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Abstract: A technique for strengthening masonry walls by plastering with amorphous steel fiber-
reinforced mortar (ASFRM) is investigated through compressive and diagonal tension tests for
masonry prisms. The vertical joint between masonry units was not completely filled with mortar
to mimic poor workmanship, which is typically reflected in low-cost buildings. The test variables
include the number and thickness of mortar overlays, fiber volume fraction, and additional reinforce-
ment using glass fiber mesh or shear connectors. In most strengthened specimens, the ASFRM is not
damaged but separated from the masonry prisms after its maximum strength is reached. Additional
tests for the bond strength between the ASFRM overlay and masonry surface are conducted to
evaluate its contribution to the strengthening effects. Based on experimental observations, equations
for predicting the compressive and diagonal tension strengths of masonry prisms strengthened with
ASFRM are proposed. The compressive strength can be predicted more accurately by considering the
asymmetrical distribution of compressive stress when strengthening is performed on only one side.
The diagonal tension strength after strengthening can be predicted by incorporating the contribution
of the bond strength between the ASFRM overlay and masonry prism to the initial strength.

Keywords: masonry prism; fiber-reinforced mortar; amorphous steel fiber; compressive strength;
diagonal tension strength

1. Introduction

Unreinforced masonry is a representative structural component that is vulnerable to
earthquakes. Significant structural damage and collapse of masonry buildings accompa-
nied by significant property loss and casualties were observed in many past earthquake
events [1,2]. One reason for such severe damage is that many masonry buildings are
composed of unreinforced masonry walls, as these buildings were designed before the
establishment of seismic design codes or are exempted from seismic design requirements
owing to their relatively small sizes. Masonry supports gravity loads effectively by its
compressive strength but cannot sustain combined stresses owing to its low tensile strength
and brittle behavior. Diverse modeling techniques have been developed for unreinforced
masonry structures using refined finite elements or macro-elements [3]. In addition, inno-
vative survey techniques using 3D laser scanning or digital photogrammetry have been
developed and combined with seismic performance assessment based on the finite element
modeling [4,5].

Considering the vulnerability of unreinforced masonry buildings is necessary; how-
ever, a retrofit technique that enables a low-cost and short duration construction is required
to promote the voluntary retrofit of such buildings, which are typically privately owned.
Among the many retrofit techniques for masonry buildings, strengthening masonry walls
by attaching or plastering reinforcement materials such as fiber-reinforced polymer (FRP)
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or mortar reinforced with a fiber mesh is advantageous in that implementation can be per-
formed outside the building, thereby enabling retrofitting while the buildings are occupied.

Yang et al. [6] tested masonry walls strengthened with glass fiber grids and prestressed
steel bars subjected to cyclic loading. Ismail et al. [7] tested masonry wallettes reinforced
with twisted steel bars inserted in grooves formed on mortar joints or brick surfaces and
evaluated the improvement in ductility. Silva et al. [8] verified the strength and ductility
of unreinforced masonry strengthened with lime grout injection. Taghdi et al. [9] and
Darbhanzi et al. [10] attached steel strips to existing masonry walls in a diagonal or vertical
direction and anchored their ends to adjacent existing structural components. Ghiassi
et al. conducted both numerical and experimental studies on the bond-slip behavior of
FRP materials for strengthening masonry [11]. Bae et al. [12] conducted cyclic loading
tests on masonry walls strengthened with FRP sheets. Choi et al. [13] sprayed engineered
cementitious composites reinforced with polyvinyl alcohol fibers on masonry walls and
observed an increase in the strength and ductility under cyclic loading. In addition,
D’Ambrisi et al., Almeida et al., Mustafaraj et al. and Benedetti [14–17] investigated diverse
strengthening techniques for masonry walls by plastering high-strength mortar or mortar
reinforced with diverse fibers or meshes such as carbon fiber mesh, polymeric net, and glass
fiber reinforced polymer mesh. Krevaikas, and Ombres and Verre investigated confinement
effect obtained with fabric reinforced cementitious mortar jackets for masonry columns
experimentally and proposed methods to predict enhanced axial strengths [18,19].

