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Abstract

Using fiber-reinforced polymer (FRP) has gained widespread acceptance as an effective method for strengthening
masonry walls in seismic zones. This research focuses on analyzing the in-plane behavior of dry-stack masonry walls
reinforced with embedded FRP bars, providing a cost-efficient solution. Three reinforcement layouts, including hori-
zontal, vertical, and diagonal, each with varying numbers of bars, were investigated. Alongside various FRP materi-
als such as carbon, aramid, and glass fibers, the study also encompasses titanium and stainless steel bars to ensure

a comprehensive assessment. Two-dimensional nonlinear finite element models were proposed using ABAQUS
software, employing a micro-modeling strategy to investigate the performance of retrofitted walls. The modeling
approach was validated by comparing it with existing experimental data. The lateral response of the walls under verti-
cal loads was evaluated using pushover and cyclic analysis methods for different arrangements and materials of bars
to find the most efficient model. The findings indicated that vertically aligned S-Glass FRP outperforms other models
in enhancing wall overstrength, stiffness hardening, and energy dissipation capacity.
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1 Introduction

Masonry, traditional building material, has been widely
utilized in construction for centuries. It remains a pre-
dominant form of construction, especially in rural and
developing regions (Bhattacharya et al., 2014). Rein-
forced, unreinforced (plain), and confined masonry
(Zamani Ahari, 2013) structures make up over 70% of the
world’s building inventory, reflecting their applicability
and longevity (Wang et al., 2018). Unreinforced masonry
(URM) structures, when constructed without adhering
to appropriate design principles, perform inadequately
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under seismic loads, strong winds, blasts, and other simi-
lar forces (Sayin et al.,, 2019). The vulnerability of these
non-engineered buildings makes them prone to brittle
failure during seismic events. Lateral loads cause con-
siderable shear and tensile stresses in masonry build-
ings, resulting in cracks that can spread throughout
the system and, over time, lead to irreversible damage.
However, such structures usually possess enough com-
pressive strength to behave acceptably under normal
gravity loads. To mitigate these hazards and balance the
economic, safety, and quality-of-life concerns, a detailed
study of these buildings is crucial. Over the past decades,
significant improvements in the seismic performance of
masonry buildings have been gained by conducting post-
seismic assessments, experimental research, and analyti-
cal research. As a result, various advanced methods have
been introduced for retrofitting masonry buildings, pri-
marily focusing on improving the building’s performance.
In other words, conventional methods can be upgraded
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by modern techniques aimed at enhancing both the
energy dissipation capacity and the ductility of the struc-
ture (Paganoni & D’Ayala, 2015).

The fundamental principles of strengthening and
retrofitting include: (i) improving structural integrity;
(ii) reducing seismic demands; and (iii) increasing the
load-carrying capacity of individual building compo-
nents (Yavartanoo & Kang, 2022a). The effectiveness of
these methodologies may differ depending on factors
such as the material properties and the direction of the
loads applied. Therefore, it is recommended to conduct
both experimental and numerical investigations before
implementing any specific method. The application of
reinforcement bars, as a type of strengthening measure,
has been used successfully in various structures over the
years. Steel reinforcement, in particular, enhances duc-
tility, seismic performance, in-plane strength, and the
energy dissipation potential of the structure (Shrestha
et al, 2011). This method significantly improves the
structural performance of masonry walls, and load-bear-
ing capacity can be further increased by utilizing high-
strength steel elements. In recent years, fiber-reinforced
polymer (FRP) composites have gained recognition as
a promising material for retrofitting and strengthen-
ing masonry buildings. These materials offer significant
improvements in both ductility and load-bearing capac-
ity. Considerable research has been conducted on the use
of FRP materials for retrofitting masonry structures, as
documented in the available literature (Abdulsalam et al.,
2021; Jing et al., 2023; Torres et al., 2022).

Dry-stack walls have been widely used in ancient con-
struction as the main load-bearing system. Besides, many
walls with mortar joints in old construction exhibit poor
condition because of weathering and deterioration. For
these cases, the strength of mortar can be neglected for
conservatism, and they can be considered dry-stack type.
These walls are more vulnerable to seismic loads than
walls with mortar joints, and more investigations are
required to understand and improve their behavior with
practical methods.

This research seeks to simulate the mechanical
response of dry-stack masonry walls reinforced with bars
arranged in various configurations and materials, such
as stainless steel, titanium, and FRP. The wall behavior
is modeled through a nonlinear finite element approach,
utilizing micro-modeling techniques. Initially, the valida-
tion of the nonlinear numerical model is conducted for
an unreinforced masonry (URM) dry-stack wall, serving
as the base model. This validation process involves com-
paring the failure mechanism and load-displacement
response obtained from the model with previous experi-
mental results (Vasconcelos, 2005). Afterward, different
materials and configurations of bars are introduced into
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the base model for retrofitting, and the performance of
the retrofitted wall is compared to the original. This com-
parison seeks to determine the most effective configura-
tion in terms of performance under both monotonic and
cyclic loads.

2 Retrofitting Strategy

The retrofitting procedure evaluates the performance of
dry-stack masonry walls reinforced with embedded bars
of various configurations and materials, tested under dif-
fering levels of vertical load. The bars were inserted lat-
erally into the wall and secured to the support or side
elements by embedding their ends or using appropriate
anchorage devices installed at the top and sides of the
wall. The required embedment length can be determined
either through theoretical calculations or experimen-
tal validation (Yavartanoo et al., 2020). This technique
requires no surface preparation and offers significantly
reduced installation time compared to alternative meth-
ods. Embedding bars in three orientations of horizon-
tal, vertical, and diagonal was considered, encompassing
nine models of the most effective arrangements for each
direction. Embedding diagonal bars into masonry walls
presents significant challenges, and the near-surface
mounted (NSM) method is more commonly employed
for such arrangements (Askar et al., 2022; Jafari et al,,
2018; Soleymani et al., 2023). Nonetheless, for the sake of
comprehensiveness, the inclusion of diagonal bars in the
numerical models was carried out in this study. Finite ele-
ment models were evaluated by varying the number and
positioning of bars, as well as the wall height, as depicted
in Fig. 1. The labels, bar quantities, and specified spac-
ing values for each type of arrangement are presented
in Table 1. Each model was given a specific designation
according to the number of bars, as illustrated in the
table. For example, the HR1-2 model refers to horizontal
arrangement type 1, which uses two bars.

