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Abstract: Unreinforced load-bearing masonry (URM) buildings represent a significant portion of
the non-engineered old buildings in many developing countries aiming to reduce the construction
cost. The walls of those buildings are developed to resist gravity loads. Lateral loads induced by
earthquakes or wind may cause severe their damage. In the current study, a numerical investigation
is carried out for a seismic assessment of a typical four-story, load-bearing building in Giza, Egypt.
The full 3D nonlinear dynamic analysis is carried out using the Applied Element Method (AEM),
which proved to be efficient in such case where partial or total collapse is expected. The study
includes two earthquake zones in Egypt called zone (3) and zone (5B), which are the actual studied
building seismic zone and the highest seismic activity zone in Egypt, respectively. Carbon fiber
reinforced polymers (CFRP) laminates with different thicknesses and different configurations are used
in strengthening unreinforced masonry walls to study the efficiency of the proposed rehabilitation
technique on a realistic structure.
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1. Introduction

Load-bearing masonry buildings represent a significant portion of the old buildings in Egypt.
Those buildings are mostly non-engineered and constructed without engineering supervision.
Their walls are mainly used to resist gravity loads. Lateral loads induced by earthquakes (EQ) or
the wind are not taken into account; therefore they may cause severe structural damages. Therefore,
seismic rehabilitation of such buildings is believed to be crucial for upgrading their lateral capacity.
They also may need to be upgraded to meet more extreme design seismic requirements.

Currently, many researchers focus on the use of innovative strengthening techniques involving
fiber reinforced polymers (FRP) materials [1]. FRP can be used for strengthening structural members in
the form of laminates or sheets. It appears that the use of FRP composites to strengthen unreinforced
masonry walls might be a powerful technique to enhance both in-plane and out of plane behavior of
walls where it was investigated in previous research studies both experimentally and numerically [2–12].

In the current study, a numerical investigation is carried out for seismic rehabilitation of a
four-story, load-bearing building located in Giza, Egypt by using carbon a fiber reinforced polymer
(CFRP). The magnitude of earthquakes used in the current study is according to the Egyptian design
code for loads [13]. The study includes two earthquake zones in Egypt known as zone (3) and zone
(5B) with design magnitudes of 15% and 30% of the gravitational acceleration, respectively. The full 3D
nonlinear dynamic analysis is carried out using the Applied Element Method (AEM) [14]. The AEM is
based on a discrete crack approach and is capable of predicting the nonlinear structural behavior as
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well as local damage and total collapse. Therefore, it is believed to be efficient for the current study
where partial or total collapse is expected. CFRP laminates with different thicknesses and different
configurations are used in strengthening the URM walls to study the efficiency of the proposed
strengthening technique.

2. The Applied Element Method

The AEM simulates the structure by virtually dividing it into small elements that are connected by
normal and shear springs positioned at specific contact points around the surface of the elements [14].
Each assembly of springs represent the deformations and stresses of a particular volume. The AEM
has been considered a reliable method to track the collapse of structures passing through all the phases
of the application of loads, elastic stage, cracking initiation, reinforcement yield, rupture, elements
separation, and collision with ground and adjacent structures. Maekawa’s compression model [15]
is used for concrete modeling under compression, which is shown in Figure 1a. For concrete shear
springs, the linear relation of shear stress and shear strain is assumed until the cracking of concrete
occurs. Then the shear stresses drop, as shown in Figure 1b. The level of the drop depends on aggregate
interlocking and friction at the crack surface. For reinforcement springs, Figure 2 shows the model,
which is previously presented for cyclic loading of reinforcing steel bars [16] and is used in AEM.
The authors utilize the constitutive models of concrete to simulate the masonry structure in which they
both have the same general trend [17]. Moreover, we validate our method by previous experimental
program, where the validation results are shown in the following section.

Figure 1. (a) Axial stresses in concrete springs due to relative displacement. (b) Shear stresses in
concrete springs due to relative displacement.

Figure 2. Stresses in steel springs due to relative displacement.

