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ABSTRACT 
 
 This paper presents two constitutive models that can be used to simulate the 

inelastic cyclic behavior of masonry-infilled reinforced concrete frames in a 
detailed manner. One is a smeared-crack model that is intended to capture diffuse 
cracks and crushing in concrete members and masonry units, and the other is a 
cohesive interface model developed to simulate crack opening and sliding in a 
discrete fashion. The interface model also incorporates Coulomb friction, shear 
dilatation, and the compaction of a mortar joint due to damage. The models have 
been implemented in a finite element program and used with an appropriate finite 
element discretization scheme to accurately reproduce the hysteretic behavior and 
failure mechanism of a masonry-infilled reinforced concrete frame subjected to 
in-plane quasi-static cyclic load reversals. The models have also been used to 
capture the damage progression and failure mechanism of a large-scale, three-
story, infilled frame tested on a shake table.  

    
Introduction 

 
 Unreinforced brick masonry panels are commonly used as infill walls in reinforced 
concrete (RC) frame construction for aesthetic, fire proofing, and sound proofing purposes. This 
type of buildings can be found not only in older construction in the Western United States, but 
also in modern construction in the Eastern United States and Southeast Europe, where it 
represents a significant portion of the built environment. Although brick infill panels are usually 
not considered as part of the load-resisting system in the design of these structures, the frequent 
absence of separation joints between the infill and the frame leads to the interaction of the two 
when the structure is subjected to lateral loads. This interaction may lead to a variety of possible 
failure mechanisms, including the crushing of the infill, sliding along mortar bed joints, and 
shear failure in the columns.  

The analysis of infilled frames subjected to lateral loads can be performed by a number of 
different techniques, ranging from simplified diagonal strut models (Crisafulli and Carr 2007, 
Madan et al. 1995, Perera 2005) to advanced finite element models (Mehrabi and Shing 1994, 
Stavridis and Shing 2010). While simple strut models have limited predictive capabilities, refined 
computation models provide advanced capabilities to simulate various failure mechanisms that can                                                  
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occur in an infilled frame. However, the latter can be computationally demanding. 
Recently, a finite element modeling scheme and a combined smeared and discrete crack 

modeling approach have been successfully used to reproduce the inelastic behavior of masonry-
infilled concrete frames subjected to monotonically increasing in-plane loads (Stavridis and Shing 
2007, Stavridis and Shing 2010). The two constitutive models used in that study have been recently 
extended to simulate the inelastic cyclic behavior of concrete and masonry materials. One is a 
smeared-crack model that is intended to capture diffuse cracks and crushing in concrete members 
and masonry units, and the other is a cohesive interface model developed to simulate crack 
opening and sliding in a discrete fashion. The latter is crucial for capturing the brittle behavior of 
concrete members induced by diagonal shear cracks and the sliding shear behavior of mortar 
joints. This paper summarizes the constitutive models and the previously proposed finite element 
modeling scheme, and presents results of numerical studies to validate the models. The 
experimental results used for the model validation include those obtained from a quasi-static test 
conducted on a 2/3-scale, one-story, one-bay, frame at the University of Colorado at Boulder 
(CU), and the dynamic test of a three-story, two-bay, infilled frame conducted on the large 
outdoor shake table at the University of California at San Diego (UCSD). The tests were 
conducted as part of a collaborative research project investigating the seismic performance of 
nonductile infilled RC frames (Shing et al. 2009). 
 

Constitutive Models 
 

To model the inelastic behavior and failure mechanisms of masonry-infilled RC frames, 
two different constitutive models have been implemented in a finite element program: a smeared 
crack continuum model and an interface model.  
 
Smeared Crack Model 
 

The 4-node isoparametric smeared crack element used here to capture diffuse cracks and 
crushing in concrete and masonry is based on the model originally proposed by Lotfi and Shing 
(1991). It has been extended here to simulate the cyclic load response in a robust and accurate 
manner. The uncracked material is assumed to be elasto-plastic with compressive yielding 
described by a von Mises loading surface combined with a Rankine tension cutoff  as shown in Fig. 
1a, in which ′cf  and tf  denote the uniaxial compressive and tensile strengths of concrete or 
masonry. The evolution of the loading surface for compressive strain hardening and softening is 
governed by the effective stress-effective plastic strain relation shown in Fig. 1b. An associated 
flow rule is used to account for plastic deformation.  When the tensile strength is exceeded by the 
maximum principal stress, a crack normal to the maximum principal stress direction forms. The 
material is then assumed to be orthotropic with the axes of orthotropy normal and parallel to the 
crack direction.  Once a crack forms, its direction is assumed to be fixed. 

