a reduction coefficient, β, that is used to 
adjust the compressive stresses of the diagonal elements and varies with 
the transverse strain. A special truss element formulation, termed Truss2 
and allowing the definition of the additional pair of nodes for measuring 
the transverse strain at each step of an analysis, is available in OpenSees. 

To prevent the occurrence of spurious mesh size effects due to strain 
localization [5,11,40,30], the softening portion of the constitutive law 
for tension and compression is regularized, i.e. adjusted with element 
size. In the present study, the regularization is based on the assumption 
that the reference stress–strain laws which are defined correspond to an 
element size of 600 mm (23.62 in). This value is based on the length over 
which average strains were measured in the concrete panel tests by 
Vecchio and Collins [54]. 

The behavior of the reinforcing steel is described by means of the 
Giuffre-Menegotto-Pinto (GMP) model [16], which is implemented in 
OpenSees and schematically summarized in Fig. 3c. The GMP model is 
characterized by a monotonic envelope curve with linear hardening 
after yielding. Since bar buckling and rupture did not occur in the 
analysis cases considered herein, they are not accounted for in the 
present study. 

2.2. Zero-length macroelements to account for the effect of mortar joints 

The zero-length macroelements used for the mortar joints and infill- 
to-frame interfaces, schematically summarized in Fig. 4, are capable of 
accounting for the normal tensile opening and closing, shear fracture 
and frictional shear sliding. These elements develop two stress compo
nents with respect to the plane of a mortar interface, namely, a normal 
stress component, σ, and a shear stress component, τ. The stress com
ponents of the macroelement are obtained as the sum of the stresses 
contributed by individual spring elements which are used to account for 
different aspects of the mortar interface behavior, as explained below. 

First, a nonlinear spring element which can only develop tensile 
resistance is included in the normal direction, to describe normal crack 
opening and tensile strength degradation. The latter is described by an 
elastic-softening law, which consists of three linear segments. A similar 
nonlinear spring with linear isotropic softening is aligned with the shear 
direction of the interface, to describe cohesive shear (Mode-II) fracture. 
Finally, a shear-sliding spring is used to account for the frictional- 
sliding-shear resistance and for the normal compressive behavior of 
the interface. This spring behaves as an elastic gap element in the normal 
direction. Specifically, it has a linearly elastic behavior for compressive 
deformation, while it does not develop any resistance for tensile 
(opening) deformation. The spring also has a Coulomb elastoplastic 
behavior in the shear direction, wherein the yield strength is linearly 
proportional to the normal compressive force of the spring. If the normal 
force is tensile or zero, then the shear-sliding spring develops no shear 
(sliding) resistance. This type of Coulomb-frictional spring behavior can 
be obtained through use of the flat slider element in OpenSees [47]. At 

each step in an analysis, the normal stress, σ, and the shear stress, τ, of 
the interface are the sum of the corresponding spring contributions. 
Thus, the following relations can be established. 

σ = σc + σs (6)  

τ = τc + τs (7) 

In Eqs. (6) and (7), the subscript ‘c’ denotes the contribution of a 
cohesive spring, while the subscript ‘s’ denotes the contribution of the 
frictional spring. The individual contributions of the different spring 
elements to the normal and shear stress are schematically summarized in 
Figs. 5a and 5b, respectively. 

The softening laws of the nonlinear springs must comply with frac
ture mechanics-based concepts. Specifically, the area under the soft
ening portion of the stress-displacement law in the tension-only, 
cohesive normal spring is equal to the mode-I fracture energy, GI

f , of the 
interface, as shown in Fig. 5a. This value can be determined from 
experimental tests. For example, tests by Pluijm [42] yielded a value of 
GI

f ranging from 0.005 to 0.02 [N.mm/mm2]. Similarly, the area under 
the stress-displacement curve corresponding to the elastic-softening 
cohesive shear spring of Fig. 5b is equal to the mode –II fracture ener
gy,GII

f , of the interface. The value of GII
f is typically set equal to about 10 

times that of GI
f [50,23]. 

