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Abstract

This article proposes a simplified micro-modeling of masonry infill walls, as well as a method for modeling
reinforced concrete frames without infill. This model uses the Drucker-Prager criterion to simulate the non-linear
compression behavior of bricks. And for the frame elements, the concrete damaged plasticity (CDP) model was
used. This numerical modeling strategy is characterized by the absence of discrete elements either at the portal
frame level, or at the masonry unit level, the latter often used to simulate the onset of damage in areas susceptible
to plasticization. This model was checked against experimental results and analytical solutions. Subsequently, the
use of the concrete damaged plasticity (CDP) model to simulate the non-linear behavior of bricks demonstrated
the model's ability to simulate and reproduce experimental damage.
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1 Introduction

For a long time, the masonry wall was considered as a non-structural element, neglected during
the design of the reinforced concrete (RC) frame structures, these have been considered solely
for their thermal and sound insulation properties. It was only after the occurrence of the various
earthquakes that the post-seismic reports showed their importance and influence. As a result,
the study of the behavior of these structures, as well as their simulation, has become a key
subject in earthquake engineering.

Frame structures with infill exhibit complex behavior; on one side we have a frame which
exhibits a flexible but ductile behavior, and on the other a masonry wall which exhibits a rigid
but fragile behavior. The introduction of the masonry walls to the frame increases considerably
the rigidity of the structure, greater than the sum of the member stiffness taken individually,
this increase is due to the interaction between the frame and the filling wall. This increase in
stiffness has a direct impact on the structure, this has the effect of reducing the period of the
structure (EI-Ouali et al., 1991 [1]). Among other things, an increase in seismic forces can be
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observed [2] (Wakabayashi, 1986). Many experimental and analytical studies have been carried
out on frame structures.

Murty and Jain (2000) [3] conducted an experimental study on the influence of masonry on
frame structures, the results show that infill walls increase the strength, stiffness, and overall
energy dissipation of the structure. Dawe and Seah (1989) [4] conducted experimental studies
on steel frames with concrete infill, the study looked at the influence of many parameters on the
behavior and resistance of infilled frame structures subjected to horizontal loading. Crisafulli
(1997) [5] carried out experimental tests, with the aim of setting up a capacity dimensioning
method for frames with infill. The author recommends the introduction of diagonal frames at
each of the frame nodes, with "U" bars linked to the longitudinal reinforcement, allowing a
better transfer of the lateral forces from the frame to the infill panel. Yuen and Kuang (2012)
[6] conducted an analytical study on the seismic behavior of framed structures with infill under
dynamic loading in-plane and out-of-plane. Chrysostomou (1991) [7] during a dynamic
analytical study, observes a clear reduction in the bending moments as well as the shear force
in the elements of the infilled frame structures in comparison with the elements of the frame
without infill. He also observes a considerable increase in the normal forces in the members of
the infilled frame structures in comparison with the members of the frame without infill.

Through years of research, many authors have focused on the study of these structures and their
modeling has become widespread, especially with the arrival of the finite element method.
Many authors have looked into the modeling of infill walls, proposing many strategies over
time. The authors D'Altri et al. (2019) [8], Ali and Page (1988) [9] report that in the history of
masonry modeling, Page (1978) [10] was the first to consider the masonry units as well as the
mortar separately, in this first attempt the bricks are elastic elements acting in conjunction with
connecting elements simulating mortar joints. Ali and Page (1988) [9] subsequently proposed
a modeling of masonry walls by finite elements subjected to a loading in plan, the bricks and
mortar joints are modeled separately. In this method, failure can occur by crushing or cracking
of the constituents, or by failure of the bond at the brick-mortar interface. Lotfi and Shing (1994)
[11] propose a constitutive model capable of simulating fracture initiation and propagation
under combined normal and shear stresses. The model is of the meso-modeling type where the
mortar units are modeled with continuous elements, the mortar joints are modeled by interface
elements. Lourengo and Rots (1994) [12]; Lourengo and Rots (1997) [13] propose an interface
model that takes into account all types of masonry failure, the bricks are modeled by continuous
elements, and the mortar joints by interface elements. The damage is then concentrated in the
mortar joints and potential cracking elements are introduced into the center of the masonry
units. Lourengo and Rots (1997) [13] based on the approach of Lourengo and Rots (1994) [12],
the author proposes a simplified micro modeling approach where the damage is concentrated in
the mortar joints, through interface elements that replace the different mortar joints, potential
cracks are introduced into masonry units through interface elements. Aref and Dolatshahi
(2013) [14] offer a simplified micro-modelling, the model allows the simulation of filling walls
subjected to a three-dimensional loading, monotonic or cyclic. The mortar joints are replaced
by zero-thickness interface elements; a constitutive material model was subsequently
introduced through a subroutine in Abaqus software. The brick elements are modeled by solid
elements (C3D8R) and the interface elements by plane elements (COH3D8). The authors
introduced the cyclic behavior of masonry, using the model proposed by Lourengo and Rots
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(1997) [13]. Nasiri and Liu (2017) [15] propose a simplified modeling of the infill in order to
take into account the out-of-plane loading. The model was established by replacing the mortar
joints with zero-thickness interface elements, the masonry units are connected and interact with
each other through these interface elements. Kuang and Yuen (2013) [16] propose an approach
based on the surface-based interaction modeling technique to simulate the interfacial ten-sile-
separation behavior between the contact surfaces of masonry units. Bolhassani et al. (2015) [17]
offer experimental tests for determining the mechanical characteristics of masonry elements, as
well as their numerical simulation using micro-simplified modelling. Abdulla et al. (2017) [18]
propose a simplified micro-modeling method by introducing the extended finite element
method (XFEM). The method allows simulation of in-plane and out-of-plane infill walls for
monotonic or cyclic loading. Zhai et al. (2017) [19] propose the use of discrete elements in
order to circumvent one of the limitations of the diffuse crack model which is the dependence
of the solution on the size of the mesh, relying on the element method finite extended (XFEM),
the author introduces discrete elements in the frame and the masonry units in order to simulate
the possible cracks of the latter. D'Altri et al. (2018) [20] proposed a detailed micro-modeling
model for masonry structures, the model allows the prediction of the mechanical behavior of
these structures until their failure.

