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Abstract: Infilled reinforced concrete (IRC) frames are a very common construction typology, not only
in developing countries such as Pakistan but also in southern Europe and Western countries, due to
their ease of construction and less technical skills required for the construction. Their performance
during past earthquakes has been in some cases satisfactory and in other cases inadequate. Significant
effort has been made among researchers to improve such performance, but few have highlighted
the influence of construction materials used in the infill walls. In some building codes, infills are
still considered as non-structural elements, both in the design of new buildings and, sometimes,
in the assessment of existing buildings. This is mainly due to some difficulties in modeling their
mechanical behavior and also the large variety of typologies, which are difficult to categorize. Some
building codes, for example, Eurocode, already address the influence of infill walls in design, but
there is still a lack of homogeneity among different codes. For example, the Pakistan building code
(PBC) does not address infills, despite being a common construction technique in the country. Past
earthquake survey records show that construction materials and infill types significantly affect the
seismic response of buildings, thus highlighting the importance of investigating such parameters.
This is the object of this work, where a numerical model for infill walls is introduced, which aims
at predicting their failure mode, as a function of some essential parameters, such as the friction
coefficient between mortar and brick surface and mortar strength, usually disregarded in previous
models. A comprehensive case study is presented of a three-story IRC frame located in the city of
Mirpur, Pakistan, hit by an earthquake of magnitude 5.9 on 24 September 2019. The results obtained
from the numerical model show good agreement with the damage patterns observed in situ, thus
highlighting the importance of correctly modeling the infill walls when seismically designing or
assessing Pakistani buildings that make use of this technology.

Keywords: infilled reinforce concrete (IRC) frames; masonry infill walls; nonlinear analysis; strut
model; non-structural elements

1. Introduction

Construction typology of infilled reinforced concrete (IRC) frame structure is not only
common in Pakistan but across the globe [1,2]. The typology became more common in
Pakistan, especially after the October 2005 Kashmir earthquake [1,3—6]. With the increasing
demand for IRC frame structures in the country, several issues drew the attention of both
researchers and practitioners, such as RC frame—infill interaction, brick types, and bricks
and mortar properties [7]. Despite the spread of such construction typology in the Country,
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as of today, the Pakistan building code (PBC) has not developed any design and con-
struction recommendations or guidelines [3,8]. This is actually the case of many building
codes around the world, which still do not deal with the design and assessment of existing
structures [9,10]. On the other hand, some more advanced building codes, e.g., Eurocode,
already include consideration of infill walls in both the design and assessment of IRC frame
structures. Nonetheless, infill walls are commonly considered non-structural elements,
despite their strong influence on the seismic response of IRC frame structures [11,12]. Al-
though extensive studies highlighted the topic in detail in the past 50 years, sound and
reliable design and assessment methods, including the effects of infills, are still far from
being fully developed [13,14].

The effects and contributions of infill walls to the overall seismic response of IRC frame
structures may be either beneficial or detrimental [11], depending on various parameters,
such as RC—-infill walls interaction, relative strength and stiffness between infill walls and
RC frame, and types of materials used for bricks, mortar and concrete [10]. Assessment
of seismic performance of IRC frame structure requires proper modeling techniques and
reliable analytical equations to correctly predict force-displacement parameters of infill
walls [15]. Several existing IRC frame structures are nowadays vulnerable to seismic actions
as a result of improper and poor understanding of such phenomena [16].

Some usually neglected parameters, such as the mortar—brick friction coefficient and
mortar strength, and their effects on the seismic performance of infill walls, are not reported
in the literature, despite their recognized strong influence [17]. Recent earthquakes proved
that also newly built IRC frames designed with seismic detailing are as equally vulnerable
as older ones, due to the detrimental interaction with infills [18]. IRC frame structures are
not only vulnerable during natural seismic events, but also due to human-made hazardous
events, such as blast and terrorism acts, which makes the topic of great importance to
investigate in detail [19].

In case infill walls are uniformly distributed in the plane and elevation of the building,
IRC frames are less vulnerable to seismic actions than the equivalent bare frames, because
the infill walls have a distributed interaction with the surrounding RC frame [20]. Yet,
brittle failures can occur in columns, beams, and joints due to local interaction. This
undesired interaction should be taken into account in seismic assessment [21], also because
it occurs during the deformation of the RC frame [18].

The infill walls can be modeled by different numerical techniques such as micro, meso,
and macro modeling [22]. The former two require computational efforts and are commonly
used for detailed studies, while the latter relies on one or more diagonal struts, requiring
less computational effort and are commonly used in practical applications [23].