After tensile fracture, the behavior along the orthotropic axes is described by the stress-
strain curve presented in Fig. 2.  For simplicity, the residual shear after fracture is assumed to be 
bounded by a strength that is equal to one-half of the tensile strength of the material. In the cracked 
material, the tensile stress is an exponentially decaying function of the tensile strain, and the tensile 
unloading and reloading follow a secant modulus. The compressive stress-strain law has a form 
that closely matches the compressive behavior of the uncracked material. In this way, a smooth 
transition is ensured from the uncracked to cracked state. Compressive unloading and reloading 



follows the initial elastic modulus. 
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Figure 1.    (a) von Mises yield surface with tension cutoff in principal stress space, and (b) 

compressive strain hardening and softening law for the smeared crack element. 
 
 

 
 
Figure 2.    Normal stress-normal strain relation used in the orthotropic model for cracked 

material in the smeared crack element. 
 
Interface Model 

 
A 4-node isoparametric interface element is proposed to model cracks in a discrete 

fashion. This is to capture the fracture behavior of shear cracks in RC columns and that of mortar 
joints in masonry infill in a more accurate manner. It adopts an elasto-plastic formulation to 
simulate mode I, mode II, and mixed-mode fracture of quasi-brittle materials. The model 
accounts for Coulomb friction and shear dilatation that can develop along a crack interface.  

The relative interface displacement vector  has a normal component  and a shear 
component  along the interface’s normal and tangential directions, respectively, as shown in 
Fig. 3a. It is decomposed into three parts to represent the different phenomena that can develop 
in a non-smooth crack interface. Eq. (1) shows this decomposition in a rate form. 
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where  is the elastic (reversible) part, ed& pd&  is the plastic (irreversible) part, intended to capture 
the effects of material damage and loss, and gd&  is the geometric part to describe the recoverable 
shear dilatation due to the wedging action of the asperities in a crack.  

The yield surface used for the interface has a hyperbolic shape, which has been adopted 
in a number of different interface models (Gens et al. 1988, Lotfi and Shing 1994, Mehrabi et al. 
1994, Carol et al. 1997).   The particular formulation adopted here is based on the work of Lotfi 
and Shing (1994). The yield criterion is defined by the following expression: 
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where μ is the slope of the asymptote of the hyperbola representing the frictional coefficient, r is 
the radius of the yield surface at its apex, and s is the tensile strength, as shown in Fig. 3b. The 
cohesive strength  of the material can be evaluated from the three parameters as shown in the 
figure.  
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Figure 3.    Interface model; (a) local coordinates, and (b) failure surface. 

 
An elastic prediction-plastic correction approach (Ortiz and Popov, 1985, Ortiz and 

Simo, 1986) is employed to update the tractions based on the given interface displacement 
increment. The plastic (irreversible) displacement representing tensile crack opening, shear 
sliding, and material crushing is computed with a non-associated flow rule: 
 

=p λ ⋅d &&  (3) 
 
where &λ  is a plastic multiplier and m is a vector representing the direction of plastic flow. In the 
current formulation, the calculation of m depends on whether the normal stress is compressive or 
tensile, as shown in Fig. 4. For an interface under compression, /Q= ∂ ∂m σ  where the plastic 
potential is an elliptical function as follows (Mehrabi and Shing 1994): 
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When subjected to a tensile normal stress, the direction of the plastic displacement rate is 
assumed to be collinear with the trial elastic stress vector, ,

Ttr trσ τ⎡ ⎤⎣ ⎦ , as shown in Fig. 4. This is 
to ensure the robustness of the interface model in numerical computation, and to distinguish the 
kinematics of a crack interface in the compression and tension regimes. 
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Figure 4.    Plastic potential and plastic flow directions for different stress states. 
 

The geometric part of the displacement increment is given by Eq. (5): 
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where  is the plastic shear displacement rate and ζdil is a dilatation coefficient that varies with 
the plastic shear displacement as given by Eq. (6): 
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where ζdil,o, ζdil,r, and do are material parameters. 

 
After an interface has opened in mode-I fracture, compressive stress can develop only 

upon full crack closure as shown by the unloading-reloading behavior in Fig. 5.  
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Figure 5.    Interface behavior for normal loading/unloading (left) and reloading (right). 



 
A single interface element has been subjected to a constant normal compression of 70 psi 

and cyclic shear reversals to reproduce the response of a mortar joint test conducted by Amadei 
et al. (1989). As shown in Fig. 6, the analysis satisfactorily reproduces the initial and residual 
joint strength, as well as the effect of shear dilatation. However, the model over-estimates the 
joint compaction induced by damage. 
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Figure 6.    Validation of interface model with experimental data for a cyclic shear test on brick 
masonry mortar joint under a constant compressive stress of 70 psi (Amadei et al 
1989). 