The force in the nonlinear springs that comprise the zero-length 
macroelements is obtained by multiplying the stress values by a spring 
sectional area. Figure 6 presents an element assemblage taken from the 
truss model of an infill wall. In the actual truss model, any two nodes 
that are interconnected by a macroelement are coincident, i.e. they 
occupy the same exact location in space. To enhance the clarity of the 
figure, the macroelements are shown with a nonzero length. Figure 6 
indicates that each head joint corresponds to two macroelements, while 
each truss cell corresponds to two macroelements representing bed 
joints. These observations lead to the conclusion that the area of the 
springs corresponding to mortar bed joints should be equal to the 
sectional area Av,ext of the external vertical truss elements, given by Eq. 
(1), while the area of the springs corresponding to the head joints should 
be equal to the sectional area Ah of the horizontal truss elements, ob
tained from Eq. (3). 

The macroelements also require the calibration of interface stiffness 
parameters. The stiffness of the springs representing normal behavior in 
Fig. 5a and of the elastic-softening shear spring in Fig. 5b is assigned the 
same value, K, which is essentially a penalty stiffness parameter. A 
different value of stiffness Kf, is assigned to the Coulomb-frictional law 
of the shear-sliding spring shown in Fig. 5b. 

2.3. Preliminary verification of capability of zero-length macroelements to 
capture behavior of interfaces 

A set of preliminary analyses is conducted to verify the capability of 
the macroelements to capture the salient features of interface response. 
The verification is based on a comparison of the results obtained using 
the proposed macroelement and those obtained with the cohesive-crack 
interface element by Lourenço and Rots [29], which is available in the 
finite element analysis software DIANA [53]. The truss and finite 
element model are both calibrated using the interface parameter values 
shown in Table 1. The loading is conducted for a set of two brick units, 
with a mortar bed joint in-between, as shown in Fig. 7a. This physical 
system is analyzed with both the approach proposed herein, and with a 
combination of quadrilateral solid elements for the units and a zero- 
length interface element for the mortar joint. To allow a direct com
parison of the mortar interface behavior for the two modeling ap
proaches, the boundary conditions in the analyses are such that 
deformation can only occur at the mortar joint interface. 

A first verification analysis is conducted for the case of mode-I 
fracture, i.e., normal tensile opening, of the mortar interface. The 

Fig. 4. Zero-length macroelement for capturing localized damage on 
mortar joints. 
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comparison of the obtained plots of tensile stress as a function of crack 
opening displacement in Fig. 8 indicates that the model can capture the 
tensile strength degradation due to mode-I crack opening. The minor 
discrepancy between the truss model and the finite element model is due 
to the fact that the softening law is described by straight-line segments in 
the former and by an exponential smooth curve in the latter. 

An additional verification analysis is conducted for Mode-II fracture 
and frictional-shear sliding along the mortar joint interface under a 
constant, normal compressive stress of 705 kPa, as shown in Fig. 9a. As 
shown in Fig. 9b, the interface develops a relatively large shear stiffness, 
up to the point where the shear stress reaches the initial shear-sliding 
capacity. The latter expresses the combined effect of Coulomb fric
tional resistance and cohesive shear strength. After the initial shear- 
sliding strength is reached, a degradation of the shear strength is 
observed with increasing shear-sliding displacement, up to the point 
where a constant, residual capacity is attained. The latter is simply equal 
to the product of the frictional coefficient times the magnitude of the 
normal compressive stress. 

To elucidate the contribution of the various components to the shear 
resistance of the zero-length macroelement, Fig. 9c provides the evolu
tion of the resistance of the cohesive-shear spring and of the shear- 
sliding spring. As expected, both of these components have a large 
penalty stiffness, and reach their peak capacity for a very low value of 
sliding displacement. While the resistance of the sliding spring remains 
constant with increasing sliding displacement, that of the cohesive 
spring degrades until it becomes practically equal to zero. Thus, the 
shear strength degradation of the macroelement shown in Fig. 9b is 
caused by the loss of the resistance of the cohesive-shear spring. 

Fig. 5. Stress-displacement behavior of various components comprising the zero-length macroelement.  

Fig. 6. Example mesh connectivity for representing the mortar bed and head joints in an infill wall.  