Although the Finite Element Method (FEM) is a well-established and robust structural analysis
method, it may not be the optimum solution for the scope of the present study. Many drawbacks are
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associated with the FEM progressive collapse analysis. The elements’ separation, falling, and collision
with each other are complicated to simulate. Previous research studies [18–20] showed that the
computations associated with the simulation of collapses of real structures based on conventional FEM
are very costly; therefore they followed another approach based on multibody models. Even though the
progressive collapse analysis is possible in the explicit-integration FEM [21,22], it still has drawbacks
that the element separation is introduced through erosion of highly stressed elements and the element’s
size should be as small as possible to enable such erosion acceptably, which causes the computations
to be very costly and impractical when analyzing real structures. Additionally, cracks are introduced
due to these elements’ erosion, where the crack width equals to the removed elements’ size. Thus,
no shear transfer is possible across the crack surface and there is no opportunity for the crack closure,
which does not allow correct modelling of members’ seismic behavior. Consequently, in the current
study, the numerical analysis was carried out using the AEM, where it is widely validated and has
shown considerable agreement with real cases. It also covers many cases such as static, dynamic,
and collapse cases [22–34]. The software used in the analysis is Extreme Loading for Structures (ELS®,
Charlotte, NC, USA) [35], which is based on the AEM.

3. Validation of the Analysis Method

The experimental results of Santa Maria et al. [8] are used for validating the AEM results.
Santa Maria et al. [8] carried out an experimental program to study the behavior of masonry walls
externally reinforced with CFRP and subjected to in-plane cyclic loading. This experiment was carried
out on six full-scale masonry walls. Two of the walls were not retrofitted (control) and the rest were
retrofitted with CFRP strips that have different configurations and reinforcement areas, which are
shown in Table 1 and Figure 3. The specimens were subjected to an in-plane cyclic load under a constant
uniformly distributed vertical load of 98 kN. The loading setup of the experiment is shown in Figure 4.

Table 1. CFRP reinforcement of the tested walls [8].

Specimen Name Reinforcement
Configuration Strip Width (mm) Total Area of

Reinforcement (m2)
Ratio of FRP

Reinforcement (%)

MLC-00-CA-SF-01 - - - -
MLC-00-CA-SF-02 - - - -
MLC-00-CA-FX-01 Diagonal 300 3.37 0.2
MLC-00-CA-FX-03 Diagonal 200 2.25 0.13
MLC-00-CA-FH-02 Horizontal 150 1.78 0.42
MLC-00-CA-FH-04 Horizontal 100 1.19 0.28

Figure 3. Configuration of exterior reinforcement for the experimental program [8].
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Figure 4. Horizontal displacement program for the cyclic shear tests [8].

The tested specimens were modeled using ELS software (version 3.1, Applied Science International,
Morrisville, NC, USA). Two models are adopted for each tested wall, which are described below.

1. Walls are modeled with real brick configurations and connected with mortar joints (Masonry
mesh), which is shown in Figure 5.

2. Walls are modeled with simplified quadrilateral mesh including average properties of brick and
mortar, which is shown in Figure 6 where the masonry wall is divided in the wall plane to 40 × 40
discretized elements.

Figure 5. Walls modeled as masonry mesh.

Figure 6. Walls modeled as simplified mesh 40 × 40.

The Material properties of the masonry are shown in Table 2. Since the CFRP laminates are not
expected to carry compressive forces, the compressive strength is chosen to be a small value (0.35
N/mm2) in order to permit simulation’s computations. Interface elements are utilized in the simulation
program for modeling the epoxy material in which the de-bonding of the CFRP laminates can be
simulated if it occurs.
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Table 2. Material properties of the experimental program.

Material Type Bricks Mortar CFRP (0.13 mm) Epoxy

Young’s Modulus N/mm2 6618 10,000 230,000 3000
Compressive Strength N/mm2 11 25 - 80

Tensile Strength N/mm2 0.85 5 3500 50
Specific Weight kN/m3 18 22 19 12

For the masonry mesh, two materials were used including one for bricks and the other for mortar.
The stiffness of the material used in the case of modeling walls as simplified mesh was an average of
mortar and bricks. Since bricks were weaker than mortar, cracking was governed by bricks. Figure 7
shows the numerical model for the retrofitting scheme of the walls using CFRP, where the CFRP are
attached to the walls using an epoxy adhesive material.

Figure 7. Configuration of exterior reinforcement for the numerical model.