The aim of this paper is to propose a method for modeling reinforced concrete frames without
infill, with the commercial software Abaqus, using the appropriate behavior laws for concrete
and steel. Then, in a second step, the introduction of the infill wall according to the appropriate
plastic model, enables the global behavior of a reinforced concrete frame with infill to be
modeled through the use of a trial-and-error method to calibrate the analytical model on the
experimental model. As this method can be classified as a simplified micro-modeling of
reinforced concrete frames with infill, while bypassing the use of discrete elements, it presents
by its simplicity an easy and accessible alternative to the complex models present in the
literature.

2 Materials and methods

The nonlinear behavior of the concrete can be simulated according to various models in the
literature, it can be simulated by using the theory of plasticity or damage models, the theory of
plasticity makes it possible to describe the irreversible deformations, the damage model is al-
lowing to describe the gradual degradation of the initial rigidity. For a better simulation of the
non-linear behavior of concrete, the coupling between the models of plasticity and damage is
essential (Nguyen and Korsunsky, 2008 [21]).

In this paper, the non-linear behavior of concrete will be simulated with the CDP (Concrete
Damaged Plasticity) model integrated in Abaqus, this model is based on the formulation of
Lubliner et al. (1989) [22] and Lee and Fenves (1998) [23], makes it possible to represent in a
complete way the plastic behavior of the concrete, by taking into account its damage. The model
assumes a non-associated plastic flow potential, the flow function used for this model is the
Drucker-Prager hyperbolic function.
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2.1 Concrete

According to the methodology proposed by Alfarah et al. (2017) [24], the behavior of concrete
in compression goes through three stages (see Figure 1(a)), two ascending segments and another
descending one, the ascending segments in compression follow the recommendations of CEB-
FIP (2010) [25] and the descending segment follow the recommendation of Kritzig and Polling
(2004) [26].
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Figure 1: Compressive and tensile behavior of concrete: (a) Compression, (b) Tension

The first is linear elastic, it is expressed by the following relation:
o, =Ege, (1)

The second follows a quadratic law, which is expressed by:
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The tension curve follows two segments:

A first linear elastic, it is expressed by the following relation:
o, =Egg, )

A second segment that follows the law:
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f,, =0.3016(f, )" (11)
With:
C1= 3 and C,=6.93 according to the values recommended by Alfarah et al. (2017) [24].
W, = 5.14(3j (12)
ftm
G, =0.073(f,, )" (13)
f 2
Gch = [ﬂJ Gf (14)
ftm

Equation (10) can be written in terms of tensile strain using the following equation:

& =&t (Iﬂ] (15)

The damage model proposed by Alfarah et al. (2017) [24] was also used to calculate the concrete
damage variable, a program under Fortran following the methodology recommended by the
authors was written for this purpose.