Exploring high-quality materials with diverse geom-
etries for reinforcement bars is an advancing area in
modern engineering. Numerous materials are available
for manufacturing reinforcement, each selected based on
attributes such as availability, durability, and cost-effec-
tiveness. Stainless steel, a type of iron-based alloy, excels
in corrosion resistance while maintaining high strength
at elevated temperatures. Titanium, though it has lower
elastic stiffness than mild steel and stainless steel, offers
similar or even greater yield strength (350-1200 MPa)
with less density, high thermal conductivity, and excep-
tional corrosion resistance (Golden et al., 1952; Vintz-
ileou & Papadopoulos, 2001). Composites, made of two
or more distinct materials, are often preferred for use
as structural reinforcement due to their superior prop-
erties and broad availability. Fiber-reinforced polymer
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DR6-4
Fig. 1 Bars arrangements in the URM wall

(FRP) stands out for its lightweight nature, high ten-
sile strength, and resistance to corrosion and magnetic
forces. FRP materials are available in various forms, such
as strips, sheets, and bars, having materials like aramid,
glass, and carbon. As noted by ElGawady et al. (ElGa-
wady et al.,, 2004), retrofitting walls with FRP enhances

in-plane and out-of-plane resistance by factors of 1.1
to 3 and 7, respectively. FRP generally improves lateral
resistance, load-bearing capacity, ductility, and energy
absorption of retrofitted walls. Moreover, its gradual
failure pattern helps prevent sudden failure in unrein-
forced masonry (URM) walls (Bhattacharya et al., 2014).



Yavartanoo et al. Int J Concr Struct Mater (2025) 19:48 Page 4 of 18

Table 1 Details of arrangement and number of bars

Type Model No. of bars Space (mm)

a b 4 d

Horizontal HR1-2 2 150 1050 - -
HR2-2 2 600 150 - -
HR3-2 2 450 450 - -
HR4-4 4 150 450 150 -
HR5-4 4 150 150 750 -
HRe6-4 4 450 150 150 -
HR7-6 6 150 150 300 150
HR8-6 6 150 150 150 450
HR9-8 8 150 150 - -

Vertical VR1-2 2 150 700 - -
VR2-2 2 250 500 - -
VR3-2 2 450 100 - -
VR4-4 4 150 300 100 -
VR5-4 4 150 100 500 -
VR6-4 4 350 100 100 -
VR7-6 6 150 100 150 100
VR8-6 6 150 100 100 300
VR9-10 10 50 100 - -

Diagonal DR1-2 2 500 675 - -
DR2-6 6 300 300 - -
DR3-10 10 250 250 - -
DR4-4 4 500 675 - -
DR5-4 4 500 500 - -
DR6-4 4 500 500 - -
DR7-4 4 250 350 - -
DR8-8 8 500 675 200 -
DR9-4 4 500 675 250 3375

Although installation costs and technological require-
ments are relatively high, the minimal added mass, low
disturbance, and substantial strength improvements
make FRP an ideal choice for rehabilitation. Additional
studies on the advantages and limitations of FRP as a
retrofit material for masonry buildings can be found in
the literature (Bui et al., 2015; Capozucca, 2011; Noor-E-
Khuda et al.,, 2016; Saghafi et al., 2014; Turco et al., 2006).

FRP composites are commonly made from carbon,
aramid, or glass fibers. Carbon fiber-reinforced poly-
mers (CFRP) are available in two forms depending on
requirements: high-modulus and high-strength poly-
mers. In this study, these types are labeled CFRP1 and
CFRP2. Glass fiber-reinforced polymers (GFRP) typi-
cally fall into two categories: electrical-glass (E-glass),
known for its low electrical conductivity, and strength-
glass (S-glass), recognized for its high tensile strength
(Islam, 2008), and they are designated as EGFRP and
SGEFRPD, respectively, in this study. The aramid-based

fiber-reinforced polymer is referred to as AFRP in this
research.

FRP materials possess greater strength than both tita-
nium and stainless steel. They demonstrate linear elas-
tic behavior until reaching their ultimate strength, at
which point they tend to fail abruptly due to their brit-
tle characteristics. In contrast, titanium and stainless
steel exhibit considerable ductility prior to failure.

This research examines the behavior of URM walls
retrofitted with stainless steel (SS), titanium (Ti), and
five different types of FRP bars. The material proper-
ties investigated in previous experimental studies are
detailed in Table 2 (Islam, 2008; Shrestha et al., 2011b;
Yavartanoo et al., 2020). Additionally, a constant diam-
eter (d) of 6 mm was used in all cases.

3 Numerical Modeling Assumptions

3.1 Verifying the Numerical Model

The experimental test results on dry-stack URM walls
from the study by Vasconcelos (2005) were used as a
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Table 2 Material properties of bars (d=6 mm)

Material Symbol E (GPa) F, (MPa)
Stainless steel SS 200 667
Titanium Ti 70.6 3634
FRP
Carbon
High-modulus CFRP1 390-760 2400-3400
High-strength CFRP2 240-280 4100-5100
Glass
E-glass EGFRP 70-80 2000-3500
S-glass SGFRP 85-90 3500-4800
Aramid AFRP 62-180 3600-3800

reference for validating the numerical model and assess-
ing the URM wall performance (Fig. 2a). The URM
dry-stack wall specimen has 1 m length, 1.35 m height,
and 0.2 m width. The main part of the wall (clear span)
includes eight layers of stone units, each with a height
of 15 cm. Additionally, there is one extra layer at both
the top and bottom of the wall, comprising stone units
with a height of 7.5 cm each. These two additional lay-
ers are tightly connected to the rigid beams and further
confined with angles on the left and right sides. The in-
plane response of the specimen was evaluated under
monotonic lateral loads, with four distinct levels of verti-
cal load applied (0): 0.2 MPa (40 kN), 0.5 MPa (100 kN),
0.875 MPa (175 kN), and 1.25 MPa (250 kN).