Table 1 
Material properties used in the interface verification analysis.  

ft 
(kPa) 

Gf
I (kPa- 

mm) 
C 
(kPa) 

Gf
II (kPa- 

mm) 
μ K (kN/ 

mm) 
Ks (kN/ 
mm) 

276 88 412 5314  0.85 700 32  

Fig. 7. Case study for preliminary verification of capability of zero-length macroelements to capture the behavior of mortar joints.  
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Fig. 8. Preliminary verification analysis for normal tension (Mode-I fracture).  
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3. Validation of truss modeling approach for infilled frames 

The truss modeling approach is validated using the results of 
experimental tests by Mehrabi et al. [36]. The validation study is focused 
on three specimens, which were subjected to monotonic lateral loads 
until the occurrence of severe damage. The first specimen was a bare RC 
frame, the second specimen included a relatively weak infill wall made 
of hollow units, and the third specimen included a relatively strong infill 
wall that consisted of solid units. The height-to-length ratio of the infill 
walls was equal to 0.67. The three specimens constituted parts of a 
prototype RC frame structure, which was not designed for ductile 
seismic response. The longitudinal reinforcement in the columns con
sisted of eight No. 4 bars with a diameter of 13 mm, while that in the 
beams consisted of four No. 5 bars (two at the top of the section and 
another two at the bottom), with a diameter equal to 16 mm. The 
transverse reinforcement consisted of No. 2 bars (having a diameter of 6 
mm) spaced at 63 mm (2½ inches) and at 76 mm (3 in.) for the columns 
and beams, respectively. A constant vertical load was applied to each 
specimen. For the two infilled specimens, 33% of the vertical load was 
applied on the beam, and the remainder of the load was applied on the 
columns. The specimen configuration is shown in Fig. 10. The same RC 
frame was used for all specimens. After the completion of each of the 
first two tests, the frame was repaired by application of epoxy injections 
in the cracked regions and patching up the crushed regions with cement 
paste of strength comparable to that of the original concrete [36]. The 
salient parameters of the three specimens are summarized in Table 2. 

To ensure that the validation analyses are not limited to a single 
study from the literature, the modeling scheme has also employed for 
simulation of specimen S2H tested by Fiorato [17]. The single-story, 

single-bay specimen included a brick infill wall with no openings, and 
constituted a 1/8-scale version of a prototype frame. The frame columns 
had a square cross-section with a dimension of 76 mm (3 in.), while the 
frame beam had a sectional depth of 152 mm (6 in.). Each column had 
eight longitudinal round bars with a diameter of 4.5 mm, corresponding 
to a reinforcement ratio of 2.2%. Each column contained a single closed 
stirrup, located at mid-height. The single-wythe infill wall had a thick
ness of 22 mm (0.875 in.). 

The parameters of the constitutive models for the truss elements are 
assigned the values presented in Table 3. The corresponding parameters 
for the zero-length macroelements are provided in Table 4. For the 
specimens tested by Mehrabi et al. [36], the uniaxial compressive 
strength, modulus of elasticity, and compressive strain corresponding to 
the peak compressive stress for both concrete and masonry have been set 
equal to the values obtained from material tests accompanying the 
experimental study. The same applies for the yield stress of the rein
forcing steel. Fiorato [17] provided values for the uniaxial compressive 
strength and modulus of elasticity of the concrete, and for the yield 

a) Loading scenario b) Analytical results c) Contribution of different 
components of macroelement
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Fig. 9. Preliminary verification analysis for shear loading (Mode-II fracture and shear sliding).  

Fig. 10. Configuration of infilled frame specimens for validation analysis (dimensions in mm).  

Table 2 
Test Specimens by Mehrabi et al. [36] considered in validation analyses.  

Specimen Type of Masonry 
Units 

Panel Aspect 
Ratio (h/L) 

Vertical Load 
Distribution (kN) 

Columns 
(P1) 

Beam 
(P2) 

1 No infill 0.67  146.85  – 
8 Hollow  97.90  48.95 
9 Solid  97.90  48.95  
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stress of the reinforcing steel. The masonry material parameters had to 
be assumed for this specimen, as masonry prism test data was not 
provided. 

The tensile strength of the concrete and of the masonry units is set 
equal to 10% of the corresponding uniaxial compressive strength. The 
experimental studies were not accompanied with material tests for the 
mortar joints. For this reason, the calibration of the zero-length mac
roelement strength and fracture energy parameters was based on rec
ommendations by Al-Chaar et al. [2], Stavridis and Shing [50] and 
Koutromanos et al. [26] for the corresponding calibration of cohesive- 
crack interface elements. The stiffness parameters of the macroele
ments are set to a value which is sufficiently high to warrant accurate 
results, while avoiding potential occurrence of convergence difficulties 
in the analyses. 