This study investigates the performance and key mechanical properties of masonry
strengthened with an amorphous steel fiber-reinforced mortar (ASFRM) overlay. Among
the various fibers used in concrete or mortar mixtures, amorphous steel (AS) fibers are
adopted because of their superior bonding characteristics and relatively short and thin
shapes, which are suitable for plastering small thicknesses. Although existing studies have
typically utilized mortar overlays reinforced with grid-type meshes, only AS fibers are used
as the main reinforcement material in this study. The mesh can be excluded because steel
fibers exhibit high strength and stiffness compared with organic fibers such as polyethylene
(PE) and polypropylene. Hence, the installation of the proposed ASFRM overlay can be
completed via merely plastering and is easier to accomplish around the opening compared
with the installation of meshes.

In previous studies by the authors, a recommended mixing ratio for an ASFRM was
derived, and the corresponding strengthening effects were demonstrated for masonry
prisms, which were created with good workmanship, i.e., both bed and head joints were
filled compactly with mortar [20]. However, in actual bricklaying, sufficient mortar is
spread on the bed joints only, and efforts to fill head joints are insufficient. In this study,
masonry prisms in hollow red clay bricks whose head joints were intentionally not filled
were strengthened and tested to reproduce the bricklaying practice. Various test variables
were considered, including the number and thickness of mortar overlays, fiber volume
fraction, and additional reinforcement using mesh or shear connectors. In addition, tests
for the bond strength between the ASFRM overlay and masonry surface were conducted
to evaluate the contribution of the bond strength to the diagonal tension strength. The test
results were combined with other experimental results of masonry in solid concrete bricks
reported by Yu et al. [21,22] to derive design equations for the compressive and diagonal
tension strengths. The design equations consider the asymmetrical stress distribution
and the contribution of bond strength to the compressive strength based on experimental
observations.

The remainder of this paper is organized as follows: First, a test program including the
experimental setup, material properties, and specimen characteristics is described. Second,
the test results for compressive, diagonal tension, and bond strengths are described in
terms of improved strength and damage characteristics. Third, design equations to predict
enhanced strength are proposed based on experimental observations and verified with the
test results. Finally, strength modification factors based on the statistics of the test results
are presented.
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2. Experimental Program

Tests for the compressive and diagonal tension strengths of hollow red clay brick
masonry prisms were conducted to investigate the strengthening effects of the ASFRM.
In addition, the bond strength at the interface of the ASFRM overlay and masonry layer
was measured to evaluate the contribution of the bond strength to the diagonal tension
strength. The test setup, test variables, and preparation of the specimens are described in
this section.

2.1. Test Setup and Instrumentation
2.1.1. Test for Compressive and Diagonal Tension Strength

Tests for the compressive and diagonal tension strengths of masonry prisms were
conducted in accordance with ASTM C1314 and ASTM E519 [23,24]. The test setup com-
prising a universal testing machine for the compressive strength and diagonal tension
strength is shown in Figure 1a,b, respectively. For diagonal tension strength tests, V-shaped
zigs satisfying the requirements of ASTM E519 were used to support a masonry prism
rotated by 45◦ at the top and bottom. The monotonic loading protocol was applied with
displacement control at 1 and 0.6 mm/min for the compressive and diagonal tension
strength tests, respectively. Monotonic loading was terminated when the resistance of the
specimen decreased to less than 70% of the peak.
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Figure 1. Test setup for determining strengths of masonry prisms: (a) Compressive strength; (b) di-
agonal tension strength.

The compressive deformation of the prism was measured using linear variable dis-
placement transducers (LVDTs) installed on the front and back of the specimens in com-
pressive strength tests. Vertical and horizontal deformations were measured using LVDTs
attached to the front and back of the specimens in the diagonal tension tests. Deformations
were measured at the front and back of the specimens and averaged. The compressive
and diagonal tension strengths as well as the elastic and shear moduli were calculated in
accordance with ASTM C1314 and ASTM E519, as described by Yu et al. [21].

2.1.2. Test for Bond Strength

The test setup to determine the bond strength at the interface between the ASFRM
overlay and masonry layer is illustrated in Figure 2. The test specimen was the same prism
used in the tests for the compressive strength; however, the specimen was set up with bed
joints in the vertical direction. The masonry unit in the middle of the prism was loaded
by pushing downward, and supports were installed below both the left- and right-hand
side masonry units in the specimen. For the strengthened specimen, vertical loading was
applied only to the masonry unit to avoid loading the ASFRM overlay directly.
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2.2. Test Variables and Characteristics of Specimens
2.2.1. Test for Compressive and Diagonal Tension Strengths