A nonlinear finite element (FE) model was constructed
using the micro-modeling approach in a 2D plane-stress
framework, employing ABAQUS software (Abaqus,
2020). Top and bottom beams and masonry units were

S, Mises
(Avg: 75%)

+6.4550+06
+9.295e+02 |

D¢

(a) Failure mechanism under cyclic load
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discretized by the CPS4, which is a continuum plane-
stress element with 4 nodes (linear shape function) and
full integration points. Joint behavior was modeled using
surface-to-surface contact (representing the line contact
in the 2D model) with normal and tangential behavior.
Normal contact behavior was modeled as hard contact
under compressive stress, with separation permitted
under tensile forces, assuming zero tensile strength. Tan-
gential behavior was simulated using Coulomb’s friction
law, incorporating a friction coefficient (#=0.55) and
applying a penalty method for stiffness, based on Vas-
concelos (2005) and Yavartanoo and Kang (2022). The FE
model was calibrated and validated against experimental
data, considering four levels of vertical load. Experimen-
tal tests revealed no signs of inelastic behavior within
the masonry units. Therefore, for the scope of this study,
masonry units were treated as a homogeneous material
with isotropic elastic characteristics. This assumption
simplified the model, requiring only the elastic modulus
and Poisson’s ratio as the primary material parameters.
The material and mechanical properties of the masonry
wall are reported in Table 3. Stiftness (K), yield strength
(F)), and ultimate strength (F,) values listed in the
table were derived from the load-displacement curves
obtained from monotonic testing of specimens.

Fig. 2 depicts the load—displacement curves and failure
mechanism for the calibrated model subjected to mono-
tonic and cyclic loads and the vertical load of 1.25 MPa.
In Fig. 2a, joint opening is depicted as the failure mecha-
nism, accompanied by stress distribution within the stone
units. Mises stress is utilized to represent multiaxial stress
conditions in the stone units, which is an equivalent stress
value commonly employed in nonlinear material models

100
80
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40 Abq. Cyclic

Experiment

20 | Abq. Pushover

-20
-40
-60
-80
-100

Force (kN)
(=]

-50 -40 -30 -20 -10 0 10 20 30 40 50
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(d) load-displacement curves

Fig. 2 Response of calibrated FE model under monotonic and cyclic load (0=1.25 MPa). a Failure mechanism under cyclic load. b Load-

displacement curves



Yavartanoo et al. Int J Concr Struct Mater (2025) 19:48

Table 3 Mechanical properties of masonry walls

Parameter Vertical load, o (MPa)
0.2 0.5 0.875 1.25

Unit

E (MPa) 2734.0 32875 4068.9 47220
Wall

K (kN/mm) 8381 9.89 15.54 16.65

Fy (kN) 10.81 26.73 4824 66.09

F, (kN) 16.13 36.94 63.17 85.83

to assess material yield or fracture. The load—displace-
ment curve characteristics (stiffness and strength) and the
failure mechanism (stair-stepped joint opening) from both
the numerical model and experimental results closely align,
supporting the model’s validity. Additional information
on the calibration and validation process of the numeri-
cal model is available in the study by Yavartanoo and Kang
(2022).

In this study, the behavior of units is characterized by
elastic material, which cannot explicitly consider material
failure. Consequently, meticulous attention is warranted to
verify the reliability of the outcomes through an assessment
of stress distribution within the units. Notably, Vasconce-
los (Vasconcelos, 2005) reported the absence of compres-
sive crushing in any of the units during testing. According
to numerical modeling results, the maximum Mises stress
is about 77 MPa. Therefore, the actual strength of the
material employed in the experiment should surpass this
threshold, aligning with the typical compressive strength of
granite stones, estimated to be around 100 MPa or higher
(Huang & Lu, 2021; Ludovico-Marques et al., 2012; Vas-
concelos, 2005; Vasconcelos et al., 2009; Yavartanoo et al.,
2019). Based on these explanations, it was supposed that
the compressive strength of the stone units is approxi-
mately 80 MPa.

The stress in all models has been carefully checked to
ensure it does not exceed this value. This validation pro-
cedure implicitly confirms the accuracy of the results
obtained by the models, considering the elastic behavior of
the stone units.

3.2 Consideration for Modeling of Embedded Bars
for Retrofitted Walls

To investigate the retrofitting method for dry-stack walls,
finite element models were developed by incorporating
bars into the calibrated model. As a result, key param-
eters such as material properties, joint behavior, meth-
ods of analysis, and boundary conditions were identical
to those in the calibrated model. The bars were repre-
sented as line geometry and discretized using the T2D2
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element, a type of truss element with two nodes (linear
shape function) in 2D space. In practical applications,
the inserted bars are connected to the masonry units
using suitable adhesive materials, such as epoxy resin or
cement-based grout. The bond’s behavior depends on
the properties of the bars, masonry, and adhesive mate-
rials, as well as the strength of the interfaces between
masonry-adhesive and bar-adhesive. This study assumes
that the adhesive material, along with the masonry-adhe-
sive and bar-adhesive interfaces, has greater strength
than the bars and masonry themselves. Thus, the bond
behavior is primarily governed by the properties of the
bars and masonry, with other potential failure modes
being disregarded. Also, the bars are properly and tightly
anchored at their ends. In this way, bars were positioned
within the masonry employing the “Embedded region”
constraint, which is identical to the no-slip condition
between the bars and the masonry units.

Titanium and stainless steel were modeled with lin-
ear elastic—perfect plastic behavior. For FRP materials,
an elastic—brittle model was applied, with linear elastic-
ity up to the ultimate strength (F,), followed by a linear
softening plastic response until a reduced strength (F,) is
reached, simulating material rupture (Afzali et al., 2021).
Although the material behavior is essentially linear, a
small softening branch was introduced after F, to avoid
numerical instability associated with the sudden loss of
capacity upon rupture. The software considers a perfect
plastic behavior automatically for the strain larger than
the corresponding strain at the defined reduced strength
(¢,). The slope of the linear softening plastic part was
defined by F,, and its corresponding strain (g,), F,, and &,.
The values of F, and ¢, were adjusted according to F, and
g, to realistically represent the damaged material realis-
tically and prevent numerical instability. Therefore, a set
of primary analyses have been performed for this issue.
Based on the results, F,=0.001F, and ¢,=¢,+0.001 were
used in the main analyses.