Usually, in Pakistan, the design and assessment practices of IRC frames only consider
the estimated dead load of infill walls [8] while ignoring all other important parameters,
including relative strength and stiffness between the RC frame and infill walls, types of
bricks, and types of mortar, which are known to alter the seismic performance of IRC frame
structures [1,24,25]. For this reason, infill walls made of fire burnt clay bricks are common
across the northern part, including Punjab, Khyber Pakhtunkhwa, Pakistan-administrated
Kashmir, Baluchistan, the capital territory Islamabad, and other seismic-prone regions
of the country [26]. Instead, infill walls with cement-sand heavy blocks are used in the
province of Sindh, including big cities such as Karachi and Hyderabad. Therefore, the
only difference in the design and assessment in these two parts of the country is in the
dead loads of infill walls: the density of fire burnt solid clay bricks is usually taken as
18.8 kN/m?3 (120 Ib/ft3), whereas the density of solid cement blocks is usually taken as
22.8 kN/m?3 (145 1b/ft3). The large difference between the sizes and strength of fire burnt
clay bricks and cement—sand blocks, which highly affects the overall seismic performance,
is not considered [5,6]. The usual thickness of infill walls is either 229 mm (9 inches) or
114 mm (4.5 inches) [3,26]. Moreover, there are no variations in width or types of infill
walls, neither related to the local seismicity nor to the occupancy/types of the building,
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i.e., hospital, school, industrial, or residential, which is not an appropriate strategy for the
seismic safety of buildings [1,3].

2. Numerical Modeling
2.1. Proposed Numerical Model

Satisfactory advancements in modeling infill walls have been recently achieved in
terms of simplified macro modeling, in which the infill panel is replaced by equivalent
diagonal single or multiple struts [9,27]. The laying of bricks and the materials’ mechanical
characteristics affect the ability of such models to predict the local response and the
damage pattern [28]. In terms of the global response, it has been widely recognized
that the modeling choices of infill walls affect the overall seismic performance of IRC frame
structures and bring largely different outcomes [22,29].

Generally, seismic forces affect infill walls both in-plane and out-of-plane [30,31].
In-plane interaction has been the object of several experimental research studies, which
concluded that infill panels behave as a monolithic resisting system until partially detached
from the surrounding frame, wherein they start behaving as a compression strut. This
claims for adequate modeling [32], which is the objective of the proposed model.

Despite several efforts for developing reliable models, those available in the literature
usually neglect the influence of important parameters, such as the friction coefficient be-
tween the mortar and brick surface, cohesion between masonry bricks, and the strength
of mortar. Considering the construction typology of IRC frame structure in Pakistan, the
materials used and the common design practice is the objective of the proposed numerical
model, which is a modified version of a previous model [33]. It considers a compression
2D diagonal strut representing the infill wall in the in-plane, with a simple yet effective con-
stitutive law (Figure 1), which identifies different stages of the response: elastic, cracking,
maximum force, failure, and residual force.

Figure 1. Adopted model for infill walls showing the main features of the response.

The relative stiffness between infill wall and column can be calculated by the dimen-
sionless parameter proposed in [34]:

E, sin? 1/4

1 Sin 9} 1)

A = he [4EC I

where /i is the height of the RC frame to the centerline of the beam, E;; and E. are the
moduli of elasticity of masonry and concrete, respectively, ¢, and h, are the thickness and
height of the infill wall, respectively, I is the moment of inertia of the column, and 6 is the
angle of the diagonal panel strut.
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Many authors, e.g., [22], proposed different formulations for the diagonal panel strut
width wy,. For example, according to [35], it can be calculated as:

Wy = 0.17dyA;, 0 @

where d, is the inclined length of the diagonal strut.

The four branches, i.e., cracking, maximum force, failure, and residual force, are
shown in Figure 1, described sequentially by the following equations.

It is expedient to start from the maximum force and the corresponding displacement:

Fpo = fw tw Wy 3)
bup = L2 dy @
wo

where, fy, tw, and wy, are the diagonal compression strength of the wall, wall thickness,
and strut width, respectively, and E,y is the elastic modulus along the diagonal direction
at angle 0, given by the following equation [36]:

-1
4 - 4

1

Euo = cos™ 0 + sin_ 6 +c05295in29< 20>1 (5)

Eun Emo G En

where E,;;, and E,;;» are the horizontal and vertical elastic moduli of masonry walls, respec-
tively, G is the masonry shear modulus, and v is the Poisson ratio.