3.1. Analysis of bare RC frame 

The first analysis using the truss modeling approach is conducted for 
a bare RC frame, which was labelled Specimen 1 in Mehrabi et al. [36]. 
The specific frame was flexure-dominated, and it exhibited a ductile 
response mechanism with inelastic flexural deformations in the col
umns. The deformed shape of the truss model at a drift ratio of 2.5% is 
presented in Fig. 11a, while Fig. 11b provides a comparison of the 
load–displacement response with the corresponding experimental ob
servations. The truss model can accurately capture the strength of the 
specimen, but it overestimates the pre-peak stiffness. This is due to the 
fact that the effect of the bond-slip deformations at the column ends is 
not accounted for in the model. The analysis for the frame has been 
repeated, this time accounting for the additional deformations at the 

column ends due to strain penetration. The procedure by Moharrrami 
et al. (2015) to account for strain penetration deformations in truss 
models of RC columns is employed. As shown in Fig. 11b, the incorpo
ration of the strain penetration effect significantly improves the 
analytical estimate of the pre-peak stiffness of the bare frame. As 
explained in Mehrabi et al. [35], the bond-slip effect is significant for the 
response of bare frames, but insignificant for the response of infilled 
frames. For this reason, the strain penetration effect is not considered in 
the remainder of the present study. 

3.2. Analysis of Masonry-Infilled RC frames 

The next validation analysis is conducted for two infilled specimens, 
labelled as Specimens 8 and 9, respectively, in Mehrabi et al. [36]. 
Specimen 8 included a relatively weak infill wall consisting of hollow 
masonry units and exhibited a relatively ductile response, with fairly 
distributed damage along the height of the infill wall. Specimen 9 had a 
relatively strong infill wall made of solid units and the damage pattern 
was dominated by the formation of diagonal-sliding cracks in the infill 
wall and a subsequent shear crack at the top of the windward column. 
The comparison between the analytically obtained and the experimen
tally recorded load–displacement curves, provided in Fig. 12a for 
Specimen 8 and Fig. 12b for Specimen 9, indicates that the analytical 
models provide satisfactory estimates of the response for both cases. The 
peak strength is underestimated by 3.5% in the analysis of Specimen 8 
and overestimated by the same amount in the analysis of Specimen 9. 
The only significant discrepancy is observed in the analysis of Specimen 
9, where a significant degradation in capacity occurs at a drift ratio of 
2.06%, as shown in Fig. 12b. An explanation for this degradation in the 
analysis will be provided after a presentation of the analytically ob
tained damage patterns and response mechanisms. 

The analytical models provide insights on the deformation modes 
and the damage pattern evolution for the case of a weak infill and a 
strong infill. The deformations in the infill wall for Specimen 8 are fairly 
uniformly distributed along the height, as deduced from the contour 
plots shown in Fig. 13a and 13b, for drift ratios of 0.2% and 2.5%, 
respectively. The plot of Fig. 13b also indicates sliding along several bed 
joints over the height of the specimen, which was also the case in the 
experimental test. Such sliding is manifested as a discontinuity of the 
contour plot value across a plane consisting of multiple zero-length 
macroelements. The analysis of Specimen 9 gives a fairly uniform dis
tribution of deformations in the infill at early stages of response. In fact, 

Table 3 
Material Parameter Values in Truss Elements Used in the Analyses of Infilled Frames.  

Material Concrete/Masonry Steel 

element f ′

c 
(MPa) 

εo ft 
(MPa) 

Ec 

(MPa) 
Av,ext 

(cm2) 
Av,int 

(cm2) 
Ah 

(cm2) 
Ad 

(cm2) 
Asl,ext 

(cm2) 
Asl,int 

(cm2) 
Ast 

(cm2) 
fyl 

(MPa) 
fyt 

(MPa) 

RC Frame by Mehrabi et al. [36] 
columns 26.8 0.0027 2.7 19,676  92.6  131.0 181  106.1 3.9  2.6  1.0 421 368 
beam  77.4  154.8 151  108.1 0.8  0.8  4.0 
RC Frame by Fiorato [17] 
columns 

31. 0.0038 3.1 16,506  
19.9  18.2 13.8  11.0 0.66  0.00  0.005 

292 292 beam  22.6  23.6 29.0  18.3 0.63  0.63  0.009 
Infill Wall with Hollow Units [36]  

9.5 0.0027 1.0 6980  23.2  46.5 23.2  32.8 n.a. 
Infill Wall with Solid Units [36]  

14.2 0.0026 1.4 10,420  46.8  93.5 46.8  66.1 n.a. 
Infill Wall [17]  

26.5 0.0035 2.7 15,169  3.4  6.8 1.6  2.9 n.a. 