Given that stainless steel and titanium materials exhibit
comparable coefficients of thermal expansion (CTE) to
granite, there are no significant concerns regarding the
behavior of retrofitted walls utilizing these materials.
However, it is essential to note that FRP materials have
anisotropic behavior, leading to varying thermal behav-
iors depending on the direction. Typically, in the longi-
tudinal direction of FRP bars, parallel to the fibers, the
CTE is minimal, sometimes even negative. Conversely, in
the transverse direction, where the behavior is governed
by the resin, the CTE can be considerably larger, rang-
ing from 3 to 6 times that of concrete and granite (Galati
et al, 2006; Gentry & Hudak, 1996). This discrepancy
could adversely impact the bond behavior between FRP
bars and granite stone units. While this study did not
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directly investigate this issue, it is imperative to recognize
its significance and the need for further exploration with
a focus on precisely evaluating the effect of temperature
variations on bond behavior. It is worth emphasizing that
in this study, it is assumed that the bars are adequately
anchored at the ends. Consequently, even if there were
partial bond interface failures due to differential thermal
expansion between FRP and granite, the bars would still
be able to effectively resist loads, thereby minimizing the
potential impact on overall load-bearing capacity.

4 Results and Discussion

In the upcoming sections, the results of pushover analy-
sis for different arrangements and materials will first be
discussed. Subsequently, the response will be compared
to identify the optimum arrangement and material, and
finally, the results of cyclic analysis will be detailed.

4.1 Pushover Analysis

4.1.1 Stainless Steel and Titanium Bars

The results for dry-stack walls retrofitted with hori-
zontal bars (Fig. 3a) show minimal improvement in the
proposed configurations. While a marginal increase in
wall strength is observed under the lowest vertical load
(0=0.2 MPa), the impact significantly diminishes under
higher vertical loads. This is due to the fact that hori-
zontal bars do not enhance the tensile strength at hori-
zontal joints, which typically open under lateral loading.
The failure mode in walls retrofitted with horizontal bars
involved both horizontal sliding and flexural (rocking)
failure, except for the HR1-2 model, which exhibited a
stair-stepped failure mode. However, horizontal sliding
failure contributed less under higher vertical loads due to
increased (frictional) shear strength. As horizontal bars
increase tensile strength in vertical joints, flexural (rock-
ing) failure was observed rather than stair-stepped joint
opening (Fig. 4a). Based on these results, the inclusion
of horizontally arranged bars was deemed ineffective.
The stress developed in the models in all cases (Fig. 4a) is
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approximately half the assumed strength, which confirms
the accuracy of the results.

Fig. 3b displays the load—displacement curves for walls
retrofitted with vertical stainless steel bars under the
maximum vertical load. All nine configurations led to
notable hardening and overstrength in the system. While
the non-retrofitted wall displayed elastic-perfect plastic
behavior, the retrofitted walls showed elastic-hardening
plastic behavior with considerable ductility.

Despite similar trends in the load—displacement
curves across varying vertical loads, two key differences
emerged. As the vertical load increases, the additional
overstrength diminishes relative to the original strength.
A softening phase follows the peak strength at lower
vertical loads, except in the VR1-2, VR2-2, and VR3-2
models. With higher vertical loads, the softening phase
transitions into perfectly plastic behavior. The results
indicated that the VR3-2, VR6-4, and VR7-6 models were
the most efficient and practical among the proposed con-
figurations. Fig. 4b illustrates the failure mechanisms of
these walls at a target displacement of 45 mm under the
maximum vertical load. Both VR3-2 and VR6-4 exhib-
ited stair-stepped failure mechanisms, but while VR3-2’s
crack pattern resembled that of the original wall, VR6-4
developed cracks at mid-height on the side rather than
at the top-right corner. In contrast, the VR7-6 model pri-
marily experienced flexural failure, with joints opening
along the baseline rather than in a stair-stepped pattern.
A similar observation was obtained for the walls retrofit-
ted with vertical titanium bars. The stress generated in
the models across all cases (Fig. 4b) is approximately half
of the assumed strength, validating the accuracy of the
results. Table 4 presents the ratios of ultimate strength
between the retrofitted walls (F,;) and the original walls
(F,urar) for models incorporating vertical stainless steel
and titanium bars. Across all levels of vertical loads, the
VR7-6 model exhibited the highest strength. However,
the strength ratio decreased with higher vertical loads.

120 HR1-2 HR2-2 HR3-2 180 VRI-2  ----- VR2-2 VR3-2 150 DR1-2 -----DR2-6 DR3-10
HR4-4 HR5-4 —-HR6-4 VR4-4 VRS-4 — -VR6-4 DR4-4 DR5-4 —-DR6-4
— HR7-6 HR8-6 === HR9-8 150 | — VR76 VR8-6  -eee VR9-10 120 | —DR74 DR8-8  =--e- DR9-4
9 | e [ et
_ 120 ~
Z URM wall Z <]
Q + 3 51
E f— g 60 URM wall 5
2 i :
30
0 0
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Displacement (mm) Displacement (mm) Displacement (mm)
(a) horizontal (b) vertical (c) Diagonal

Fig. 3 The load—displacement curves of walls retrofitted with SS bars (0= 1.25 MPa). a Horizontal, b Vertical, ¢ Diagonal
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(c) Diagonal arrangement

Fig. 4 The failure mechanism of walls retrofitted with SS bars (0=1.25 MPa). a Horizontal arrangement. b Vertical arrangement. ¢ Diagonal
arrangement

For the third configuration, bars were positioned
diagonally within the masonry wall at varying lengths
and positions. Fig. 3c illustrates the load—displacement
curves for walls strengthened with diagonal stainless steel
bars. The load—displacement curves for the DR5-4 and
DR7-4 models exhibit the lowest performance in terms

of overstrength and hardening stiffness. Conversely, the
DR2-6 and DR3-10 models displayed the highest lev-
els of overstrength and hardening stiffness. Under lower
vertical loads, these models exhibited significant soften-
ing upon reaching peak strength. As the vertical load
increased, the softening phase lessened, transitioning
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Table 4 The strength wall retrofitted with vertical SS and Ti bars (F g /Fya)
o (MPa) Material Type
VR3-2 VR6-4 VR7-6 DR2-6 DR4-4 DR8-8

