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Abstract: Recently, deteriorated masonry structures aged over 30 years have shown serious structural
problems. Simple and rapid maintenance plans are urgently needed for aging masonry structures.
Polyurea (PU) is an effective retrofitting material for aging structures due to its easy spray application.
This process saves time, reduces costs, and allows the structure to remain in use during retrofitting.
However, a general PU is not suitable for retrofitting aged masonry and concrete structures due to
its low stiffness. In this study; stiff-type polyurea (STPU) was selected as the reinforcement material
for masonry structures. It was developed by modifying the chemical mix of general PU to improve
stiffness. To evaluate the strengthening effect of STPU on masonry members under static loading,
tests were conducted. The flexural load capacity of masonry beams with STPU-sprayed surfaces
was assessed. Three different types of STPU applications were used to select the most efficient
strengthening method. Reinforcing masonry structures with STPU allows brittle failure modes to
achieve ductile behavior. This improves their structural performance under lateral stresses. The
experimental data were used to calibrate FEM models for simulation. These models can be used for
future parametric studies and masonry structural design.

Keywords: strengthening effect; masonry structure; polyurea; stiff-type polyurea; static load; flexural
load test; FEM simulation

1. Introduction

Recently, the number of deteriorated structures has been increasing, leading to a growing
interest in methods for the repair and maintenance of deteriorated structures [1-6]. In Korea,
masonry buildings constitute the largest proportion of deteriorated structures [7]. Masonry
structures are widely utilized in construction projects around the world due to the easy
availability of materials, their simplicity in construction, their long-lasting durability, and
their fire resistance [8]. However, masonry structural members are known to have a very
low tensile load-carrying capacity in tension since the brick-mortar interface layer is the
weak link in the members [9-11]. In order to address the problems associated with aged
masonry structures in South Korea, simple and rapid maintenance plans are urgently needed
at present.

Fiber-reinforced polymers (FRPs) have been commonly used to reinforce masonry
walls due to their high durability, exceptional strength, and lightweight properties [12-15].
Recently, among non-metallic fibers, CFRP (Carbon-FRP) has gained significant attention
as a reinforcement material due to its high strength and corrosion resistance [16]. It has
been increasingly used to reinforce structures in forms such as pre-stressed carbon-fiber
laminations and CFRP grids [17,18]. However, the high cost of the material and concerns
of over-reinforcement arise, as its strength may exceed that of masonry walls [19]. Also,
FRP has the drawback of a potential loss of reinforcement effectiveness due to debonding,
as well as the risk of the brittle failure of the masonry structure [20]. Polyurea (PU) has
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often been proposed as a reinforcement material to address the shortcomings of FRP. PU is
a highly effective retrofitting material for aging structures due to its high-energy dissipation
capacity, high ductility, and simplicity of application by surface spraying, which saves time
and cost as well as usage of the structure while the retrofitting work is undergone [21-25].
There are concerns regarding polyurea coating. One concern is that although it can be
easily applied in spray form, it requires a skilled professional. Another concern is that
the material properties of polyurea vary significantly depending on the composition, and
general PU is not suitable for retrofitting aged masonry and concrete structures due to its
low stiffness [26,27].

Therefore, in this study, stiff-type polyurea (STPU), developed by modifying the
chemical composition of general PU to enhance stiffness, was selected as the reinforcement
material for masonry members [28]. STPU uses a prepolymer with higher strength than
general PU and increases the NCO ratio to enhance the reaction with the hardener. As
a result, the tensile strength increased, and elongation decreased, leading to a polyurea with
improved stiffness [28]. The tensile strength, percent of elongation, and elastic modulus of
STPU are 28 MPa, 250%, and 112 MPa, respectively, while those of general PU are 24 MPa,
310%, and 108 MPa [28]. To evaluate the strengthening effect of STPU for a masonry
member under static loading, the STPU surface-sprayed masonry beams were tested to
evaluate their flexural load-carrying capacity. Three different types of STPU applications
were used to select the most efficient strengthening method. The final goal of this study
was the validation of the proposed FEM models using ABAQUS/Standard 2022 software.
Therefore, the experimental data were then used to calibrate FEM models for simulation,
which can be used for future parametric studies and masonry structural design. Therefore,
the following section will introduce the specimen details and the experimental set-up for
the flexural load test, followed by an analysis of the test results. Additionally, the numerical
modeling process will be explained, and the experimental results will be compared with
the numerical model’s analysis.