The strain relationship of the concrete damaged plasticity (CDP) model (Figure 1) is expressed
as follows:

g =g + Pt (16)
The stress-strain relationship, taking into account the isotropic damage parameter, can be
expressed as follows:

o
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o= (1—-d)D§": (e — ePt) = D®: (e — ePh) 17)
The expression for the load function is given by:
F(5,8?PH) <0 (18)
The flow law is expressed as follows: B
L = } % (19)

When the concrete sample is unloaded, resulting in a drop in material stiffness (Figure 1), the
latter is characterized by two damage variables d. and d;, expressed as follows:
di=d,(8?P) and 0<d, <1 (20)

d, =d.(¢P") and 0<d. <1 (21)

The stress-strain relationship under tensile and compressive loading, taking into account the
damage variables d. and d;, can be expressed as follows:

o = (1 —d)Eo(e, — &) (22)

g, = (1—d.) Eo(e. — €79 (23)

The effective tensile and uniaxial compressive stresses resulting from crack propagation are
then given as follows:

~ _ Ot _ _ ~pl
O = -dp Eo(er — &) (24)
56 = (1j;c) = EO(SC - g(z,?l) (25)

The inelastic stress-strain curves to be used in the modelling are given as follows:

gn=g-Z (26)
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2.2 Rebar steel

The rebar steel is modeled with an elastoplastic behavior with isotropic hardening (Figure 2).
The stress is described by the following BAEL99 (1999) [27]:
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Figure 2: Perfect elastoplastic law of a reinforced concrete steel according to BAEL99 [27]

3 Nonlinear Behavior Modeling of Concrete Masonry Units

In this method, the simulation of the nonlinear behavior of the concrete masonry units can be
represented by two models, the CDP model or by using the Drucker-Prager plastic model. In
this paper, the Drucker-Prager model will be mainly used for experimental validation and the
CDP model for masonry unit will be discussed later.

3.1 Drucker Prager Model

For materials with internal friction, such as sands, soils, rocks and concrete, it is not possible to
neglect the effect of the first invariant 11 in the yield condition (Jirasek and Bazant, 2001 [28]).
The first effective criterion written in terms of I1 and J2 was proposed by Burzynski (1929)
[29] according to Jirasek and Bazant (2001) [28]. Later, Drucker and Prager (1952) [30] will
propose his model, and his criterion is usually stated as follows:

f(1,3,)=al,+3, -1, (30)

a and 1o are the material parameters, I1 and J. are respectively the first invariant and the second
deviatoric invariant. This model has been widely used, particularly in the modeling of confined
concrete Oh (2003) [31]; Karabinis and Kiousis (1994) [32]. Later, many authors will propose
modifications to this model (Yu et al., 2010 [33]; Zhang et al., 2015 [34]; Mohammadi et al.,
2019 [35]), in this article the extended Drucker-Prager model will be used to simulate the non-
linear behavior of bricks in compression.
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Three yield criteria with different shapes of yield surfaces in the meridian plane (p-t plane) can
be used in this model: a linear form, a hyperbolic form and a general exponent form. In our case
the linear form was chosen, according to the recommendation of Yu et al. (2010) [33], which
recommends the use of a criterion taking into account the third deviatoric invariant, as well as
a function of yield non-circular.

The yield criteria in a linear form is expressed as Abaqus (2011) [36]:

F=t—tanp—-d=0 (31)
1 1 1\(r
Aeredld
With:
q= +/3J, (33)
Jzzls;szls__s__:1[(01_62)2+(Gz_03)2+(03—01)2} (34)
2 277 g

In this paper, hardening is defined by the elastic compressive stress, we will have:

d= (1—%tan Bjoc (35)

3.2 Modeling of the Connection Between the Concrete Masonry Units

Usually the connection between the different concrete masonry units is represented by a
cohesive relationship of the traction-separation type.

After failure of the cohesive bond, Coulomb's law is applied to express the friction between the
different concrete masonry units.

In the case of a frame with infill, this same connection is applied between the frame and the
masonry. In our case, the connection between the different concrete masonry units will be
modeled in this way. The contact between the different surfaces of the concrete masonry units
is expressed through two types of behavior included in Abaqus software. The first is "hard
contact behavior" which supposes a transmission of stresses for the surfaces in contact. It
minimizes the penetration of the slave surface in the master surface at stress locations and does
not allow tensile stress transfer across the interface (Abaqus, 2011 [36]). The second is
tangential where a coefficient of friction will be determined by groping to simulate the behavior
of the concrete masonry units in contact with each other. As for the connection between the
reinforced concrete (RC) frame and the concrete masonry units, it will be done using the "Tie"
module included in Abaqus explicit.