0.2 SS 1.79 257 3.24 2.10 1.65 1.76

Ti 142 1.87 227 1.62 1.37 143
0.5 SS 132 1.64 1.93 141 127 1.32

Ti 1.17 1.35 1.53 1.22 1.15 1.18
0.875 SS 1.18 1.36 1.53 1.22 1.16 1.19

Ti 1.10 1.20 1.30 1.12 1.09 1.1
1.25 SS 1.13 1.25 1.36 1.14 1.11 1.14

Ti 1.07 1.14 1.20 1.08 1.06 1.08

into perfect plastic behavior. The load-displacement
curves for the other models are fairly consistent, with
DR4-4 and DR8-8 achieving the highest overstrength and
hardening stiffness. According to the results, the DR2-6,
DR4-4, and DR8-8 models were recognized as the most
effective and practical solutions among the proposed
configurations. Fig. 4c illustrates the failure mechanisms
of the walls at a target displacement of 45 mm and a ver-
tical load of 1.25 MPa.

Both the DR4-4 and VR8-8 models exhibited compa-
rable failure mechanisms, characterized by stair-stepped
cracking under low vertical loads. However, the bars
restricted joint opening compared to the original walls.
As the vertical load increased, the stair-stepped crack
evolved into a flexural (horizontal) form at mid-height on
the side, followed by further stair-stepped cracking initi-
ating at the middle of the width. In contrast, the DR2-6
model predominantly experienced flexural failure, with
joints opening along the baseline instead of exhibiting
a stair-stepped pattern. A similar pattern was observed
in the walls retrofitted with diagonal titanium bars. The
stresses developed in all models, as illustrated in Fig. 4c,
were almost half the assumed strength, confirming the
reliability of the results.

Table 4 highlights the ratios of ultimate strength
between the retrofitted walls (F,z) and the original walls

(F,urap) for models incorporating stainless steel and
titanium diagonal bars. The DR8-8 and DR2-6 models
exhibited higher strength across all vertical load levels,
although the strength ratio declined under higher vertical

loads.

4.1.2 FFRP Bars

Fig. 5 illustrates the load—displacement curves of walls
retrofitted with vertical FRP bars under maximum ver-
tical loads. A notable increase in hardening and over-
strength was observed in the retrofitted walls, similar to
the behavior seen in walls retrofitted with stainless steel
and titanium bars.

The retrofitted walls display elastic-hardening plastic
behavior with considerable ductility. Although the over-
strength contributed by FRPs is substantially higher than
that of stainless steel and titanium, the strength quickly
drops to match the original wall’s strength after achieving
peak strength. This behavior is due to the brittle nature of
FRP materials.

The yielding displacement, §,, for different FRP mod-
els remains nearly identical, with values of 1.7, 2.9, 4.3,
and 5.3 mm under vertical loads of 0.2, 0.5, 0.875, and
1.25 MPa, respectively. The displacements at FRP fail-
ure, §,, were derived from the curve, and ductility, (6,—
6y)/6y, was calculated and presented in Table 5. Table 5

0] =i 0] i N
_2; 200 | T it _z: 200 | T s o _2; 200 | o CRRR2 q
g O [ g 150 g fsy | ——RGEEE >
< 100 = = 100 £ 100 S
50 50 50
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Fig.5 The load-displacement curve of walls retrofitted with vertical FRP bars (0=1.25 MPa)
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also includes the ratios of ultimate strength (F,z/F, ;200>
hardening stiffness (Kj,), and initial stiffness (Kj;za) of
the original wall, with Kj;;,, adapted from the calibrated
model. The ratio of F,; to F, ;s serves as the over-
strength factor for walls retrofitted with FRP bars.

Fig. 6a and b depicts the failure mechanisms of walls
retrofitted with vertical bars using various types of FRP
materials at the target displacement. In the VR7-6 model,
the failure mechanism for all FRP materials involved
flexural failure, with joints opening along the baseline,
similar to what was observed with stainless steel and tita-
nium materials. However, joint openings for EGFRP and
SGFRP were smaller compared to other FRP materials,
attributed to their higher ductility. For the VR6-4 mod-
els, the failure mechanism was primarily flexural failure
in most cases. The stresses observed in all models (Fig. 6)
were lower than the assumed strength, confirming the
accuracy of the results.

Fig. 7 illustrates the load—displacement curves of walls
retrofitted with diagonal bars using various FRP materi-
als. In all cases, significant increases in hardening stiff-
ness and overstrength were observed, similar to the
behavior seen with stainless steel and titanium arrange-
ments. In every case, as vertical load increases, the effect
becomes more pronounced, and the retrofitted walls dis-
play elastic-hardening plastic behavior. Although FRPs
provide greater overstrength compared to stainless steel
and titanium, the strength quickly drops back to that of
the original wall after reaching peak strength, due to the
brittle nature of FRP materials.

Among the configurations considered, the DR2-6
model demonstrated the greatest overstrength and
hardening stiffness but exhibited the least ductility. The
DR4-4 and DR8-8 models showed similar performance in
terms of overstrength and hardening stiffness, although
DR8-8 exhibited higher ductility, the greatest of the three.
According to the force—displacement curves, the yield-
ing displacements, ), for the different FRP models were
nearly the same, with values of 2.1, 3.0, 4.5, and 6.2 mm
under vertical loads of 0.2, 0.5, 0.875, and 1.25 MPa,
respectively. The values of (Kj,; /Ky;zar) and (Fz /F,1za0)
were computed similarly to the case with vertical bars
and are presented in Table 5.

Across the three arrangement models (DR2-6, VR4-
4, and VR8-8), CFRP2 and SGEFRP delivered the high-
est overstrength, with similar values ranging from 1.35
to 6.95 for CFRP2 and 1.37 to 6.53 for SGERP at vary-
ing vertical load levels. CFRP2 showed greater harden-
ing stiffness, ranging from 0.16 to 0.95 under different
vertical loads, while SGFRP demonstrated higher duc-
tility, varying between 2.16 and 20.43 depending on the
vertical load. Thus, CFRP2 and SGFRP can be considered
the most efficient options. Failure mechanisms of walls
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retrofitted by diagonal CFRP2 and SGFRP bars at the tar-
get displacement are shown in Fig. 8a and b.