The cracking force of the infill and the corresponding displacement at the onset of the
first branch of Figure 1 can be found as:

F
F,— w8
ef 2 (6)
o F et
b = 5 ?)

where K¢ is the diagonal strut axial stiffness, calculated as:

Ewp tw Wy

w

cos? 0 (8)

where 0 is the strut angle.
The failure force and the corresponding displacement at the end of the third branch of
Figure 1 can be found as:

Foup = Plfm tw Wy )
hy
Suout = 0.005_ % (10)

where, 1, fi, tw, and wy, are the mortar—brick friction coefficient, mortar compressive
strength, wall thickness, and strut width, respectively, and k, is the infill wall height.
Finally, the last point of residual force is proposed as:

_ Fue
Fup = 10 (11)
8o = 18 840 (12)

Having calibrated the strut model, in the following section, it is validated by comparison
with an experimental test.

2.2. Comparison to an Experimental Test

A single-bay single-story IRC frame tested in [7] is considered (Figure 2). A displacement-
controlled test was performed under alternate horizontal force until collapse. Vertical loads
were applied to each column, representing loads coming from upper stories. The effective-
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ness of the proposed numerical model was ascertained by comparing its prediction with the
experimental results. The values of the main test parameters are listed in Table 1.
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Figure 2. RC-infilled portal frame tested in [7] (sizes are in cm).

Table 1. Main parameters of the test in [7].

Materials Properties Values
Compressive strength of brick unit 5.1 MPa
Compressive strength of masonry 4.0 MPa
Compressive strength of mortar 11.7 MPa
Compressive strength of concrete 30 MPa
Yield strength of steel 430 MPa
Poisson ratio 0.14
Friction coefficient between mortar and brick surface 0.3
Tensile strength of masonry 0.35 MPa
Modulus of elasticity of masonry 4683 MPa
Length of infill 2300 mm
Height of infill 1300 mm
Thickness of infill 120 mm
Inclined length of strut 2654 mm
Inclined angle of strut 0.52 rad

The test is modeled by implementing the proposed model within the solver “SAP2000”,
whose parameters are shown in Table 2, as computed from Equations (1)—(12) using the test
parameters in Table 1. The results are compared with two other numerical models available
in the literature [33,37], calibrated on the same test data, whose force—displacement curves
are shown in Figure 3.

In model [33], yielding, ultimate, and residual forces and their corresponding dis-
placements depend on the maximum force, as a function of the diagonal compression
strength of the infill masonry and the thickness and width of the infill strut, whereas in
model [37], the maximum force is a function of the thickness, width of the infill strut, its
angle, and the minimum of the ultimate stresses obtained from possible failure modes of
the masonry infill wall, i.e., panel center crushing, corners crushing, bed joints sliding, and
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diagonal tensile failure. All these failure modes are function of compressive strength, shear
resistance of infill masonry, sliding resistance of bed joints, and normal stress. None of the
models considers mortar strength and mortar-brick friction coefficient as the proposed
model does. The proposed model shows good agreement with the experimental results,
with an accuracy comparable to model [33] and better than [37], as shown in Figure 4.

Table 2. Model parameters to model the test in [7].

Symbol Definition Equation Value
Ap Relative stiffness parameter 1 3.66
Wy Strut width 2 269 mm
Fuo Maximum force of infill 3 131.4 kN
Owo Displacement at maximum force 4 2.4 mm
Ewo Elastic modulus along diagonal 5 4.68 GPa
F,g Cracking load of infill 6 65.7 kN
S0 Displacement at cracking force 7 0.8 mm

Ko Diagonal strut axial stiffness 8 40.6 kKN/mm

Fouo Failure force 9 107.4 kN

Swub Displacement at failure force 10 7.5 mm

F.o Residual force 11 13.1 kN

Oup Displacement at residual force 12 43.2 mm
(a) (b)

Figure 3. Force-displacement curves for the equivalent strut proposed by [37] (a) and [33] (b).

Figure 4. Comparison of envelope capacity curve with the proposed model and the experimental capacity curve in [7].
Literature numerical models [33,37] are also shown.
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3. Case Study
3.1. The Earthquake of 24 September 2019

A 5.9 magnitude earthquake struck eastern Pakistan in 2019, with its epicenter close
to the city of Mirpur, Pakistan-administered Kashmir, as shown in Figure 5 issued by
the European Mediterranean seismology center (CSEM/EMSC). According to Pakistan’s
meteorological department (PMD), the earthquake was 10 km (6 miles) deep, and the
worst-hit city was Mirpur. According to the Pakistan Building Code (PBC), the earthquake
lies in a moderate seismic intensity zone of 4 with maximum peak ground acceleration
(PGA) in the range of 0.35 g [8]. The measured intensity of the earthquake was VIl in the
epicenter area, with a PGA of 0.387 g according to USGS (Figure 6).