A comparison of hysteresis loops of tested walls for both the experimental model and the
numerical model for the masonry panel (SF-01 or SF-02), (FX-01), and (FX-03) are shown in Figures 8–10,
respectively. The obtained results show that the AEM with utilizing the concrete constitutive laws
is an acceptable and reasonable accurate method for the analysis of the masonry walls. It is evident
that the experimental and the numerical model are in close agreement for both the masonry mesh and
the simplified mesh (40 × 40). Therefore, it is decided to use the simplified mesh for the modeling of
masonry walls to reduce the problem size for the full-scale model analysis of the multi-story building.

Figure 8. Comparison of experimental and analytical results for the URM wall (SF-01 or SF-02).
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Figure 9. Comparison of experimental and analytical results for the FX-01 wall panel.

Figure 10. Comparison of experimental and analytical results for the FX-03 wall panel.

4. Case Study

4.1. Description of the Studied Structure

The investigated case study is an existing four-story residential building located in the Faisal
district in Giza, Egypt and is constructed with load-bearing masonry walls. Figure 11 shows a picture
of the building while Figure 12 shows the plan of the typical floor showing dimensions of walls (W),
doors (D), and openings (O). All floors are 3 m high. Since no data is available for the reinforced
concrete (RC) slab reinforcement, bottom reinforcement is reasonably assumed with a diameter of
8 mm and 200 mm spacing in both directions along with an additional top reinforcement with a
diameter of 8 mm and 200 mm spacing, as shown in Figure 13. It should be noted that the staircase is
omitted in the model for simplicity. The RC slabs are supported on RC beams at the walls locations,
where these beams are directly supported on the masonry bearing walls, which is similar to a prior
construction practice in Egypt. A detailed three-dimensional model is built using ELS by taking into
consideration all structural components. Figure 14 shows different views of the numerical model.



Buildings 2018, 8, 124 7 of 20

Figure 11. Case study building.

Figure 12. Typical floor plan of the studied case.

Figure 13. Reinforcement details of the reinforced concrete slabs.
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Figure 14. Different views of the numerical model.

4.2. Material Properties

Properties of concrete, reinforcement, bricks, CFRP (width = 0.5 m and thickness = 0.5 mm),
and epoxy are listed in Table 3.

Table 3. Material properties of the studied case.

Material Type Concrete Bricks CFRP Epoxy Steel Reinforcement

Young’s Modulus N/mm2 22,000 6618 230,000 3000 200,000
Compressive Strength N/mm2 25 10 0.35 80 -

Tensile Strength N/mm2 2.5 1 3500 50 360
Specific Weight kN/m3 25 19 18 12 78

Ultimate Strength N/mm2 - - - - 520

4.3. Loads

The self-weight of the structure, the floor weight, the live loads, and the earthquake load are
applied to the studied structure. The floor and live loads on the slabs are considered equal to 2.0 kN/m2

and 2.5 kN/m2, respectively. The ultimate load combination given by the ECP [13] is used (1.12 D.L +
0.25 L.L + S) where D.L is the dead load, L.L is the live load, and S is the seismic load. The coupled
orthogonality effect is not considered in this paper in order to study the effect of strengthening of each
direction separately. This load combination is applied to the building for 20 s, which is the duration of
the applied earthquake.

4.4. Earthquake (EQ) Characteristics

In the current research, two earthquake magnitudes are considered.

1. First case. Design earthquake magnitude according to the actual location of the building in Giza
(Zone 3), where the peak ground acceleration equals 0.15 g.

2. Second case. Design earthquake magnitude according to the most active seismic location in Egypt
(zone 5B), where the peak ground acceleration equals 0.3 g.

Artificial acceleration time history records are created from the response spectrum using SIMQKE
software (version 2.1, Massachusetts Institute of Technology, Cambridge, MA, USA) [36], as shown in
Figure 15. The basis of SIMQKE software is creating random amplitudes and phase angles derived
from a stationary power spectral density function of the motion. An envelope function of the form,
shown in Figure 16, [36] is used to simulate the transient character of a real earthquake.
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Figure 15. (SIMQKE) software conversion from response spectrum to earthquake time history
acceleration [36].

Figure 16. Intensity envelope function used to simulate the transient character of real earthquakes [36].

The simulated final motion z(t) is shown Equation (1).

z(t) = I(t)
n

∑
k=0

sin(ωnt + Φn) (1)

z(t): Simulated final motion; I(t): Deterministic envelope function; n: The nth contributing sinusoid
function; ωn: Frequency content of the nth contributing sinusoid function; Φn: Phase angle of the nth
contributing sinusoid function.