2. Flexural Strength Test for STPU Surface-Sprayed Masonry Beam
2.1. Specimen Details

Red bricks with dimensions of 57 x 90 x 190 mm and a 10 mm mortar thickness were
used for manufacturing the masonry member for the flexural strength test. To observe the
reinforcing effect of STPU under extreme conditions, we simulated the critical situation
where a masonry beam is subjected to a bending load. Figure 1 illustrates the effect of
STPU reinforcement in various forms when applied to the masonry beam with low flexural
strength in three-point bending tests. The masonry member was manufactured with a size
of 124 x 90 x 570 mm and a span of 390 mm, and the 0.5B stacking method was used, as
shown in Figure 1. Since the 0.5B stacking method is a method of stacking bricks in one
row, the bricks used for the first floor were cut in half and used. The compressive strengths
of the red brick and mortar used were 5.5 MPa and 22 MPa, respectively. STPU was applied
with a thickness of 2 to 3 mm and at a distance of 60 cm from the specimen, as shown in
Figure 2. STPU was continuously sprayed back and forth 8 to 10 times, and the application
was carried out as uniformly as possible. Polyurea can be used under extreme conditions.
However, in this study, the polyurea was applied by spraying, and both the spraying and
testing were conducted at a temperature of 24 °C and a relative humidity of 65% [29].

Figure 3 depicts the specimens utilized in the experiment, and different reinforcing
methods were applied to each specimen. The specimens were labeled according to the
reinforcing method used, as illustrated in Figure 3. “B” denotes the brick for the first
character, and “F” denotes the flexure for the second character. “P” denotes the bottom
surface strengthened by STPU, and “N” denotes the non-strengthened specimen for the
third character. “S” denotes that the front and the back surfaces were strengthened by
STPU, and “F” denotes that the front, the back, and both side surfaces were strengthened
by STPU for the fourth character.



Materials 2024, 17, 5243 30f13
570 mm
Load
285 mm 285 mm
o -I“H“H-
! 390 mm !
Figure 1. Masonry specimen details.
Figure 2. STPU application to specimen.
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Figure 3. Specimen details for flexural strength test. (a) BEN. (b) BFP. (c) BFPS. (d) BFPF.

The flexural loading tests were performed according to the KSF 2408 standard [30] to
understand the high flexibility effect of polyurea. The load device consisted of two support
rollers and one material load roller to prevent the biases of the center in the vertical direction
of the center point. The load was constantly applied at 1 mm/min for the displacement
control method, and a test was conducted until the maximum displacement reached 8 mm.
The equation for calculating the flexural strength when destruction occurs at the center
point of the surface in the inter-tensile direction of the bending member is shown in
Equation (1). Figure 4 is a photo of the flexural strength test set-up for each specimen.

fy = 3P1/2bh? (1)

Here, f;: the flexural strength (MPa); P: the maximum load (N); I: the span (mm);
b: the width of the fracture section (mm); and h: height of the fracture section (mm).
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Figure 4. Flexural strength test set-up. (a) BEN. (b) BFP. (c) BFPS. (d) BFPF.

2.2. Flexural Strength Test Result

The maximum displacement in the BEN is the displacement at which the load can no
longer be supported. In the BFP, BFPS, and BFPF specimens reinforced with STPU, the
specimens still bore a load despite reaching the ultimate load. Determining the points at
which the load could no longer be supported was difficult, so the maximum displacement was
set as the point where the load started to decrease after peaking. The BFPF specimen exhibited
the greatest improvement in ultimate load performance compared to the unreinforced BFN
specimen, followed by the BFPS and BFP specimens. Compared to the BEN specimen, the
BFP, BFPS, and BFPF specimens had 48%, 67%, and 103% higher ultimate loads, respectively.
Table 1 and Figure 5 reveal that the unreinforced BEN specimen exhibited brittle failure,
collapsing abruptly upon reaching the ultimate load with a maximum displacement of only
1 mm. Figure 5 demonstrates that the BFP, BFPS, and BFPF specimens, reinforced with STPU,
exhibited ductile failure behavior (with an energy ratio over 75%) and could bear the load
even after reaching the ultimate load capacity. The maximum displacement of these specimens
ranged from 8.82 to 10.87 mm, which was 8.24-10.16 times that of the BFN specimen. Figure 6
depicts the crack patterns of the specimens after the flexural strength test.

Table 1. Flexural strength test results.