The test program used to investigate the strengthening effects of the ASFRM overlay
in terms of the compressive and diagonal tension strengths is summarized in Table 1. The
meaning of the notations used for the specimens is provided in the footnote of Table 1.
Various test variables were considered to investigate the overlay and installation details
more comprehensively for strengthening the red clay hollow brick masonry. The basic
test variables were the number of sides strengthened with the ASFRM on masonry prisms
(one or both sides) and the thickness of the mortar overlay (20 or 30 mm). The glass fiber
mesh used by Almeida et al. [15] was applied to a number of specimens, of which some
were reinforced with glass fiber mesh only (D-NM-30S and D-NM-30B), whereas others
were reinforced with both AS fibers and glass fiber mesh (D-SFM-30S and B, D-SFM-30S).
Although AS fibers were applied to most specimens as a reinforcement material for mortar
overlays, PE fibers combined with a glass fiber mesh used in Lee et al. (2008) [25] replaced
AS fibers in some specimens to perform a comparison (D-PEM-30S and D-PEM-30B). In
addition, shear connectors were installed at the interface between the ASFRM overlay
and masonry layer for a number of specimens under diagonal tension tests to provide
additional resistance in addition to bond strength of the strengthening mortar (D-SFA-30S
and D-SFA-30B). Commercially available screw bolts were adopted for the shear connector,
and four screw bolts per overlay-to-masonry interface were installed in drilled holes and
filled with epoxy resin.

Table 1. Test program and specimens.

Type of Test FRM
Overlay Fibers Glass Fiber

Mesh
Shear

Connector
Overlay

Thickness Specimen Name 1 Number of
Specimens

Compressive

- - - - - C-P 3

One side ASF
- - 20 C-SF-20S 2
- - 30 C-SF-30S 3
O - 30 C-SFM-30S 2

Two sides ASF
- - 20 C-SF-20B 2
- - 30 C-SF-30B 3
O - 30 C-SFM-30B 1



Appl. Sci. 2021, 11, 5974 5 of 23

Table 1. Cont.

Type of Test FRM
Overlay Fibers Glass Fiber

Mesh
Shear

Connector
Overlay

Thickness Specimen Name 1 Number of
Specimens

Diagonal tension

- - - - - D-P 3

One side

- O - 30 D-NM-30S 2

ASF

- - 20 D-SF-20S 2
- - 30 D-SF-30S 3
- O 30 D-SFA-30S 2
O - 30 D-SFM-30S 2

PE O - 30 D-PEM-30S 2

Two sides

- O - 30 D-NM-30B 2

ASF

- - 20 D-SF-20B 2
- - 30 D-SF-30B 3
- O 30 D-SFA-30B 2
O - 30 D-SFM-30B 2

PE O - 30 D-PEM-30B 2
1 Specimen name: (Example) C-SFM-30S. C: Compressive; D: Diagonal tension; P: Plain; SF: Amorphous steel fiber; PE: Polyethylene, N:
non-fiber; M: reinforced with mesh; A: Reinforced with anchor; 20: 20 mm thickness; 30: 30 mm thickness; S: one side; B: two sides.

2.2.2. Test for Bond Strength

The test program to determine the bond strength between the ASFRM overlay and
masonry layer is summarized in Table 2. The expected plane of bond failure in the specimen
strengthened with the ASFRM overlay set, as shown in Figure 2, included a mortar bed
joint between masonry units; this is because the compressive force exerted on the middle
masonry unit was transferred to the supports through both the bed joint and overlay-to-
masonry interface. Therefore, masonry prisms without ASFRM overlays were included in
the specimens to measure the bed joint shear strength between the masonry units.

Table 2. Test program and specimen for bond strength tests.

Type of the Brick
Number of Specimens

B-P
(Plain)

B-SF-30S
(One-Side Overlay)

B-SF-30B
(Two-Side Overlay)

Clay brick 3 3 3

2.3. Preparation of Specimens
2.3.1. Mixing Ratio of ASFRM

The mixing ratio of the fiber-reinforced mortar (FRM) is listed in Table 3. The proper-
ties of the AS fiber were those reported by Yu et al. [20]. The mixing ratio of the ASFRM
used in this study was based on previous experimental studies. Yu et al. recommended a
mixing ratio that considers both strength and suitability for performing plastering based
on flow tests, suitability tests for plastering, and compressive and tensile strength tests [20].
Regarding the mixing ratio of polyethylene fiber-reinforced mortar (PEFRM), the fiber
volume fraction is the same as that of the ASFRM, and the water-to-cement ratio is based
on the suitability test for plastering, similar to that of the ASFRM. The mechanical proper-
ties of both types of FRMs are provided in Table 3. The strength and elastic modulus of
the ASFRM were higher than those of the PEFRM. In particular, the tensile strength was
doubled by using AS fibers compared with using PE fibers.
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Table 3. Mixing ratio and properties of fiber reinforced mortar [22].