Overall, the failure mechanisms closely resembled
those seen in diagonal stainless steel and titanium bars.
However, in most instances, the FRP bars reached their
ultimate strength at a lower lateral displacement than
the target value. Consequently, the failure mechanisms
observed at the target displacements, as shown in the
figures, were a mixture of the failure modes observed in
stainless steel and titanium materials, with some local-
ized sliding occurring near the fractured FRP bars.
In situations where the FRP bars either remained intact
or fractured close to the target displacements, minor
localized sliding was noted, with failure modes simi-
lar to those of stainless steel and titanium. The stresses
observed across all models (Fig. 8) were nearly half of the
assumed strength, verifying the accuracy of the findings.

4.2 Comparative Studies Based on Pushover Analysis
The findings suggest that horizontal bar arrangements
have minimal influence on the seismic behavior of the
wall. In contrast, vertical and diagonal bars significantly
enhance the seismic performance by providing substan-
tial overstrength and hardening stiffness. Among the
examined configurations, the VR3-2, VR6-4, and VR7-6
vertical models, along with the DR2-6, DR4-4, and DR8-8
diagonal models, showed superior performance com-
pared to the other cases. Results from the FRP bar mod-
els reveal that CFRP2 offers greater strength compared
to other FRP types, while SGFRP provides more ductil-
ity with nearly the same strength as CFRP2. Therefore,
CERP2 and SGFRP, as well as stainless steel and titanium,
were selected for comparative studies. The outcomes of
these models were compared to identify the most effi-
cient retrofit case in terms of material and configuration,
as shown in Fig. 9a and b. It is evident that VR7-6 mod-
els have the highest efficiency regarding overstrength and
hardening stiffness under both lower and upper levels
of vertical load. While both stainless steel and titanium
bars offer high ductility, stainless steel produces greater
overstrength and a steeper hardening slope than tita-
nium. CFRP2 and SGFRP, however, deliver much higher
overstrength and hardening stiffness compared to stain-
less steel across both lower and upper vertical loads.
Although CFRP?2 offers greater overstrength and harden-
ing stiffness than SGFRP, it failed to maintain the target
displacement and was interrupted. Conversely, SGFRP
did not achieve ultimate strength at the target displace-
ments. Thus, the combination of SGFRP with the VR7-6
configuration can be regarded as the most effective verti-
cal solution.

Similar to the vertical models, stainless steel and tita-
nium bars exhibit significant ductility across all three
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Table 5 Ductility, hardening stiffness, and strength of retrofitted walls with vertical and diagonal FRP bars under different vertical

loads (0)
Type o (MPa) Ductility Ky,o/Kyrm For/Fuurm
VR3-2 VR6-4 VR7-6 VR3-2 VR6-4 VR7-6 VR3-2 VR6-4 VR7-6
CFRP1 0.2 11.74 12.26 12.00 036 051 0.70 3.81 5.30 6.86
0.5 6.56 6.77 6.51 0.26 0.36 048 217 2.79 3.39
0.875 418 418 401 023 031 044 1.66 1.99 232
1.25 331 3.20 3.07 0.22 0.29 0.37 145 1.64 1.87
DR2-6 DR4-4 DR8-8 DR2-6 DR4-4 DR8-8 DR2-6 DR4-4 DR8-8
0.2 3.21 5.96 6.07 1.26 032 0.33 445 2.58 261
05 1.83 348 355 091 0.23 0.23 228 1.53 1.54
0.875 0.80 1.73 1.88 1.02 0.25 0.12 1.61 1.22 1.23
1.25 041 1.04 1.05 0.55 0.1 0.12 1.32 113 113
VR3-2 VR6-4 VR7-6 VR3-2 VR6-4 VR7-6 VR3-2 VR6-4 VR7-6
CFRP2 0.2 20.96 22.26 2213 0.31 0.46 0.64 542 8.18 11.08
0.5 11.56 12.40 12.30 0.22 0.32 044 2.88 4.10 5.32
0.875 728 793 7.88 0.19 0.27 0.37 2.09 281 353
1.25 5.74 6.21 6.20 0.18 0.25 0.34 1.76 227 2.78
DR2-6 DR4-4 DR8-8 DR2-6 DR4-4 DR8-8 DR2-6 DR4-4 DR8-8
02 7.21 1325 1393 0.95 026 0.26 6.95 3.88 4.09
0.5 443 8.10 858 0.67 0.18 0.18 341 2.08 217
0875 233 458 4.80 064 0.17 0.17 2.29 1.55 1.60
1.25 1.37 2.97 3.09 0.66 0.16 0.16 1.83 1.35 1.37
VR3-2 VR6-4 VR7-6 VR3-2 VR6-4 VR7-6 VR3-2 VR6-4 VR7-6
EGFRP 0.2 21.96 2361 23.52 0.19 0.30 041 3.77 5.84 7.71
0.5 12.08 1340 1340 0.14 0.21 0.28 217 3.09 3.90
0.875 7.55 8.77 8.77 0.13 0.18 0.24 1.68 2.25 272
1.25 6.07 7.04 7.06 0.12 0.17 0.22 147 1.89 2.23
DR2-6 DR4-4 DR8-8 DR2-6 DR4-4 DR8-8 DR2-6 DR4-4 DR8-8
0.2 6.21 1443 16.04 0.66 0.15 0.16 4.65 2.77 3.10
0.5 3.90 8.80 10.00 047 0.1 0.1 247 1.65 1.81
0.875 2.17 513 5.80 045 0.1 0.04 1.77 133 141
1.25 1.36 359 3.87 045 0.05 0.10 1.51 122 1.26
VR3-2 VR6-4 VR7-6 VR3-2 VR6-4 VR7-6 VR3-2 VR6-4 VR7-6
SGFRP 02 25.09 25.09 25.09 0.21 032 044 451 6.57 881
0.5 14.38 14.30 14.30 0.15 0.22 0.30 2.55 344 441
0875 947 947 947 0.13 0.19 026 1.96 247 3.06
1.25 7.57 7.57 7.57 0.13 0.18 0.24 1.68 2.05 246
DR2-6 DR4-4 DR8-8 DR2-6 DR4-4 DR8-8 DR2-6 DR4-4 DR8-8
0.2 9.57 20.32 2043 0.67 0.16 0.17 6.53 3.79 3.94
0.5 6.03 12.8 14.00 047 0.1 0.12 3.27 207 2.25
0.875 340 747 8.60 043 0.10 0.1 2.25 1.56 1.70
1.25 2.16 5.07 559 042 0.10 0.10 1.83 1.37 1.44
VR3-2 VR6-4 VR7-6 VR3-2 VR6-4 VR7-6 VR3-2 VR6-4 VR7-6
AFRP 0.2 18.09 1943 19.52 0.30 044 0.60 462 6.96 932
0.5 10.00 10.90 10.90 0.21 0.30 041 2.54 3.56 4.54
0.875 6.34 6.95 6.95 0.19 026 035 1.89 249 3.07
1.25 5.03 547 546 0.18 0.24 0.32 1.62 2.04 244
DR2-6 DR4-4 DR8-8 DR2-6 DR4-4 DR8-8 DR2-6 DR4-4 DR8-8
0.2 5.75 10.82 1143 0.96 0.25 0.25 5.75 3.25 343
05 3.53 6.55 6.93 068 0.18 0.18 2.90 1.82 1.89
0.875 1.80 3.68 3.85 0.67 0.17 0.17 1.98 141 1.44
1.25 1.03 2.36 2.95 0.71 0.17 0.14 1.63 1.25 127