Note: f ′

c is the uniaxial compressive strength, εo is the compressive strain corresponding to the peak compressive stress (for uniaxial compression), ft is the tensile 
strength, Ec is initial modulus of elasticity, Av,ext is the cross-sectional area of the longitudinal truss elements at the ends of the section, Av,int is the cross-sectional area of 
the intermediate longitudinal truss elements, Ah is the cross-sectional area of the transverse truss elements for a member (horizontal elements for columns and infill 
walls, vertical elements for beams), Ad is the cross-sectional area of the inclined truss elements, Asl,ext is the cross-sectional area of the longitudinal reinforcement truss 
elements at the ends of the section, Asl,int is the cross-sectional area of the intermediate longitudinal reinforcement truss elements, Ast is the cross-sectional area of the 
transverse reinforcement truss elements for a member. Finally, fyl and fyt are the yield stress of the longitudinal and transverse reinforcement, respectively.  

Table 4 
Parameter Values in Zero-Length Macroelements Used in the Analyses of Infilled 
Frames.  

ft 
(kPa) 

Gf
I (kPa- 

mm) 
C 
(kPa) 

Gf
II (kPa- 

mm) 
K (kN/ 
mm) 

Ks (kN/ 
mm) 

μ 

Specimen by Mehrabi et al. [36] with Weak Infill Wall 
283 66 283 660 700 32  0.75 
Specimen by Mehrabi et al. [36] with Strong Infill Wall 
538 66 538 660 700 32  0.75 
Specimen by Fiorato [17] 
159 77 159 770 700 32  0.75  
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Fig. 11. Results of nonlinear static analysis for bare frame specimen tested by Mehrabi et al. [36].  
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Fig. 13. Deformed shape (deformations magnified by a factor of 5) and horizontal displacement contours (in mm) for infilled frame specimens tested by Mehrabi 
et al. [36]. 
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the horizontal displacement contour plot at a drift ratio of 0.2% is 
practically identical to the one shown in Fig. 13a for Specimen 8. For 
larger lateral deformations, the deformation distribution in the infill 
wall significantly changes. As shown in Fig. 13c, the horizontal 
displacement contour plot for a drift ratio of 0.5% indicates the forma
tion of a diagonal-horizontal sliding crack pattern in the infill wall, 
which is manifested through a visible discontinuity in the contour color 
distribution. Additional deformations are concentrated across the spe
cific infill crack with further loading. 

The strain contours of the truss elements corresponding to the frame 
members provide insights on the analytically predicted damage of the 
RC frames. Large tensile strains in the vertical truss elements of the 
columns would be associated with flexural cracking. On the other hand, 
large tensile strains in the horizontal and diagonal truss elements of the 
columns would be indicative of shear cracking and failure. The strain 
contours for the RC frame of Specimen 8, presented in Figs. 14a-d for 
drift ratios of 0.2%, 0.5%, 1.0% and 2.0%, respectively, indicate that the 
damage in the frame was associated with a flexure-dominated response, 
since the strains are fairly distributed along the column height and the 
maximum strains are obtained at the vertical members in the vicinity of 
the column ends. As expected, the strain values in these regions increase 
for increasing levels of lateral deformation in the specimen. The frame 
behavior for Specimen 9 at low levels of lateral drift is similar to that of 
Specimen 8. Accordingly, the strain contour plots at drift ratios of 0.2% 
and 0.5% are very similar to those presented in Figs. 14a and 14b, 
respectively, for Specimen 8. At larger values of drift, the formation of 
the diagonal-sliding crack in the infill wall of Specimen 9 leads to the 
development of large shear forces at the top of the windward column 
and at the bottom region of the leeward column. These forces cause 
shear-related damage to occur in these column regions, as deduced from 
the contour plots for drift ratios of 1.0% and 2.0%, shown in Figs. 15a 
and 15b, respectively. The shear damage is indicated by the relatively 
large tensile strains (in excess of 1%) in the diagonal truss elements at 
the top of the windward column, and by the large tensile strains in 
horizontal elements at the bottom of the leeward column. Although the 
shear damage in the experimental test was more pronounced in the 
windward column, the model gives significant damage of this type in the 
leeward column as well. 