Fiber Cement:
Sand 1 W/C (%) 2 Fiber Volume

Fraction (%) 3

Strength
(MPa)

Modulus of
Elasticity

(MPa)Compressive Tensile

ASF 1:1 35 2.0 63 7.7 9260
PE 1:1 38 2.0 49 3.8 7843

1 Volume ratio; 2 Water–cement weight ratio; 3 Volume ratio to mortar.

2.3.2. Masonry Prisms

Masonry prisms for conducting compressive and diagonal tension strength tests were
created in accordance with ASTM C1314 and ASTM E519, respectively, as illustrated in
Figure 3. Hollow red clay bricks have an average compressive strength of 25.8 MPa. The
cement-to-sand ratio of mortar for joints between masonry units is 1:5, which was adopted
considering construction field practice in Korea, although 1:3 is prescribed in the Korean
Construction Specifications [26]. The average 28-day compressive strength of the joint
mortar was 10.5 MPa.
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Figure 3. Masonry prism specimens: Prism for (a) compression test and (b) diagonal tension test.

In the Korean construction practice of bricklaying, there is a lack of efforts to fill head
joints with mortar. Therefore, filling the head joints with mortar was intentionally avoided
to reproduce the bricklaying practice. In addition, the mortar was spread on only half of
the area of the bed joint. After completing the bricklaying, the joints on the front side of
the masonry prism were filled with finishing mortar, whereas the other side was not, as
observed from field practice for exterior masonry walls, because the inside of the outer
wall faces an insulator in most buildings and has no additional finishing.

2.3.3. Strengthened Masonry Prisms

Strengthened masonry prisms were created by plastering the ASFRM 28 d after the
completion of bricklaying. The ASFRM was plastered three times with an interval of 24 h
until a target thickness of 20 or 30 mm was achieved. Before each plastering, a sufficient
amount of water was sprayed onto the surface of the specimen. Primer in plain mortar was
plastered and roughened to enhance bond between the masonry layer and ASFRM. The
process of implementing proposed strengthening technique to masonry prism specimens is
illustrated in Figure 4a–d. More information regarding the implementation of the ASFRM
overlay is available in Yu et al. (2021) [21]. The PEFRM was plastered on masonry prisms
in the same manner as the ASFRM. For specimens with glass fiber mesh, the mesh was
embedded by plastering ASFRM over as shown in Figure 4e. For specimens with shear
connectors, the shear connectors were installed in four drilled holes with an embedment
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depth of 20 mm using epoxy resin. Steel screws with head and shank diameters of 10 and
6 mm, respectively, were installed in four drilled holes with an embedment depth of 20 mm
using epoxy resin, then ASFRM was plastered as shown in Figure 4f. Strengthening was
conducted on the 28th day after bricklaying was completed. All tests were performed 28 d
after strengthening.
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3. Test Results
3.1. Test for Compressive Strength

The stress–strain curves obtained from the tests for compressive strength are plotted
in Figure 5. The compressive strength and elastic modulus based on the stress–strain
curves are summarized in Table 4. All the stresses in the strengthened specimen were
calculated based on the cross-sectional area of the bare masonry prism for a consistent
comparison. The average compressive strength and elastic modulus for the bare prisms
were 11.9 and 1780 MPa, respectively. The compressive strength increased to 14.5 MPa
(22% increase) for C-SF-30S strengthened on one side with a 30 mm ASFRM overlay, and
29.8 MPa (150% increase) for C-SF-30B strengthened on both sides with the same overlay
thickness. The effect of the symmetrical strengthening scheme was more than double that
of the added cross-sectional area. Similarly, increasing the thickness of the ASFRM overlay
from 20 to 30 mm enhanced the compressive strength more effectively when overlays were
applied to both sides of the prism. It can be presumed that the uneven distribution of
normal stress in the cross section due to unsymmetrically plastered ASFRM resulted in low
efficiency of strengthening, which will be addressed in derivation of design equations later.
By adding glass fiber mesh to the ASFRM overlay, the compressive strength increased by
2.4 MPa for strengthening on one side but decreased by 7.3 MPa for strengthening on both
sides; therefore, the glass fiber mesh did not yield a consistent positive effect. The overall
tendency of improvement in the elastic modulus was similar to that in the compressive
strength. Hence, it is unnecessary to use both the AS fiber and glass fiber mesh together.
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Table 4. Compressive strength test result.