Test Specimen Number Ultimate Load (kN) Maximum Displacement (mm) Flexural Strength (MPa)
1 - - -
2 3.75 1.02 1.59
BEN 3 454 112 192
Average 415 1.07 1.75
1 5.70 9.23 241
2 6.94 8.87 2.93
BEP 3 5.74 8.36 2.43
Average 6.13 8.82 2.59
1 4.88 12.70 2.06
2 7.61 8.16 3.22
BEPS 3 8.24 11.74 3.48
Average 6.91 10.87 292
1 10.03 8.68 4.24
2 6.93 9.29 2.93
BFPF 3 8.24 10.26 3.48

Average

8.40 9.41 3.55
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Figure 5. Load—-displacement graph of the flexural strength test. (a) BEN. (b) BFP. (c) BFPS. (d) BFPE.

(c)

Figure 6. Crack pattern in flexural strength test specimens. (a) BFN. (b) BFP. (c) BFPS. (d) BFPE.

The crack pattern of the unreinforced BEN specimen extends from the lower central
mortar to the top central brick, with the lower mortar partially spalling. The BFP specimen,
with its reinforced bottom parts, exhibited no spalling in the lower portions; instead, it
had a crack pattern like that of the BFN specimen. The BFPS and BFPF specimens with
reinforced front and back faces did not exhibit crack patterns, but a gap created in the
lower part indicated that the internal masonry beam specimen initially failed, similar to
the BEN and BFP specimens. Ductile behavior was then induced due to the high tensile
strength of the STPU reinforcement. By reinforcing masonry structures with STPU, brittle
failure modes can achieve ductile behavior, enhancing their structural performance under
lateral stresses. Through this experiment, it is considered that reinforcing aging masonry
structures with STPU can delay the collapse of masonry walls, thereby reducing the risk
of casualties.
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3. Numerical Evaluation for STPU Surface-Sprayed Masonry Beam
3.1. Numerical Modeling Method of Masonry Beam

This section describes the numerical modeling and analysis of the flexural strength of
masonry beams using ABAQUS software. A numerical analysis simulation is needed to
determine the stability of STPU-reinforced masonry walls under different design variables.
Two main methods are applied for numerically modeling masonry walls: the micro-method
and the macro-method [31]. Figure 7 shows that the micro-method can also be broken
down into a detailed micro-method and a simplified micro-method. The biggest difference
between the micro- and macro-methods is whether the unit-mortar interface is involved.
While the micro-method considers the unit-mortar interface and models each brick (unit) in
amasonry wall, the macro-method models a masonry wall as a single homogenous material.
The detailed micro-method models both the mortar and unit and can achieve the highest
agreement with the actual masonry wall. However, the simplified micro-method models
an expanded unit that considers the properties of the brick and the mortar and applies
a unit-mortar interface to the unit-to-unit interface to reduce the analysis time. The micro-
method is more accurate and allows the failure mode to be observed. However, it requires
a longer analysis time. The macro-technique is commonly utilized to quickly analyze
and verify the macroscopic structures. The micro-technique was utilized in this work to
model the masonry wall and achieve great similarity to the actual experimental results. The
flexural strength test was performed under static loading on a 0.12m x 0.59 m x 0.09 m
small structure; hence, the detailed micro-method was used.

Al Unit-mort: ’ Unit-mortar
block etc.) Mortar UATCOHT Expanded unit

interface interface

(b)
Homogenous
material

(©

Figure 7. Finite element modeling methods of masonry wall. (a) Detailed micro-model. (b) Simplified

micro-model. (¢) Macro-model [31].

3.2. Modeling and Variables of the Flexural Strength Test

Flexural strength tests were modeled using the detailed micro-method, and the completed
specimens are shown in Figure 8. The bricks and the mortar were made using a 3D model,
whereas the STPU reinforcement on the bottom and sides of the specimens was made using
a 2D shell model. The STPU used to reinforce the front and back of the specimens had
a large surface area that touched the specimen, so it was modeled using a 3D model. The
concrete damage plasticity (CDP) material model in Table 2 was used for the bricks and
the mortar. Although originally designed for concrete, the CDP model’s parameters can be
adjusted to approximate the behavior of other materials, such as brick and mortar, making it
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an appropriate choice for modeling masonry structures [32,33]. The CDP model was used
to observe the failure modes and plastic deformation of the brick-and-mortar models. In
order to simulate the STPU material, the Arruda—Boyce model was used as a constitutive
model for STPU. Polymers, such as polyurea, have a chain-like molecular structure. It can
attain a considerable strain rate of more than 100%. Moreover, it exhibits nonlinear hyper-
elastic characteristics similar to those of rubber. Accordingly, a suitable numerical analysis
model of polyurea is the Arruda—Boyce model, a highly accurate physical model formulated
from a microstructure perspective [34,35]. The Arruda—-Boyce model is based on a statistical-
mechanical treatment of a material with a representative hexahedral volume element in which
eight chains are diagonally connected, as shown in Figure 9. The material is assumed to be
incompressible. The Arruda—Boyce model uses the strain energy potential as a function of
strain to obtain its stress—strain relation, as shown in Equation (2) [36].