CFRP1: carbon fiber-reinforced polymer with high-modulus; CFRP2: carbon fiber-reinforced polymer with high-strength; EGFRP: electrical-glass fiber-reinforced
polymer; SGFRP: strength-glass fiber-reinforced polymer; AFRP: aramid fiber-reinforced polymer

diagonal cases (Fig. 9c and d). Stainless steel provides
greater overstrength and stiffness compared to tita-
nium bars. Additionally, SGFRP and CFRP2 consist-
ently deliver higher overstrength and stiftness than

stainless steel. Of the three selected diagonal configura-

tions, the DR2-6/CFRP2 model exhibited the highest
overstrength and hardening stiffness, while the DR8-8/

SGFRP model demonstrated the greatest ductility. Under
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(b) Retrofitted with vertical SGFRP bars

Fig. 6 The failure mechanism of walls retrofitted with vertical CFRP2 and SGFRP bars (0= 1.25 MPa). a Retrofitted with vertical CFRP2 bars. b

Retrofitted with vertical SGFRP bars
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Fig. 7 The load—-displacement curve of walls retrofitted with diagonal FRP bars (0=1.25 MPa)

low vertical loads (0=0.2 and 0.5 MPa), the DR8-8 model
with SGFRP maintained the target displacement before
failure, although it ultimately failed before reaching the
target displacement. Thus, the combination of SGFRP
with the DR8-8 configuration can be viewed as the most
effective diagonal option.

To determine the optimal configuration based on
bar materials and layout, load—displacement curves for

vertical and diagonal setups were compared. Vertical
configurations offer greater overstrength and harden-
ing stiffness compared to diagonal setups. As a result,
the VR7-6/SGFRP combination is identified as the most
effective case for retrofitting dry-stack masonry walls.
Because SGFRP did not fail at the target displacement, it
can offer significant stiffness during cyclic loading.
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(b) Retrofitted with diagonal SGFRP bars

Fig. 8 The failure mechanism of walls retrofitted with diagonal CFRP2 and SGFRP bars (0= 1.25 MPa). a Retrofitted with diagonal CFRP2 bars. b

Retrofitted with diagonal SGFRP bars

4.3 Cyclic Analysis

As previously mentioned, the VR7-6 model with vertical
bars and the DR8-8 model with diagonal bars demon-
strated the best performance. The analysis revealed that
VR7-6 offers significantly greater overstrength and hard-
ening stiffness compared to DR8-8. This comparison is
grounded in the results from the pushover analysis. For a
more thorough comparison, the cyclic analyses of VR7-6
and DR8-8 using the most efficient materials are dis-
cussed in this section. The cyclic analysis was conducted
using the loading protocol shown in Fig. 10 (Vasconcelos,
2005).

Fig. 11 illustrates the hysteresis loops for both origi-
nal and retrofitted walls in the VR7-6 and DR8-8 models
under upper and lower vertical loads. A key observation
across all cases is that hysteresis loops became more sta-
ble as vertical loads increased, particularly for the VR7-6
model. Additionally, the DR8-8 model exhibited consid-
erably narrower hysteresis loops than VR7-6, regardless
of material, which can be viewed as a notable drawback
for DR8-8 when compared to VR7-6. The behavior of

retrofitted walls with either stainless steel or titanium
was quite comparable.

For the VR7-6 model with stainless steel or titanium
bars, the cycles exhibited near symmetry under lower
vertical loads. A biased loop shape, similar to that of the
original wall, was observed at higher vertical loads, with
the overall hysteresis performance closely matching that
of the original walls. Nonetheless, there was an improve-
ment in free sliding during unloading. In contrast,
observations of the DR8-8 model with stainless steel or
titanium bars revealed notable differences. First, the
hysteresis loops remained symmetrical under all levels
of vertical load, but no improvement in free sliding dur-
ing unloading was observed. For models incorporating
CFRP2 and SGFRP (whether VR7-6 or DR8-8), the bias
in hysteresis loops was much lower compared to models
with stainless steel and titanium bars, since FRP materials
predominantly remained in the elastic range before fail-
ure. Also, free sliding at the unloading stage was similar
to that observed during pushover analysis for VR7-6 and
DR8-8 models. The cyclic analysis results revealed that
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Fig. 11 Cyclic behavior of the most optimized models under lower and upper levels of vertical load (o) for vertical and diagonal arrangements

CFRP2 bars greatly enhanced wall strength and harden-
ing stiffness, though they failed at smaller deformations
than the target displacement. Although SGFRP bars in
the DR8-8 model did not fail under low vertical loads,
they experienced failure at higher vertical loads. The
VR7-6 model with SGFRP failed during the final cycle at
a target displacement of 45 mm, except at c=1.25 MPa,

where failure occurred one cycle earlier at a displacement
of 40 mm.