Specimens
Average Rate of Increase (%)

Peak
Load (kN)

Compressive
Strength (MPa) Em (MPa) Compressive

Strength Em

C-P 204 11.9 1780 - -
C-SF-20S 227 13.3 1980 11.8 11.2
C-SF-30S 248 14.5 2250 21.8 26.4

C-SFM-30S 290 16.9 2040 42 14.6
C-SF-20B 364 21.3 3950 79 121.9
C-SF-30B 511 29.8 3790 150 112.9

C-SFM-30B 385 22.5 2600 89.1 46.1

The damage states of the specimens after compressive failure are shown in Figure 6.
Most specimens exhibited similar patterns of failure. First, cracks occurred on the lateral
side of the masonry before reaching the maximum stress. Subsequently, additional cracks
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occurred at the interface between the masonry layer and ASFRM overlay as the stress
decreased. In addition, as shown in Figure 6b, for C-SF-30S, the ASFRM overlay did not
crack, unlike the masonry, and the top of the prism strengthened on one side inclined
significantly owing to the imbalance in strength and stiffness between the two layers.
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3.2. Test for Diagonal Tension Strength

The stress–strain curves from the tests for the diagonal tension strength are plotted
in Figure 7. The diagonal tension strength and shear modulus based on the stress–strain
curves are summarized in Table 5. All the stresses in the strengthened specimen were
calculated based on the cross-sectional area of the bare masonry prism, similar to the
compressive strength tests. The average diagonal tension strength and shear modulus for
the bare prisms were 0.29 and 1410 MPa, respectively. Strengthening with the ASFRM
overlay on one side improved the diagonal tension strength of D-SF-20S and D-SF-30S
to 2.34 and 2.47 MPa, respectively; however, the thickness of the overlay did not have a
significant effect, as observed in the two specimens. Strengthening using the same material
on both sides of the specimen resulted in a diagonal tension strength that was two times
higher than that achieved by strengthening on one side; moreover, the thickness of the
overlay resulted in a significant improvement in the diagonal tension strength, as observed
for D-SF-20B and D-SF-30B.

Table 5. Diagonal tension strength test results.

Specimens
Average Rate of Increase (%)

Peak
Load (kN)

Diagonal Tension
Strength (MPa)

Gm
(MPa)

Diagonal Tension
Strength Gm

D-P 11.9 0.29 1410 - -
D-NM-30S 87.2 2.11 2210 628 56.7
D-SF-20S 96.7 2.34 3690 707 162
D-SF-30S 102 2.47 1920 752 36.2

D-SFA-30S 102 2.46 2840 748 101
D-SFM-30S 111 2.7 2340 831 66
D-PEM-30S 80.2 1.94 1870 569 32.6
D-NM-30B 141 3.41 10,000 1080 609
D-SF-20B 212 5.13 6940 1670 392
D-SF-30B 330 8.0 14,100 2660 900

D-SFA-30B 260 6.3 10,800 2070 666
D-SFM-30B 265 6.41 8260 2110 486
D-PEM-30B 257 6.23 6230 2050 342



Appl. Sci. 2021, 11, 5974 10 of 23Appl. Sci. 2021, 11, x FOR PEER REVIEW 10 of 24 
 

 
 

(a)                           (b)                            (c) 

 
(d)                          (e)                            (f) 

Figure 7. Diagonal tension stress–shear strain curves: (a) D-NM-30S and D-NM-30B; (b) D-SF-20S and D-SF-20B; (c) D-SF-
30S and D-SF-30B; (d) D-SFA-30S and D-SFA-30B; (e) D-SFM-30S and D-SFM-30B; (f) D-PEM-30S and D-PEM-30B. 

Table 5. Diagonal tension strength test results. 