2

_ 1= 1 (= 11— 19 (= 519 - (-1
U= { 2 (=3 + 50 (1*-9)+ 10502, (1°-27) + 70006, (' —s1) + 67375015, (B 243)} ) ( 7 2

Here, A, is the elongation rate in longitudinal direction; I is the deviatoric strain
invariant; J,; is the elastic volumetric rate; and p and D are the volume compression
controlling material coefficients.

STPUxéintorced/on
bottom surface

(b)

STPU reinforced on
bottom, front and
back syrface

STPU reinforced on
whole surface(except

(c) (d)

Figure 8. Finite element modeling of flexural strength test specimens. (a) BFN. (b) BFP. (c) BFPS.
(d) BFPE.

(b) (c)

Figure 9. Eight chain rubber elasticity model. (a) Undeformed. (b) Tension. (¢) Compression [36].
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Table 2. Masonry wall material property for concrete damage plasticity [37,38].

Density (kg/m3)  Elastic Modulus (MPa) v P € opoloco K, u
Brick 2100 5730 0.15 28 0.1 1.16 0.667 0
Mortar 2400 14,000 0.2 40 0.1 1.16 0.667 0
v: Poisson’s ratio; {: dilation angle; e: eccentricity; 0y,0/0co: the compressive strength ratio in a two-axis state
for the strength in a single-axis state; K.: parameter defining the shape of the surface of the plastic potential on
a deviatoric plane; p: viscosity parameter.

To reflect the physical properties of STPU in the numerical analysis, the strain—stress
data obtained from the tensile strength test were applied to the material model, as shown
in Figure 10 [28]. The properties of joint interfaces between the beam and STPU used in the
simulation are summarized in Table 3.

32

28

—STPU
24
= 20
S
~ 16
2
4
S 12
8
4
0
0O 40 80 120 160 200 240 280 320
Strain (%)
Figure 10. Strain—stress graph of STPU [28].
Table 3. Properties for joint interfaces [39,40].
Tangential Behavior Cohesive Behavior
Stiffness of Jointin the  Stiffness of Joint in the  Stiffness of Joint in the
Friction Coefficient Normal Direction First Shear Direction Second Shear Direction
Kyn (N/mm?) Kss (N/mm?) Ky (N/mm?)
Brick and Mortar 0.75 35 14.42 41.42
Brick and STPU 0.06 41.6 17.5 17.5

The flexural strength tests were performed under three-point bending, and the bound-
ary conditions described in Figure 11 were applied. As shown in Figure 11, the loading
was controlled by displacement. To apply the load, a 13 mm displacement was applied
under the boundary condition. Explicit analysis was utilized because the results were
not linear, and our interest was in observing severe damage (element separation) beyond
plastic deformation. The general contact (explicit) in ABAQUS was used to create the
interface between the mortar and the brick and an unstructured mesh was used to model
the nonlinear behavior of the mortar. The mesh size of the brick and mortar was 50 mm,
with eight-node element types of C3D8R applied. The 30 mm mesh size and the C3DSRH
element type were applied for STPU.
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Figure 11. Boundary condition of masonry beam modeling.