A comparison of the deformed shape at the end of the analysis for 
Specimen 8 to the corresponding experimental observation is provided 
in Fig. 16. The sliding and opening deformations of the spring elements 
representing the mortar joint interfaces allow to deduce the main cracks 
in the infill wall, marked in red color in Fig. 16b. The occurrence of 
distributed sliding cracks along the height of the infill wall and the 
absence of localized shear distortions in the frame members are evident 
in the analytical deformed shape. A similar comparison between the 
deformed shape at the end of the analysis for Specimen 9 with the 
experimental cracking pattern is presented in Fig. 17. The analytical 
model gives a strongly localized shear damage at the windward column, 
as marked in Fig. 17b, which leads to a lateral strength degradation of 
the specimen. As mentioned above, the analysis for this specimen pre
dicted a very sudden, significant strength degradation at a drift ratio of 
about 2%, which was not present in the experimental test. This fact is 
attributed to the dowel action of the reinforcing steel, which is expected 
to have had a contribution to the resistance of the open shear crack and 
was not accounted for in the model. Still, this disagreement may not be 
deemed significant, since it occurs at a very late stage of the analysis. 
The cracking pattern in the infill is also a satisfactory reproduction of the 
experimentally recorded one, which consisted of a combination of di
agonal and sliding cracks. It is worth mentioning that the results ob
tained herein are of comparable – if not better – accuracy than those 
obtained in other studies (e.g., [2,50]) with much more refined and 
complicated, nonlinear finite element models. 

Figures 18a and 18b present contour plots of the compressive stresses 
in the truss elements used for the infill walls of Specimens 8 and 9, 
respectively, obtained at the instant of peak lateral resistance in the 
analyses. These contour plots enable to infer the presence of inclined 
banded regions with compressive stresses, mimicking the formation of 
struts in the infills. Interestingly, none of the two figures indicates the 
formation of a single-strut resistance mechanism in the infill wall. This 
observation, which is similar to results presented for refined finite 
element analyses of infilled frames in Chapter 5 of Stavridis [49], would 
indicate that a simple, equivalent-strut model would probably not be 
capable of accurately reproducing the resistance mechanism of the two 
infilled frames. 

The analytically obtained load–displacement response of the 

%5.0fooitartfirdata)b%2.0fooitartfirdata)a

%5.2fooitartfirdata)d%0.1fooitartfirdata)c

Fig. 14. Strain contours in frame members for specimen with weak infill wall tested by Mehrabi et al. [36].  
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specimen by Fiorato [17] is compared to the corresponding experi
mental data in Fig. 19a. The comparison of the crack pattern at the end 
of the test to the corresponding deformed finite element mesh is pro
vided in Fig. 19b. Overall, the analysis can satisfactorily reproduce the 
response of the specimen, including the peak strength, post-peak force- 
displacement response, and the damage pattern, which primarily con
sisted of horizontal sliding cracks in the mortar bed joints of the upper 

half part of the infill wall height. 

3.3. Sensitivity analysis for mortar interface parameters 

The analysis of an infilled frame requires the calibration of the ma
terial parameters for the truss model and for the zero-length macroele
ments which represent the mortar-joint interfaces. While the mortar 

a) at a drift ratio of 1% b) at a drift ratio of 2% 

Fig. 15. Strain contours for specimen with strong infill wall tested by Mehrabi et al. [36].  

a) Experimentally observed damage pattern at 
end of test 

b) Damage pattern in infill wall at end of 
analysis (diagonal truss elements in infill 
not shown for clarity) 

Fig. 16. Damage pattern for specimen with weak infill wall tested by Mehrabi et al. [36].  

a) Damage pattern at end of test.
b) Damage pattern at end of analysis 

(diagonal truss elements in infill not shown 
for clarity)

Fig. 17. Damage pattern for specimen with strong infill wall tested by Mehrabi et al. [36].  
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joint material properties can be determined from experimental tests 
such as bond-wrench and triplet tests, test data may not always be 
available. Consequently, the value of the cohesive and frictional 
strength of the mortar interfaces in an analysis may be characterized by 
greater uncertainty than, e.g., the concrete or reinforcing steel material 
parameters. To elucidate the effect of the interface parameters on the 
analytically obtained nonlinear response of infilled RC frames, this 
section presents a sensitivity study for the parameters of the zero-length 
macroelements. 