 
Meshing Approach for Infilled RC Frames 

 
To capture the failure behavior of an infilled frame in an accurate manner, an appropriate 

meshing scheme must be employed. The meshing approach suggested by Stavridis and Shing 
(Stavridis and Shing 2007, Stavridis and Shing 2010) is used. For concrete columns, triangular 
smeared crack elements are combined with interface elements as shown in Fig. 7. The use of 
interface elements to model cracks in a discrete fashion is to circumvent the deficiency of 
smeared crack elements in capturing the brittle shear behavior of RC columns. According to the 
mesh geometry in Fig. 7, discrete cracks can develop at specific orientations of 0o, ±45o and 90o 
with respect to the horizontal.  
 

 
 
Figure 7.    Meshing scheme used for reinforced concrete columns and description of 

longitudinal (left) and shear (right) reinforcement (Stavridis and Shing 2007). 
 



Truss elements are used to model the reinforcing steel, with the area of each longitudinal 
bar divided into multiple bars and the area of each stirrup divided into two bar elements. For the 
infill panel, quadrilateral smeared crack elements are used to model the brick units, as shown in 
Fig. 8. Each brick is represented by two quadrilateral smeared crack elements, with a vertical 
interface element in-between to allow the formation of a splitting vertical crack through a brick 
unit. Interface elements are employed to describe the fracture of mortar head and bed joints, 
which normally occurs at a brick-mortar interface. 
 

 
 

Figure 8.    Meshing scheme used for masonry infill panels (Stavridis and Shing 2007). 
 

Verification 
 

For the validation of the finite element models, results of a quasi-static test conducted on 
an infilled frame tested at the University of Colorado at Boulder (Shing et al. 2009) are used. 
The test specimen is presented in Fig. 9.   
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Figure 9.   Dimensions and setup of a single-story, single-bay, infilled RC frame specimen tested 
at CU Boulder. 

 
The force-displacement curves obtained in the test and analysis are compared in Fig. 10. 

The peak lateral load obtained in the test was 153 kips, which occurred at a drift ratio of 0.25%. 
A significant load drop occurred at a drift ratio of about 0.4%, due to the formation of diagonal 
shear cracks in the concrete columns. The specimen retained a residual strength of 80 kips in the 
positive direction and 75 kips in the negative direction after the peak. As shown in Fig. 10, the 



analysis reproduces the cyclic response, including the strength and stiffness degradation, 
reasonably well, but it underestimates the peak load by 15%. Figure 11 compares the cracking 
pattern obtained in the analysis with the experimentally observed failure mechanism. As shown, 
the finite element model captures the cracking pattern observed, which is a combination of 
diagonal and horizontal sliding shear cracks in the infill panel and shear cracks in the concrete 
columns.  
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Figure 10.    Comparison of experimentally recorded and numerically calculated load-

displacement curves for the infilled RC frame specimen tested at CU Boulder. 
 
 

 
 
 
 
Figure 11.   Comparison of experimentally (left) and numerically (right) obtained cracking 

patterns and failure mechanisms of infilled RC frame specimen. 
 
To simulate the failure behavior of a multi-story frame under earthquake loading, results 

of a shake-table test (Shing et al 2009) performed at the UCSD NEES facility are used. The 2/3-
scale, 3-story, 2-bay, frame specimen shown in Fig. 12 was subjected to a sequence of ground 
motions with increasing intensity, which were derived by scaling the Gilroy 3 record obtained 
during the 1989 Loma Prieta Earthquake in time and acceleration. A gradual increase of the base 
motion intensity induced diagonal and sliding cracks in the infill panels and shear cracks in the 
columns. A preliminary analysis has been performed, aiming to reproduce the failure mechanism 



of the specimen. The computational model representing the shake-table specimen was subjected 
to a sinusoidal motion of gradually increasing amplitude. The failure mechanism of the finite 
element model closely matches the experimental observation, as shown in Fig. 13.  
 

`  
 

Figure 12.    Three-story, two-bay, infilled RC frame specimen tested at UCSD. 
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Figure 13.    Comparison of experimentally (left) and numerically (right) obtained cracking 

patterns and failure mechanisms of infilled RC frame specimen tested at UCSD. 
 
 

Conclusions 
 

The newly developed constitutive models for concrete and masonry when employed in a 
previously proposed finite element discretization scheme can well reproduce the cyclic response 
of the masonry-infilled reinforced concrete frames considered here. Although the strength of an 
infilled frame is slightly underestimated in one example, the residual strength, hysteretic loop 
shape, and cracking pattern satisfactorily match the experimental observations. Furthermore, 
satisfactory results are obtained from a preliminary dynamic analysis of a three-story frame 
tested on a shake table. However, in spite of the promising results, further validation is needed 
for frames with different configurations, design, and loading conditions, including infill walls 
with openings and frames subjected to earthquake ground motions. 
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