(@)

Figure 5. Cont.



Buildings 2021, 11, 276

8of 19

Felt report received for M5.9 earthquake
in PAKISTAN
on 2019-09-24 11:01:55 UTC

@iﬁ!
) MSC
515 feltreports on this map ! ! Updated on 01/10/2019 at 17:56 UTC

X

* Epicentral location

Reported as: - Felt

Figure 5. Location of the epicenter of the 24 September 2019 earthquake (a) and felt report (b), as
issued by CSEM/EMSC.

Moreover, according to the instrumental intensity map issued by the Space and Upper
Atmosphere Research Commission (SUPARCO) of Pakistan, at least 34 people died, and
more than 600 injuries were recorded. Many public and private buildings collapsed, as
shown in Figures 7-9.



Buildings 2021, 11, 276 9of 19

(@)

Figure 6. Cont.
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(b)

Figure 6. Macroseismic intensity map (a) and peak ground acceleration (PGA) map (b), issued
by USGS.

() (b) (©

Figure 7. Damages of infrastructures (a), failure of infill walls of RC-infilled public building (b), collapse of masonry
building (c).
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(a) (b) (c)
Figure 8. Collapse of RC building (a), damage of road (b), collapse of masonry building (c).

(@) (b) (0) (d)

Figure 9. Damage in infill walls (a,b) and failure of columns (c,d) in RC-infilled buildings.

3.2. Description of the Building

The selected case study considers an IRCF three-story factory building situated in
Mirpur city, Pakistan, which was severely hit by the earthquake on 24 September 2019.
The factory building is 17.7 km away from the epicenter. The model of the building and a
satellite image are shown in Figure 10. According to the acquired information, the building
was designed in 1986, when the code did not enforce any seismic provisions. As per
common practice in the country, infill walls were considered as non-structural components.
In the detailed site visits and survey reports of the building, some cracks were observed
in the beams, columns, and their joints, whereas the infill walls were badly damaged, as
shown in Figures 11-13.

(a) (b)

Figure 10. Model of the selected factory building (a) and satellite image location of the building from
the epicenter (b).
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(a) (b) (c)

Figure 11. Side view (a), back view (b), inside view (c), of the building.

@) (b) () (d)

Figure 12. Cracks observed in joints (a,b), beams, columns (c,d).

@) (b) (0) (d)

Figure 13. Cracks and damages observed in the infill walls (a—d) on the frame selected for analysis.

The overall plan dimensions of the building are 94.91 m x 24.38 m and the typical
inter-storey height is 3.66 m. It consists of three blocks, i.e., storage, manufacturing, and
office at the back, center, and front, respectively. The infill walls are 228 mm (9 inches) thick
made of solid fire burnt clay bricks. The geometry of beams and columns are rectangular
with variable sizes depending on their location and ranging from 228 mm x 457 mm to
228 mm x 2438 mm and 305 mm x 305 mm to a maximum of 381 mm X 381 mm.
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3.3. Numerical Models

A 3D frame and a 2D frame are considered pertaining to the office block where
maximum damages in the infill walls were observed. Nonlinear static pushover analysis
was performed considering two configurations: bare frame (BF) as a reference, and infilled
frame (IF). The foundation plan, the elevation of the selected frame having five equal bays
of length 4.88 m, the equal inter-story height of 3.66 m, and the geometry of beams and
columns are shown in Figures 14-16.

Figure 14. Foundation plan of the building and the highlighted portion of building block and frame selected for analysis.

(a)

(b)

Figure 15. Frame selected for analyzing the infills (a), bare frame (b).
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(a) (b) (c)
Figure 16. Sections of columns (a), first-floor beam (b), second-floor beam (c).

The frame was modeled in SAP2000, where frame elements were used for beam-
column elements, and nonlinear multilinear elastic links were used for the infills. Mander’s
(1988) [38] model was used for confined and unconfined concrete within the cross-sections
of the structural elements. From the available drawings and design specifications of
the building, the characteristic values of the materials are shown in Table 3, which are
commonly used properties in the country [1,3,26,39,40]. Other materials properties, such
as the friction coefficient between the mortar and brick surface and Poisson ratio, are
considered as 0.3 and 0.14, respectively [1,40]. The 3D and 2D models of IF and BF using
SAP2000 are shown in Figures 17 and 18, respectively.

Table 3. Model parameters.