3.3. Numerical Analysis of Flexural Strength Test

Figure 12 shows a summary of the results of the numerical analysis of the flexural
strength test performed using ABAQUS. Figures 13 and 14 show the element failure and
damaged shapes after the load was applied. Figure 12 shows that the maximum load
occurred in the following order: BEN followed by BFP, BFPS, and BFPF. The maximum load
difference between BFPS and BFPF was small, measuring only 0.16 kN. The reinforcing
effect of STPU was proven, with the maximum displacement that could withstand the
load being 0.8 mm in BFN and 8.4 mm in BFP. Moreover, the maximum load in BFP was
higher than that in BFN. As shown in Figure 12b, the BFP specimen, reinforced with STPU
only in the lower part, could withstand a load of up to 8.4 mm after the maximum load.
Presumably, the lower part of the masonry wall fails at the maximum load, which can
explain this phenomenon. After withstanding a 34 kN load under the reinforcing effect
of STPU, cracks that started in the lower part of the wall spread to the upper part, which
could no longer hold additional loads. As shown in Figure 12¢,d, when the front and back
of the specimen were reinforced with STPU, the first and second peaks were observed in
the force-displacement graph, which is presumably due to failure in the lower part of the
masonry wall at the first peak. Moreover, the load was supported by the tensile strength of
STPU until cracks gradually progressed to the upper part, leading to failure in the upper
part at the second peak. The numerical analysis graph of BEN in Figure 12a is similar to
the BEN-2 graph in Figure 5a; the graph in Figure 12b exhibits a similar trend as the BFP-2
graph in Figure 5b; the graphs in Figure 12b,c exhibit similar behaviors as the BFPS-3 and
BFPF-1 graphs in Figure 5c,d, where the first and second peaks were observed, respectively.

Figure 13a shows that the first element failure occurred in the central lower part of the
mortar in the BEN specimen. The element failures in Figure 13b—d reveal that the failures
progressed toward the central upper part as displacement increased. Figure 13 shows
that the pattern of cracks observed via numerical analysis is similar to that in Figure 6a,
which presents the actual experimental results. Figure 14a shows that the BFP crack pattern,
which shows a similar crack pattern to that of BEN but with more elements in the lower
part, failed. BFPS and BFPF reinforced with STPU on the front and back exhibited failure
patterns that progressed not only in the central part but also to the sides in the internal
section of the masonry wall, as shown in Figure 14ce.

Table 4 lists a summary of the mean values of the data from the experiment and the
numerical analysis, as well as the ratio of the numerical analysis results to the experimental
data. Analysis of the ultimate load revealed that BFPF was off by 16%, whereas the other
specimens were off by less than 10%. For BFN and BFP, the maximum displacement
error was 25%, and for BFP, it was 5%. For BFPS and BFPF, the load continued to be
supported up to 13 mm of displacement, which prevented observations of the maximum
displacement. Because the BFPF-1 specimen had a relatively higher ultimate load than
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the other specimens in the real experiment, the difference between the experimental data
from the three specimens and the load value from the numerical analysis could be lessened
by averaging more experimental data. Because the load was carried even after maximum
displacement in the real experiment, the numerical analysis was deemed to accurately
reflect the ductility of the STPU-reinforced specimens. Due to the nonlinear nature of the
materials in the masonry wall, errors can occur. However, the reinforcing effect of STPU
and the load—displacement behavior of each specimen observed in the experiment were
also observed in the numerical analysis, indicating that the numerical analysis modeling of

the flexural strength test developed in this study could be used for the masonry wall.

Force (kN)

- - IS
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- = © IS o
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Figure 12. Force—displacement graph of numerical analysis. (a) BEN. (b) BFP. (c) BFPS. (d) BFPFE.

(@)

() (d)
Figure 13. Element spalling progress in BEN specimen. (a) First element spalling. (b) Element spalling
progress-1. (c) Element spalling progress-2. (d) Element spalling progress-3.
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Table 4. Results comparison between experiment and numerical analyses.
Specimen Data Type Ultimate Load (kN) Maximum Displacement (mm) Flexural Strength (MPa)

Numerical 3.86 0.80 1.63

BEN Experimental 4.15 1.07 1.75
Ratio 0.93 0.75 0.93

Numerical 5.52 8.40 2.34

BFP Experimental 6.13 8.82 2.59
Ratio 0.90 0.95 0.90

Numerical 7.18 - 3.04

BEPS Experimental 6.91 10.87 2.92
Ratio 1.04 - 1.04

Numerical 7.03 - 2.97

BEFPF Experimental 8.40 9.41 3.55
Ratio 0.84 - 0.84

(e)

Figure 14. Element spalling progress in BFP, BFPS, and BFPF specimens. (a) BFP. (b) BFPS. (c) Inside
of BFPS. (d) BFPE. (e) Inside of BFPE.

4. Conclusions

To evaluate the strengthening effect of STPU on the masonry wall, a flexural strength
test was conducted. From the flexural strength test results, the strengthening effect of STPU
was higher in the order of BFPF, BFPS, BFP, and BFN. The STPU-strengthened specimen
showed ductile behavior after the ultimate load, whereas the non-strengthened specimen
showed brittle fracture.