This type of contact has been used to model confined masonry in the past by Borah et al. (2021)
[37]; Chandel and Sreevalli (2019) [38]; Okail et al. (2016) [39]. In this paper, its use will be
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generalized for classical masonry. Furthermore, the model proposed here, offers a slight
improvement by taking into account the masonry units separately, this makes it possible to take
into account the mode of failure by horizontal slip of the bed joints of the masonry.

One of the limits of the proposed model is the dependence of the solution on the size of the
mesh, as mentioned by Borah et al. (2021) [37], the mesh size must be calibrated in order to
have the numerical solution close to the experimental solution.

4 Results and discussion

The experimental test of Mehrabi and Shing (1994) [41] shown in Figure 3, this test consists of
a progressive thrust until the failure of a reinforced concrete (RC) frame with masonry infills.
The reinforced concrete (RC) frame being the same as that which was validated during the first
part.
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Figure 3: Experimental model of the reinforced concrete (RC) frame with masonry infill

.

The mechanical characteristics of concrete and steel reinforcement are given in Table 1 and 2.

Table 1: Mechanical characteristics of concrete

E. (MPa) feos (MPa) fios (MPa)
21930 30.9 3.29

Table 2: Mechanical characteristics of steel reinforcement

Type of reinforcement Es (MPa) fy (MPa) fu (MPa)
Longitudinal 195000 420.7 662.1
Transverse 195000 367.6 449.6

Even though the masonry units are perforated units, in our model they are represented as
complete units with the following dimensions: 204 x 102 x 102 mm. This simplification was
used by Bolhassani et al. (2015) [17] and showed satisfactory results.
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Even though the masonry units are perforated units (Fig. 15), in our model they are represented
as complete units with the following dimensions: 204 x 102 x 102 mm. This simplification was
used by Bolhassani et al. (2015) [17] and showed satisfactory results. Fig. 15 shows the
dimensions of the masonry units used during the experimental test by Mehrabi and Shing (1994)
[41].

\(&K

194

Fig. 15 Concrete masonry units of the experimental test (Mehrabi and Shing, 1994 [41])

The following Tables summarize the different parameters assigned when modeling concrete
masonry units in Abaqus.

Table 3: Values assigned for the mechanical behavior of concrete masonry units

Parameters \ E (MPa) fc (MPa)
Values 0.15 15400 16.48

The different parameters assigned when modeling concrete masonry units in Abaqus follow
Drucker Prager model with: R of 1, v of 27 and f of 2.

The experimental test conducted by Mehrabi and Shing (1994) [41] consists of imposing two
loads were imposed on the frame along the analysis, first a fixed vertical load with a value of
293 KkN; distributed between the columns (195.4 kN) and the beam (97.6 kN), and another
laterally incremented monotonic load, applied according to the controlled displacement mode.
The vertical load was applied first and was kept constant until the frame collapsed.

4.1 Results of the Reinforced Concrete (RC) Frame without Masonry Infill

Figure 4 shows a comparison between the analytical results with those of the experimental test
conducted by Mehrabi and Shing (1994) [41], from the curves we can see that our numerical
model describes in a suitable way the behavior of the frame, we can even see that the elastic
behavior is obtained in a more specific way than the numerical model of Mehrabi and Shing
(1997) [40], this demonstrates the robustness of the proposed model. The agreement of the
ultimate load between experience and our calculation is satisfactory; a slight overestimation of
the ultimate load can be seen towards the end.
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Figure 4: Load-displacement curves for the RC frame without masonry infill

In the elastic part, the experimental test conducted by Mehrabi and Shing (1994) [41] has an
initial stiffness of 474.77 N/mm; in comparison, the numerical model presented by this study
presents an initial stiffness of 463.22 N/mm, for the numerical model of Mehrabi and Shing
(1997) [40] the latter is 675.63 N/mm. The numerical model presents a difference in terms of
initial stiffness of 2.43%, for the numerical model of Mehrabi and Shing (1997) [40], this
difference is 20.9 %.

Table 3: Comparison between initial stiffness’s

Frame without masonry infill Ultimate load Error (%) Initial stiffness Error (%)
P, (kN) (N/mm)
Experimental 106.62 - 4747.7 -
Numerical 117.47 10.17 4632.2 2.43
Mehrabi and Shing (1997) 108.65 1.90 6756.2 20.9

The results in Table 3 indicate an ultimate experimental load of 106.62 kN and that obtained by
our calculation of 117.47 kN, i.e. a difference of about 10.17 %.