The sensitivity study relies on multiple repetitions of the analysis for 
Specimen 9 by Mehrabi et al. [36]. In each repetition, the value of a 
material parameter is varied, while the remaining parameters have the 
same values as those used in the analysis of Section 3.2. This latter 
analysis is treated as the baseline case. The load–displacement curves 
obtained for different values of the tensile strength, mode-I fracture 
energy, sliding-shear stiffness and frictional coefficient of the interface, 
are presented in Figs. 20a, 20b, 20c, and 20d, respectively. The tensile 
strength, fracture energy, sliding stiffness and frictional coefficient are 
expressed in terms of the respective quantities ft0,GI

f0, Kf0 and μ0 used in 
the baseline case. The range of values for modeling parameters ft, GI

f and 
μ was selected to reflect the values of these interface parameters adopted 
in the literature [2,50,26]. On the other hand, a wider range of values 
has been considered for the stiffness parameter Ks. The reason is that the 
specific parameter affects a penalty stiffness (not a physical stiffness), 
which is why it was deemed necessary to consider values of Ks ranging 
from 50% of the value adopted in the validation analyses to 400% of that 
same value. 

To quantify the effect of different parameters on the analytical re
sults, the sensitivity is expressed in terms of three response quantities, 
namely, the peak lateral strength, the drift ratio corresponding to the 
peak lateral strength, and the inelastic deformability. The latter is 
expressed through the drift ratio corresponding to a lateral resistance 
degradation of 15%. The sensitivity of these quantities is summarized in 
Figs. 21 and 22. In the specific figures, the value obtained for each 
analysis case is divided by the corresponding value of the baseline case. 

Based on the data presented in Fig. 21a, the peak strength is more 
sensitive to the strength parameters of the zero-length macroelements, 
namely, the tensile resistance and the frictional coefficient. An increase 
in either of these two parameters leads to an increase in the peak 
strength of the infilled frame. Increasing the frictional coefficient by 
20% leads to a very strong infill wall, while also limiting the sliding 
along the infill-to-frame horizontal interface. This ultimately leads to a 
damage pattern that involves the occurrence of a shear failure in the 
frame column at a relatively low level of lateral displacement, entailing 
a significant strength degradation, as attested by the corresponding 
load–displacement curve in Fig. 20d. Still, the specific case corresponds 
to a rather unrealistic mortar interface sliding strength (i.e., a constant 
frictional coefficient equal to 0.9), which may be overly high for mortar 
joints. The mode-I fracture energy of the cohesive elements is also found 
to affect the strength, although its effect is less pronounced than that of 
the strength parameters. The sliding-shear stiffness value for the zero- 
length macroelements is found to have a relatively minor effect on the 
strength. 

The value of drift ratio at peak strength is more sensitive to the pa
rameters considered, as deduced from Fig. 21b. The strength 

Fig. 18. Compressive stress contours in truss elements representing infill walls at the maximum lateral resistance for the two infilled frame specimens tested by 
Mehrabi et al. [36]. 

a) Load-displacement curve 
b) Damage pattern in test and deformed mesh at 
end of analysis 
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Fig. 19. Results of validation analysis for infilled frame specimen tested by Fiorato [17].  
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parameters, ft and μ, of the interface obviously allow the infill frame to 
reach higher values of peak resistance; for a given value of stiffness, an 
increased peak resistance corresponds to an increased deformation at 
the peak. An increase in the fracture energy GI

f leads to a strength in
crease or to a more ductile response. Consequently, an increased fracture 
energy leads to increased drift at peak. Finally, a reduction in the stiff
ness parameter Ks leads to a more flexible response, thus leading to an 
increased drift value at the peak resistance. Figure 22 indicates that the 
obtained inelastic deformability has a dependence on the material pa
rameters. An increase in ft or μ leads to a more brittle behavior, and this 
entails a lower deformability. The fracture energy GI

f also affects the 

deformability, although its effect is less pronounced than that of other 
parameters. The stiffness parameter Ks also has an effect, because an 
increase in this parameter reduces the pre-peak flexibility of the model. 
Thus, strength degradation initiates at lower drift values for increased 
values of Ks. 

4. Discussion 

The proposed modeling approach has been shown to be capable of 
capturing the lateral load–displacement response and the damage 
pattern of infilled frames subjected to monotonic lateral loads. The 
modeling scheme is characterized by conceptual simplicity compared to 

Fig. 20. Effect of material parameters of mortar interfaces on the obtained analysis results.  