As the reinforced surface increased, the ultimate flexural load also tended to rise. It is
considered that as the surface area reinforced with PU increased, the adhesive performance
of the PU improved, leading to load dissipation rather than concentration. It was found that
the reinforcement effect was superior when the entire surface of the beam was reinforced
rather than only the bottom surface, which is the most critical section. When reinforced
with STPU, the flexural load increased by approximately two times compared to the
unreinforced specimens, but the reinforcement effect is still significantly lower than that of
steel or FRP [41].
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For the flexural strength test, to construct a numerical model of the STPU-strengthened
masonry wall using ABAQUS, the Arruda-Boyce model was applied to STPU, and a detailed
micro-model was applied to the masonry wall. The difference ratio between the simulation
and the experimental result was under 16%. The simulation results showed the same
crack patterns and tendency as the experimental result. Considering the nonlinear material
properties of the masonry beam, it can be concluded that the numerical model of the masonry
beam reinforced with STPU was successfully established. Since masonry structures are
residential facilities, fire-resistance testing should be included in future studies.

Author Contributions: Investigation and writing, T.-H.L.; conceptualization and methodology,
J.-H.J.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Korea Institute of Energy Technology Evaluation and
Planning (KETEP) grant funded by the Korean government (MOTIE) (No. RS-2020-KP002217).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the first author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Chanter, B.; Swallow, P. Building Maintenance Management; John Wiley & Sons: Hoboken, NJ, USA, 2008.

2. Park, S.; Ahn, Y,; Lee, S. Analyzing the finishing works service life pattern of public housing in South Korea by probabilistic
approach. Sustainability 2018, 10, 4469. [CrossRef]

3. Park, M.; Kwon, N.; Lee, J.; Lee, S.; Ahn, Y. Probabilistic maintenance cost analysis for aged multi-family housing. Sustainability
2019, 11, 1843. [CrossRef]

4. Cavalcante, C.A.V,; Alencar, M.H.; Lopes, R.S. Multicriteria model to support maintenance planning in residential complexes
under warranty. |. Constr. Eng. Manag. 2017, 143, 04016110. [CrossRef]

5. Silva, A,; De Brito, J. Do we need a buildings” inspection, diagnosis and service life prediction software? J. Build. Eng. 2019,
22,335-348. [CrossRef]

6.  Chan, D.W. Sustainable building maintenance for safer and healthier cities: Effective strategies for implementing the Mandatory
Building Inspection Scheme (MBIS) in Hong Kong. . Build. Eng. 2019, 24, 100737. [CrossRef]

7. Seoul Institute of Technology (SIT). Spotlight. Available online: https://www.sit.re.kr (accessed on 29 September 2024).

8.  Zhang, P; Wang, S.; Tao, X,; Li, Z; Liu, Y.; Peng, E.; Lv, ]. Experimental study on the flexural behaviors of ECC-reinforced masonry
beams with GFRP mesh. Eng. Struct. 2024, 315, 118479. [CrossRef]

9. Tralli, A.; Alessandri, C.; Milani, G. Computational methods for masonry vaults: A review of recent results. Open Civ. Eng. J. 2014,
8,272-287. [CrossRef]

10. Atamturktur, S.; Li, T.; Ramage, M.H.; Farajpour, I. Load carrying capacity assessment of a scaled masonry dome: Simulations
validated with non-destructive and destructive measurements. Constr. Build. Mater. 2012, 34, 418-429. [CrossRef]

11.  Mabhini, S.S.; Eslami, A.; Ronagh, H.R. Lateral performance and load carrying capacity of an unreinforced, CFRP-retrofitted
historical masonry vault—A case study. Constr. Build. Mater. 2012, 28, 146-156. [CrossRef]

12.  Al-Jaberi, Z.; Myers, ].J.; ElGawady, M.A. Experimental and analytical approach for prediction of out-of-plane capacity of
reinforced masonry walls strengthened with externally bonded FRP laminate. J. Compos. Constr. 2019, 23, 04019026. [CrossRef]

13.  Dizhur, D,; Griffith, M.; Ingham, J. Out-of-plane strengthening of unreinforced masonry walls using near surface mounted fibre
reinforced polymer strips. Eng. Struct. 2014, 59, 330-343. [CrossRef]

14. Syiemiong, H.; Marthong, C. Flexural behavior of low strength masonry wallettes strengthened with welded wire mesh. Mater.
Today Proc. 2021, 43, 1774-1779. [CrossRef]