The final motion represented by Equation (1) represents a motion stationary in frequency content
with maximum acceleration approximately equal to the target maximum acceleration. The software
uses a frequency range bounded by 0.5 ωlow and 2.0 ωhigh, where ωlow and ωhigh define the range
for the required values of the response spectrum. The frequency step is ωn+1 = 0.005 ωn, where it is
purposed to be a fraction of the smallest value of half-bandwidth.

The elastic response spectra (RS) of the ECP design code and the utilized artificial earthquakes
(produced by SIMQKE) of zone 3 and zone 5B [13] are shown in Figures 17 and 18, respectively.
Figures 19 and 20 show the acceleration time history of earthquakes for both studied cases.
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Figure 17. Design code and utilized artificial earthquake response spectrum of case (1).

Figure 18. Design code and utilized artificial earthquake response spectrum of case (2).

Figure 19. Acceleration time history of earthquakes in case (1).

Figure 20. Acceleration time history of earthquakes in case (2).

4.5. Case Studies

Table 4 shows the studied cases where the building with non-retrofitted walls represents the
reference case. In the retrofitted cases, the walls are retrofitted with CFRP laminates of width 0.5 m
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and thickness 0.5 mm. Figures 21 and 22 show the retrofitting scheme for the walls in both cases
including solid walls only and solid walls with openings, respectively. For solid walls, the CFRP is
attached to the walls in the form of two intersecting diagonal strips. Since CFRP are not expected to
resist compression forces, the two diagonal implementations are essential to resist the reversed cyclic
loading during the earthquake application. As for the openings, the CFRP is attached in parallel to the
sides of the openings.

Table 4. Studied cases.

Studied Cases (Legend) Earthquake Direction Earthquake Zone Retrofitting Scheme

E.Q. X- ZONE 3 X 3 -
E.Q. Y- ZONE 3 Y 3 -

E.Q. X- ZONE 5B X 5B -
E.Q. Y- ZONE 5B Y 5B -

E.Q. X- ZONE 5B- SW X 5B Solid walls
E.Q. Y- ZONE 5B- SW Y 5B Solid walls

E.Q. X- ZONE 5B- SW & OP X 5B Solid walls & openings
E.Q. Y- ZONE 5B- SW & OP Y 5B Solid walls & openings

Figure 21. Retrofitting scheme (for solid walls only).
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Figure 22. Retrofitting scheme for both solid walls and openings.

5. Numerical Results

The behavior of the studied building in resisting seismic loads and the efficiency of retrofitting
using CFRP sheets are investigated with regard to the overall structural integrity, stability, and the
damage level induced in the building due to the seismic action. In the following subsections,
the deformed shapes of the studied building have a magnification factor of 20.

5.1. Reference (Non-Retrofitted) Case in Zone 3

As shown in Figures 23 and 24, the building is proven to maintain its global stability with
minimal local damage during earthquake loading in the x-direction and the y-direction, respectively.
The studied mid-rise masonry load-bearing building shows good behavior in resisting earthquakes in
zone 3.

Figure 23. Deformed shape for the case (E.Q. X- ZONE 3).
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Figure 24. Deformed shape for the case (E.Q.Y- ZONE 3).

5.2. Reference (Non-Retrofitted) Case in Zone 5B

In this case, the building collapses entirely. A progressive collapse is observed for seismic loading
in both directions, which is shown in Figures 25 and 26. The collapse starts by the failure of the bearing
walls at the ground floor. In other words, the mid-rise masonry load-bearing building cannot resist
earthquake loads for seismic zone 5B and retrofitting of the masonry walls would be necessary.

Figure 25. Progressive collapse of the building for the case study (E.Q. X- ZONE 5B).

Figure 26. Progressive collapse of the building for the case study (E.Q.Y- ZONE 5B).

5.3. Case of Retrofitting Solid Walls in Zone 5B

Figures 27 and 28 show the final damage after the application of the earthquakes loading in the
x-direction and the y-direction, respectively. The building is proven to maintain its global stability with
the high local damage that occurs around the wall’s opening. The externally bonded CFRP laminates
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are proven to be an efficient technique for strengthening the masonry mid-rise walls bearing building
subjected to seismic loads.

Figure 27. Damage obtained for the case study (E.Q. X- ZONE 5B- SW).

Figure 28. Damage obtained for the case study (E.Q. Y- ZONE 5B- SW).