Our numerical model presents an average error estimated at 4.83% of the experimental load,
that of Mehrabi and Shing (1997) [40] presents an average error estimated at 9.1% of the
experimental load. This demonstrates that our numerical model manages to simulate the plastic
behavior of the experimental curve more adequately than that of Mehrabi and Shing (1997)
[40].
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Figure 5: Damage evolution of the reinforced concrete (RC) bare frame: (a) Experimental test
(Mehrabi and Shing, 1994 [41]), (b) Numerical study

By comparing the damage in Figure 5(a) which shows the level of damage suffered by the
reinforced concrete (RC) frame during the experimental test, the damage given by the numerical
model (Figure (5b)) succeeds in reproducing the damaged zones well, especially in the nodal
and tense zones, we can therefore conclude that the damage model proposed by Alfarah et al.
(2017) [24] is perfectly suited for modeling the damage of reinforced concrete.

12



SSP - JOURNAL OF CIVIL ENGINEERING Vol. 19, Issue 1, 2024

4.2 Results of the Reinforced Concrete (RC) Frame with Masonry Infill

Figure 6 shows a comparison between the experimental and numerical model, where we can
see an acceptable similarity of the proposed model.

250

200

Horizontal force (kN)

50 Numerical —l—
Mehrabi and Shing (1997) —&—
Experimeptal —_—

0 5 10 15 20
Displacement (mm)
Figure 6: Load-displacement curves for the RC frame with masonry infill

The ultimate experimental load of 190 kN and the ultimate load obtained by our calculation of
201 kN. The agreement between the ultimate load found by our calculation and that measured
is satisfactory. Our model overestimates the ultimate load by about 5.78%.

It can be seen that our simulation and that of Mehrabi and Shing (1997) [40] give an appearance
close to the experimental curve. However, the two curves obtained differ at the level of the
ultimate load, where our calculation seems to approach the experimental better than the
simulation carried out by Mehrabi and Shing (1997) [40].

From Figure (6), it can be also seen that the Drucker-Prager model more accurately describes
the behavior of the frame with masonry infill than the Concrete Damage Plasticity (CDP)
model. The ultimate experimental load of 190 kN, and the ultimate load obtained by the
Drucker-Prager model of 201 kN, and that obtained by the Concrete Damage plasticity (CDP)
model is 208 kN. The agreement between the ultimate load found by the Concrete Damage
Plasticity (CDP) model and that measured is satisfactory. The Concrete Damage Plasticity
(CDP) model overestimates the ultimate load by about 9.47% compared to the experimental.
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Figure 7: Numerical and experimental damage evolution of the RC frame with masonry infill: (a)
Compression damage, (b) Tension damage, (c) Experimental damage

The use of the Concrete Damage Plasticity (CDP) model makes it possible to obtain a numerical
damage, the results obtained are in Figure (7a) for the damage in compression and Figure (8b)
for the damage in tension.

By comparing the results obtained numerically in Figure (7a) and Figure (7b) with those
obtained experimentally in Figure (7c), we can see that our model manages to reproduce the
experimental damage in an acceptable way. Here the mode of failure of the infilled frame by
crushing of the corners as well as the diagonal cracking could be reproduced.

5 Conclusion

In this article a modeling method for reinforced concrete (RC) frames with the Abaqus computer
code, with and without masonry infill, has been introduced. At first, the use of a damage model
present in the literature, added to the various modules integrated in Abaqus allows us to model
the damage in a reinforced concrete (RC) frame structure.

The introduction of discrete elements is the most widespread method to simulate the behavior
between the concrete masonry units in contact, as well as the damage likely to appear in the
frame or in the masonry units, this method often requires the use of relatively complex
subroutines. This paper proposes an alternative to this by proposing a simplified micro-
modeling which makes it possible to simulate the behavior of a reinforced concrete (RC)
structure with masonry infill.

The results obtained from our numerical modeling relating to the frame with and without
masonry infill are very close to the analytical and experimental results. Which allows us to say
that the adopted simplified micro-modeling allows us to simulate in a correct way the nonlinear
behavior of the reinforced concrete (RC) frames with and without masonry infill until the
rupture.

List of notations

Eo Elastic modulus corresponding to 0.4 of the characteristic resistance of concrete
€c Strain of concrete in compression

fem Compressive strength of concrete

fek Characteristic value of concrete strength

€.m  Strain corresponding to the maximum strength of the concrete

Gen Concrete crushing energy

leg Characteristic length which corresponds to mesh of the element

€¢ Plastic strain due to element damage
eSh Concrete crushing strain
€ Total strain
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€t Elastic strain

o Elastic stress

d The damage variable

D& The elastic stiffness matrix

D¢ The deteriorated stiffness matrix

o Effective stress

&Pt Equivalent plastic strain

A Not-negative multiplier

s”fl Equivalent plastic strains in tension

éfl Equivalent plastic strains in compression
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