15. Syiemiong, H.; Marthong, C. The effect of mortar grade on the out-of-plane behaviour of low-strength masonry wall strengthened
with welded wire mesh. Constr. Build. Mater. 2021, 279, 122393. [CrossRef]

16. Ma, G.; Hou, C.; Hwang, H.]J.; Wang, Z. Axial Compressive Behavior of Predamaged Concrete Cylinders Retrofitted with CFRP
Grid-Reinforced ECC. J. Compos. Constr. 2023, 27, 04023060. [CrossRef]

17.  Flora, E; Pinto, F.; Meo, M. Manufacturing and characterisation of a new thermal pre-stressed carbon fibre-reinforced lattice core
for sandwich panels. J. Compos. Mater. 2022, 56, 1233-1254. [CrossRef]

18. Lim, C.; Jeong, Y.; Kim, J.; Kwon, M. Experimental study of reinforced concrete beam-column joint retrofitted by CFRP grid with
ECC and high strength mortar. Constr. Build. Mater. 2022, 340, 127694. [CrossRef]

19. Al-Lami, A.; Hilmer, P; Sinapius, M. Eco-efficiency assessment of manufacturing carbon fiber reinforced polymers (CFRP) in

aerospace industry. Aerosp. Sci. Technol. 2018, 79, 669-678. [CrossRef]


https://doi.org/10.3390/su10124469
https://doi.org/10.3390/su11071843
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001250
https://doi.org/10.1016/j.jobe.2018.12.019
https://doi.org/10.1016/j.jobe.2019.100737
https://www.sit.re.kr
https://doi.org/10.1016/j.engstruct.2024.118479
https://doi.org/10.2174/1874149501408010272
https://doi.org/10.1016/j.conbuildmat.2012.02.031
https://doi.org/10.1016/j.conbuildmat.2011.08.013
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000947
https://doi.org/10.1016/j.engstruct.2013.10.026
https://doi.org/10.1016/j.matpr.2020.10.452
https://doi.org/10.1016/j.conbuildmat.2021.122393
https://doi.org/10.1061/JCCOF2.CCENG-4404
https://doi.org/10.1177/00219983211021659
https://doi.org/10.1016/j.conbuildmat.2022.127694
https://doi.org/10.1016/j.ast.2018.06.020

Materials 2024, 17,5243 13 of 13

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Dehghani, A.; Nateghi, E.F. Experimental results and conclusions obtained on the masonry-infilled concrete frames strength-
ened by CFRP. In Proceedings of the 14th European Conference on Earthquake Engineering, Ohrid, North Macedonia,
30 August-3 September 2010; Volume 7, pp. 5592-5599.

Grujicic, M.; Pandurangan, B.; He, T.; Cheeseman, B.A.; Yen, C.F,; Randow, C.L. Computational investigation of impact energy
absorption capability of polyurea coatings via deformation-induced glass transition. Mater. Sci. Eng. A 2010, 527, 7741-7751.
[CrossRef]

Toader, G.; Rusen, E.; Teodorescu, M.; Diacon, A.; Stanescu, P.O.; Rotariu, T.; Rotariu, A. Novel polyurea polymers with enhanced
mechanical properties. J. Appl. Polym. Sci. 2016, 133, 43967. [CrossRef]

Mott, PH.; Giller, C.B.; Fragiadakis, D.; Rosenberg, D.A.; Roland, C.M. Deformation of polyurea: Where does the energy go?
Polymer 2016, 105, 227-233. [CrossRef]

Broekaert, M. Polyurea Spray Coatings; Huntsman Polyurethanes: The Woodlands, TX, USA, 2002.

Komurly, E.; Kesimal, A. Improved performance of rock bolts using sprayed polyurea coating. Rock Mech. Rock Eng. 2015,
48, 2179-2182. [CrossRef]

Igbal, N.; Tripathi, M.; Parthasarathy, S.; Kumar, D.; Roy, PXK. Polyurea coatings for enhanced blast-mitigation: A review. RSC
Adv. 2016, 6, 109706-109717. [CrossRef]

Cho, C.M.; Choi, ].H.; Rhee, S.H.; Kim, T.K.; Kim, J.H.J]. Material performance evaluation of polyurea for structural seismic
retrofitting. J. Korea Concr. Inst. 2017, 29, 131-139. [CrossRef]

Lee, T.H.; Park, ].H.; Yang, D.H.; Kim, J.H.J.; Noor, N.B.M. Material enhancements of newly developed stiff type polyurea for
retrofitting of concrete structures. Case Stud. Constr. Mater. 2022, 17, €01431. [CrossRef]