Figure 29 shows the major principal strain contours at the ground floor walls for the case of the
earthquake loading in the y-direction. The principal strain contours give a good indication of a cracking
pattern with the lighter colors at the location of crack localization. Figure 30 shows the normal stresses
versus time in the CFRP attached to one of the ground floor walls. As seen in Figure 30, the stresses in
the CFRP do not reach its tensile strength (3500 N/mm2) and the CFRP, therefore, do not rupture in
the analysis. A sudden increase in the CFRP stresses is evident at time equals to 2.0 s. The sudden
increase of the FRP stresses is explained by the crack occurrence in the walls at the location of the
CFRP laminate, which could successfully bridge the crack and eventually maintain the wall stability.



Buildings 2018, 8, 124 15 of 20

Figure 29. Principal strain contours of walls at the ground floor.

Figure 30. Normal stresses versus time for CFRP laminates at the ground floor.

5.4. Case of Retrofitting Solid Walls and Openings in Zone 5B

Numerical results verified that the building could successfully maintain its global stability with
minor local damage, which is illustrated in Figures 31 and 32. The building’s overall high stability
proves the efficiency of the proposed strengthening technique of the current case study.

Figure 31. Deformed shape for the case study (E.Q. X- ZONE 5B- SW & OP).
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Figure 32. Damage obtained for the case study (E.Q. Y- ZONE 5B- SW & OP).

5.5. Optimization of the Amount of CFRP

Different thicknesses of CFRP (0.25, 1, and 1.5 mm) are used in the analysis of the retrofitted solid
walls case to determine the minimum thickness of the CFRP laminates. Figures 33–36 show the sample
of analysis results for the case (E.Q. X- ZONE 5B- SW). As seen in Figure 33, the lateral displacement at
the top of the building decreases to almost half when CFRP thickness increases from 0.25 to 1.5 mm.
The reason for such a reduction in displacement is that the CFRP reduces the induced cracks from the
earthquake motion especially at the locations of the CFRP laminates where it is clearly seen in the
principal strain contours in Figure 29, which was shown previously in Section 5.3. However, the base
shear does not show a remarkable change, as shown in Figure 34. Figure 35 illustrates the hysteresis
base shear-displacement curves for the building regarding different thicknesses of the CFRP where it
can be recognized that the behavior is the same with higher deformability in the 0.25 mm thickness
case. Figure 36 illustrates the stress versus time for the different CFRP thicknesses where the stresses
in the CFRP of thickness 0.25 mm reach maximum value of 230.7 MPa, which is very much below the
ultimate strength of the CFRP.

Figure 33. Effect of CFRP thickness. Top displacement vs. time for case (E.Q. X- ZONE 5B- SW).
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Figure 34. Effect of CFRP thickness. Base shear vs. time for case (E.Q. X- ZONE 5B- SW).

Figure 35. Effect of CFRP thickness. Base shear vs. top displacement for case (E.Q. X- ZONE 5B-SW).

Figure 36. Effect of CFRP thickness. Normal stresses in CFRP versus time for case (E.Q. X- ZONE 5B- SW).

6. Conclusions

First, a validation is done for the experimental program of masonry walls under lateral loading
by using the Applied Element Method simulation program. Afterward, a three-dimensional nonlinear
dynamic analysis is carried out for numerically investigating the seismic rehabilitation of a typical
masonry load-bearing residential building in Giza, Egypt by using carbon fiber reinforced polymer
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(CFRP). The study included two earthquake zones in Egypt. Based on the results obtained from the
studied cases, the following conclusions can be drawn.

(1) On the basis of the validation results of the previous experimental program, the constitutive
models of concrete can be used for simulating the masonry as simplification where the simulation
results show good agreement with the experimental results.

(2) The studied mid-rise masonry bearing walls building shows good behavior in resisting
earthquakes for seismic zone 3 (peak ground acceleration of 0.15 g) while it shows a complete
collapse in the seismic zone 5B (peak ground acceleration of 0.3 g).

(3) The externally bonded CFRP laminates are proven to be efficient for seismically strengthening
the masonry mid-rise bearing wall buildings. It shows a good capability of preventing structural
collapse with minor local damage. For the current case study, strengthening with CFRP laminates
of width 0.5 m and thickness 0.25 mm is proven to be sufficient for preventing the total collapse
of the building.
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