Fig. 21. Effect of parameters of zero-length macroelements on analytical results.  
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refined finite element models, since it essentially relies on uniaxial 
constitutive laws for the concrete, reinforcing steel, masonry material 
and mortar joint interfaces. Despite this conceptual simplicity, the ac
curacy of the obtained analytical results is comparable to that obtained 
by Stavridis and Shing [50] with much more refined and computation
ally demanding finite element models. The analyses pursued herein use 
constitutive laws and element formulations which are readily available 
in OpenSees. This ensures that engineers and researchers will be able to 
use the proposed methodology, without a need to resort to commercial 
software or to implement user-defined capabilities in open-source soft
ware. The proposed analysis method constitutes an intermediate solu
tion, between overly simplified, strut-based models, and overly 
complicated, nonlinear finite element models. 

The adoption of the method in engineering practice entails two po
tential challenges. The first challenge involves the need to calibrate the 
constitutive laws for the truss elements representing the concrete 
members, masonry units and reinforcing bars, and for the spring ele
ments representing the mortar interfaces. This difficulty can be 
addressed, as most of the material parameters pertain to uniaxial 
strength values; these can be determined through material testing or 
estimated (based on, e.g., nominal material properties), in accordance 
with the descriptions provided in evaluation documents such as the 
ASCE 41–17 [3]. In the absence of material test data for the strength of 
the mortar joint interfaces, the values used in this paper can be adopted; 
ideally, the adoption of these values must be supported by validation 
analyses using specimens which are not considered in the present study. 
The second potential challenge is related to the need to establish the 
truss-and-spring element assemblage of an infilled frame; this task may 

become overly cumbersome for analysis of multi-story, multi-bay 
frames. This issue can be easily resolved through implementation of 
user-friendly tools which can automatically generate the element 
assemblage for a given infilled frame. In fact, such an implementation 
has already been conducted for the truss modeling of RC members, as 
described in detail in Deng et al. [13]. In the specific approach, sche
matically summarized in Fig. 23a, each truss cell, consisting of two 
horizontal, two vertical and two inclined truss elements, is represented 
as a rectangular shell macroelement, substantially simplifying the pre- 
processing and post-processing of a truss model. The specific user- 
friendly implementation has enabled the efficient fully nonlinear anal
ysis of three-dimensional building systems, as presented in Mavros et al. 
[32] and illustrated in Fig. 23b. A similar user-friendly formulation is 
feasible for the element assemblages of the infill walls, and it will enable 
the widespread adoption of the proposed analysis method by profes
sional practice. 

The element formulations and truss geometry used in the present 
study can also be employed for the analysis of infilled RC frames under 
cyclic lateral loading. Several enhancements to the constitutive laws 
may be deemed necessary for cyclic loading. The most important 
enhancement that is deemed necessary is the coupling of the normal and 
shear cohesive strengths, by means of a failure surface accounting for 
mixed-mode fracture. Other aspects of interface behavior that cannot be 
captured by the proposed macroelement-based approach are the irre
versible normal compaction due to smoothening of the asperities in the 
mortar interfaces, and the reversible geometric dilatation effect [23]. 

5. Conclusions 

A new method, based on the nonlinear truss analogy, has been pre
sented for the analysis of masonry-infilled reinforced concrete (RC) 
frames. The RC members and the masonry units are represented through 
assemblages of horizontal, vertical and inclined truss elements. The truss 
representation of the frame members is based on a previously proposed 
method, which has been shown to be capable of capturing the inelastic 
response and the shear failure of RC columns. A procedure to define the 
truss geometry for the brick units has been established. The mortar joints 
and infill-to-frame interfaces are explicitly modeled by means of zero- 
length macroelements, that can account for mode-I and mode-II frac
ture and for frictional (Coulomb) shear sliding along mortar interfaces. 
The method has been validated with the results of monotonic tests on 
infilled frame specimens. The capability of the method to provide 
satisfactory estimates of the load–displacement response and of the 
damage patterns has been demonstrated. The validation analyses have 
been accompanied by a sensitivity study to determine the impact of 
several parameters of the zero-length macroelements on the analytical 
results. Overall, the friction coefficient and the tensile resistance of the 

Fig. 22. Effect of parameters of zero-length macroelements on analytically 
obtained inelastic deformability. 

Fig. 23. Implementation of truss model as a shell macro-element.  
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mortar interfaces have been found to have the greatest influence on the 
peak lateral strength. The impact of model parameters on deformation 
quantities, such as the drift at peak lateral force, is greater than that on 
the peak strength. The proposed method constitutes an intermediate 
solution between overly simplified, strut-based models and overly 
complicated, nonlinear finite element models. 
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