Shojaei, B.; Najafi, M.; Yazdanbakhsh, A.; Abtahi, M.; Zhang, C. A review on the applications of polyurea in the construction
industry. Polym. Adv. Technol. 2021, 32, 2797-2812. [CrossRef]

KSF 2408; Standard Test Method for Flexural Strength of Concrete. Korea Standards Association: Seoul, Republic of Korea, 2016.
Abdulla, K.E; Cunningham, L.S.; Gillie, M. Simulating masonry wall behaviour using a simplified micro-model approach. Eng.
Struct. 2017, 151, 349-365. [CrossRef]

Milani, G.; Valente, M. Failure analysis of seven masonry churches severely damaged during the 2012 Emilia-Romagna (Italy)
earthquake: Non-linear dynamic analyses vs conventional static approaches. Eng. Fail. Anal. 2015, 54, 13-56. [CrossRef]
Valente, M.; Milani, G. Non-linear dynamic and static analyses on eight historical masonry towers in the North-East of Italy. Eng.
Struct. 2016, 114, 241-270. [CrossRef]

Rull, N.; Basnayake, A.; Heitzmann, M.; Frontini, PM. Constitutive modelling of the mechanical response of a polycaprolactone
based polyurethane elastomer: Finite element analysis and experimental validation through a bulge test. J. Strain Anal. Eng. Des.
2021, 56, 206-215. [CrossRef]

Chen, D.; Wu, H.; Wei, ].S.; Xu, S.L.; Fang, Q. Nonlinear visco-hyperelastic tensile constitutive model of spray polyurea within
wide strain-rate range. Int. J. Impact Eng. 2022, 163, 104184. [CrossRef]

Arruda, EIM.; Boyce, M.C. A three-dimensional constitutive model for the large stretch behavior of rubber elastic materials.
J. Mech. Phys. Solids 1993, 41, 389—-412. [CrossRef]

Bhosale, S.D.; Desai, A.K. Simulation of masonry wall using concrete damage plasticity model. Int. J. Innov. Technol. Explor. Eng.
2019, 8, 1241-1244.

Borah, B.; Kaushik, H.B.; Singhal, V. Finite element modelling of confined masonry wall under in-plane cyclic load. IOP Conf. Ser.
Mater. Sci. Eng. 2020, 936, 012020. [CrossRef]

Li, Y.; Zeng, B. Modeling of masonry structures using a new 3D cohesive interface material model considering dilatancy softening.
Eng. Struct. 2023, 277, 115466. [CrossRef]

Gattesco, N.; Amadio, C.; Bedon, C. Experimental and numerical study on the shear behavior of stone masonry walls strengthened
with GFRP reinforced mortar coating and steel-cord reinforced repointing. Eng. Struct. 2015, 90, 143-157. [CrossRef]

Griffith, M.C.; Kashyap, ].; Ali, M.M. Flexural displacement response of NSM FRP retrofitted masonry walls. Constr. Build. Mater.
2013, 49, 1032-1040. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.msea.2010.08.042
https://doi.org/10.1002/app.43967
https://doi.org/10.1016/j.polymer.2016.10.029
https://doi.org/10.1007/s00603-014-0696-4
https://doi.org/10.1039/C6RA23866A
https://doi.org/10.4334/JKCI.2017.29.2.131
https://doi.org/10.1016/j.cscm.2022.e01431
https://doi.org/10.1002/pat.5277
https://doi.org/10.1016/j.engstruct.2017.08.021
https://doi.org/10.1016/j.engfailanal.2015.03.016
https://doi.org/10.1016/j.engstruct.2016.02.004
https://doi.org/10.1177/0309324720958332
https://doi.org/10.1016/j.ijimpeng.2022.104184
https://doi.org/10.1016/0022-5096(93)90013-6
https://doi.org/10.1088/1757-899X/936/1/012020
https://doi.org/10.1016/j.engstruct.2022.115466
https://doi.org/10.1016/j.engstruct.2015.02.024
https://doi.org/10.1016/j.conbuildmat.2012.06.065

	Introduction 
	Flexural Strength Test for STPU Surface-Sprayed Masonry Beam 
	Specimen Details 
	Flexural Strength Test Result 

	Numerical Evaluation for STPU Surface-Sprayed Masonry Beam 
	Numerical Modeling Method of Masonry Beam 
	Modeling and Variables of the Flexural Strength Test 
	Numerical Analysis of Flexural Strength Test 

	Conclusions 
	References