It is important to mention that during both the pusho-
ver and cyclic analyses, the load was applied through dis-
placement control and gradually increased. As a result,
any shock that may occur in the system during FRP fail-
ure is not captured. Addressing this issue will requires
further research, specifically by examining wall behavior
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under seismic loads, potentially through dynamic analy-
sis, which falls outside the scope of this study. Of all
the models, the VR7-6/SGFRP configuration demon-
strated the best overall performance. In most cases, the
bars failed at the target displacement. The wall’'s behav-
ior was enhanced through the addition of considerable
overstrength and hardening stiffness to the system, as
demonstrated by the pushover analysis. Moreover, it sig-
nificantly improved hysteresis behavior by reducing loop
bias and limiting free sliding, which increased the hyster-
esis area, thereby absorbing more energy.

Table 6 presents the normalized dissipated energy of
the models in comparison to the URM wall results. In
every case, increasing the vertical load led to a reduc-
tion in normalized dissipated energy. The VR7-6 model
displayed significantly higher values than DR8-8, fur-
ther demonstrating its superiority. In the DR8-8 model,
CFRP2 exhibited higher values than SGFRP at lower
vertical loads but lower values at higher vertical loads.
However, CFRP2 bars failed at smaller lateral displace-
ment compared to SGFRP, diminishing its efficiency. In
the VR7-6 model, SGFRP had higher values than CFRP2
across all vertical loads. Titanium and stainless steel also
delivered comparable dissipated energy levels to SGERP,
particularly at higher vertical loads. However, SGFRP
proved to be more effective due to its ability to provide
substantial hardening stiffness and overstrength.

5 Conclusions

To improve the seismic performance of dry-stack
masonry walls while maintaining the visual integrity
of the structure, embedded bars were suggested. The
effectiveness of the retrofit method was assessed using
various materials, including stainless steel, titanium, and
common FRP types, with different bar arrangements
(horizontal, vertical, and diagonal). The results indi-
cated that horizontal bar arrangements were ineffective

Table 6 Normalized value of cyclic dissipated energy of
retrofitted walls

Type Material Vertical load (MPa)
0=0.2 0=0.5 0=0.875 o=1.25
VR7-6 Ti 35.86 10.53 857 449
SS 40.86 15.71 10.60 7.51
CFRP2 52.94 17.23 10.25 6.88
SGFRP 77.59 2639 16.19 891
DR8-8 Ti 24.62 478 227 1.53
SS 36.04 9.10 3.62 2.08
CFRP2 28.79 1241 573 375
SGFRP 17.92 11.66 573 537
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in enhancing the mechanical behavior of the wall. In
contrast, vertical and diagonal arrangements signifi-
cantly improved wall performance in terms of over-
strength and hardening stiffness. Vertical bars proved
more effective than diagonal bars in enhancing over-
strength, hardening stiffness, and ductility (in the case
of FRP materials). The findings indicate that the VR7-6
configuration was the most efficient. Furthermore, FRP
materials demonstrated greater overstrength and hard-
ening stiffness compared to stainless steel and titanium
bars. However, due to the brittle nature of FRP, bars fre-
quently broke before reaching the target displacement,
making them more sensitive to the arrangement. Con-
versely, stainless steel and titanium exhibited significant
lateral deformation due to their plastic behavior. Among
FRP materials, CFRP2 demonstrated the highest levels
of overstrength and hardening stiffness. SGFRP, on the
other hand, maintained the target displacement with-
out failure and showed a similar level of overstrength to
CERP2. For vertical bars, SGFRP did not fail under the
target displacement across at any of the four tested lev-
els of vertical load. However, under high vertical load, it
failed in diagonal arrangements, reducing its efficiency.
When used in the VR7-6 configuration, SGFRP offered
a substantial overstrength ratio (0.81 at 0=0.2 MPa and
2.44 at 0=1.25 MPa) and hardening stiffness ratio (0.44
at 0=0.2 MPa and 0.32 at 0=1.25 MPa). Moreover, it
could sustain considerable lateral deformation, making it
the most efficient material in this setup. A set of cyclic
analyses was performed for further investigation. These
analyses also confirmed that VR7-6 model with SGFRP
bars has the best performance among the proposed mod-
els. The hysteresis loops remained stable and improved
as the vertical load increased. Because SGERP bars in the
VR7-6 model remained within the elastic range, except
during the final cycles, two key defects observed in the
original wall’s hysteresis loops, bias and free sliding at
the start of unloading, were nearly eliminated. Once stiff-
ness was recovered, the loops expanded, and the energy
absorbed by the wall increased significantly. The amount
of energy dissipation ratio of the model and base wall
was 77.59 (6=0.2 MPa) or 8.91 (0=1.25 MPa), which is
a notable value. In cases where SGFRP bars are not feasi-
ble due to cost or availability, stainless steel and titanium
bars can be considered better alternatives to other FRP
materials. While stainless steel and titanium bars did not
enhance overstrength and hardening stiffness as much as
certain FRP materials (like CFRP2), they did offer ductile
behavior. Other FRPs exhibited limited lateral deforma-
tion capacity, a key factor in achieving desirable seismic
performance. It should be noted that, in real projects, the
optimum case may need to be decided in accordance with
cost considerations. Given the variation in construction
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and material costs worldwide, one material may be a
better option than the others in a specific region. When
considering cost as a function of the materials used, the
optimal layout, which minimizes material while achiev-
ing the desired behavior, will inherently have the lowest
cost. It is important to recognize that real-world masonry
construction may deviate from the idealizations utilized
in numerical models. In practice, variations in con-
struction quality, including masonry workmanship, may
impact the performance of retrofitting strategies. In case
of significant deviation between construction and ideali-
zation in this study, the conclusion of this study may need
to be interpreted cautiously and adjusted accordingly to
account for these practical limitations.
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