Parameter Value
Compressive strength of brick unit 8 MPa
Compressive strength of masonry 4.3 MPa
Compressive strength of mortar 5MPa
Compressive strength of concrete 20 MPa
Yield strength of steel 400 MPa
Poisson ratio 0.14
Mortar-brick friction coefficient 0.3
Tensile strength of masonry 0.24 MPa
Modulus of elasticity of masonry 1370 MPa
Thickness of infill 228 mm

(b)

Figure 17. 3D Models considering different configurations: infilled frame (a) bare frame (b).
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(@)

(b)
Figure 18. 2D Models considering different configurations: infilled frame (a) bare frame (b).

3.4. Results and Comparison with Observed Damage

Detail surveys and site inspections of the building after the earthquake showed that
the RC elements were not significantly damaged by the earthquake action. As shown in
Figures 11-13, some beams and columns were partially damaged; however, most of the
damages were observed in the infill walls. In fact, they sustained a large portion of the
horizontal forces and, consequently, significantly increased the stiffness and strength of the
building, thus preventing the structural components from failing. In this case, the presence
of the infills was beneficial to the overall performance of the structural elements. The
BF model predicted much higher damage in the structural elements, while the IF model,
thanks to the inclusion of the proposed struts, showed good agreement with the observed
damage in the structure.

From the quantitative standpoint, the resulting capacity curves of IF and BF for 2D
and 3D models can be appreciated in Figures 19-21. It is noticed that in the case of 2D
analysis, IF has an almost three-times greater strength than BF, whereas in the 3D model,
the strength of IF increased to almost two times greater than the strength of BF, provided
by the presence of the infills. Additionally, the initial stiffness increased 11 times in the
case of the 2D frame, and 8 times in the case of 3D model, which resulted in a 70% and 68%
decrease of the fundamental vibration period in the 2D and 3D model, respectively.

It was also observed that drift ratio, top story drift, and ductility of IF compared to BF
of 2D and 3D models were decreased by 60%, 7%, 40%, 70%, 14%, and 29%, respectively.
Using the ATC-40 capacity spectrum method, it was possible to ascertain that the presence
of the infills in the case of the 2D frame allowed the IF performance to increase up to 130%
with respect to BF and decrease by almost 80% in the case of the 3D model, which simply
means that infill walls are not always beneficial for the seismic performance of the structure
unless they are not regularly distributed along the elevation and plan of the building.

The IF model allowed to correctly detect the presence of the most relevant in-plane
failure mechanisms in the infill walls, such as diagonal cracking, corner crushing, and
bed sliding/shear failure (Figure 13). This was highlighted by the behavior of the strut
elements, which was damaged in the same locations observed in the building. It was also
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confirmed that the infill walls stiffen the frame and thus reduce the damage in the reinforced
concrete elements. Finally, as a last remark, it was confirmed that if the infill walls are made
with bricks with a strength greater than the mortar strength, an additional friction-related
energy dissipation develops during cyclic loading, thus reducing the overall response of the
structure and avoiding brittle failures in the bricks. This important phenomenon, which has
two-fold beneficial consequences, is naturally accounted for in the proposed model through
the use of the basic parameters of mortar strength and mortar-brick friction coefficient.

Figure 19. Capacity curves of the bare (solid line) and of the infilled (dashed line) of 2D RC frame at different performance
levels.

Figure 20. Capacity curves of the bare (solid line) and infilled (dashed line) of the 3D RC building’s office block in Y
direction at different performance levels.
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Figure 21. Capacity curves of the bare (solid line) and infilled (dashed line) of the 3D RC building’s office block in X
direction at different performance levels.

4. Conclusions

The following conclusions can be drawn:

The in situ damage observed in building and analysis results reveals that infill walls
have significant effects on the seismic response of building, whereas the current
design practice in the county does not consider infill walls during the designing and
assessment of existing structures.

In situ investigations on earthquake-struck buildings and detailed analysis results
confirm well-known observations that infill walls have a strong influence on the seis-
mic performance of buildings. Therefore, careful selection is needed when choosing
materials and their properties in the design, assessment, and construction of IRC
frame structures, especially in Pakistan, where this technique is widely diffused.

The developed model shows good agreement with experimental results and improved
accuracy with respect to other models available in the literature.

The analysis results show that, for the selected case study, the seismic performance
was correctly represented by including an appropriate model of the infills. The non-
structural damage pattern throughout the building was correctly represented.
Although the strength and stiffness of the studied IRC frame increase significantly, a
less ductile failure is observed. Therefore, the effects of infill walls should be carefully
accounted for in appropriate models, both in designing new structures and in assessing
existing structures.

The proposed model is simple to apply and requires less computational efforts with
respect to more detailed models, thus helping practitioners and structural engineers
to deal with IRC frame structures.
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