Specimens 
Average Rate of Increase (%) 

Peak  
Load (kN) 

Diagonal Tension  
Strength (MPa) 𝑮𝒎 (MPa) Diagonal Tension  

Strength 
𝑮𝒎 

D-P 11.9 0.29 1410 - - 
D-NM-30S 87.2 2.11 2210 628 56.7 
D-SF-20S 96.7 2.34 3690 707 162 
D-SF-30S 102 2.47 1920 752 36.2 

D-SFA-30S 102 2.46 2840 748 101 
D-SFM-30S 111 2.7 2340 831 66 
D-PEM-30S 80.2 1.94 1870 569 32.6 
D-NM-30B 141 3.41 10,000 1080 609 
D-SF-20B 212 5.13 6940 1670 392 
D-SF-30B 330 8.0 14,100 2660 900 

D-SFA-30B 260 6.3 10,800 2070 666 
D-SFM-30B 265 6.41 8260 2110 486 
D-PEM-30B 257 6.23 6230 2050 342 

Strengthening using the ASFRM, as applied to D-SF-30S and D-SF-30B, resulted in a 
higher strength compared with strengthening using only a glass fiber mesh-reinforced 
mortar overlay, as applied to D-NM-30S and D-NM-30B, respectively. The difference in 
strength increased, particularly when strengthening was performed on both sides. By 

Figure 7. Diagonal tension stress–shear strain curves: (a) D-NM-30S and D-NM-30B; (b) D-SF-20S and D-SF-20B; (c)
D-SF-30S and D-SF-30B; (d) D-SFA-30S and D-SFA-30B; (e) D-SFM-30S and D-SFM-30B; (f) D-PEM-30S and D-PEM-30B.

Strengthening using the ASFRM, as applied to D-SF-30S and D-SF-30B, resulted in
a higher strength compared with strengthening using only a glass fiber mesh-reinforced
mortar overlay, as applied to D-NM-30S and D-NM-30B, respectively. The difference in
strength increased, particularly when strengthening was performed on both sides. By
adding a glass fiber mesh to the ASFRM overlay, the diagonal tension strength increased by
0.23 MPa compared with strengthening on one side in D-SF-30S and D-SFM30S; however,
it decreased by 1.59 MPa compared with strengthening on both sides in D-SF-30B and
D-SFM30B. Therefore, the glass fiber mesh did not exert a consistent positive effect on the
diagonal tension strength. The overall tendency of the improvement in the shear modulus
was similar to that in the diagonal tension strength. Specimens D-SFA-30S and D-SFA-30B,
whose shear connectors were installed between the ASFRM overlay and masonry, did not
yield significant improvements in the diagonal tension strength compared with specimens
D-SF-30S and D-SF-30B, which had no shear connectors. Specimens strengthened with the
ASFRM achieved higher diagonal tension strengths compared with those strengthened
with the PEFRM, particularly for strengthening on one side.

The damage states of the specimens after failure in the diagonal tension strength tests
are shown in Figure 8. Prisms without strengthening failed and exhibited cracks along the
joints, as shown in Figure 8a. However, the mortar overlay reinforced with only a glass
fiber mesh, as in D-NM-30S and D-NM-30B, was damaged, unlike the other strengthened
specimens, as shown in Figure 8b. In contrast, cracks were not observed on the ASFRM
overlay for D-SF-30S, as shown in Figure 8c, where the masonry layer exhibited a few cracks
on the masonry unit and separation between the bed joint and masonry units, as shown
in Figure 8d. Instead of a clear diagonal crack on the masonry layer and ASFRM overlay,
cracks occurred on the lateral side of the masonry before the maximum load was reached,
as shown in Figure 9. Subsequently, additional cracks appeared at the interface between
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the masonry layer and ASFRM overlay as the load decreased. Based on the observed
failure mode, it was assumed that the bond strength between the ASFRM and masonry
dominated the diagonal tension failure owing to the high tensile strength of the ASFRM,
thereby rendering the diagonal tension strength sensitive to the number of strengthened
sides rather than the thickness of the overlay. However, the specimen strengthened on
both sides was sensitive to the thickness of the overlay, which is likely due to the direct
resistance of the ASFRM overlay.
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3.3. Test for Bond Strength

The maximum loads from the bond strength tests are summarized in Table 6. The
damage state of the specimens after failure is shown in Figure 10. As shown in Figure 10a,
the bare prism failed at the bed joints between the masonry units through which the test
load was transmitted. Figure 10b shows that the prism strengthened on one side failed at
both the bed joints and the overlay-to-masonry interface. Meanwhile, Figure 10c shows
that the prism strengthened on both sides failed in the masonry unit at the side with a
relatively low strength material, as the load transmitted by the overlay increased and the
hole in the inside brick was partially filled during bricklaying. The load transfer and stress
at the overlay-to-masonry interfaces are illustrated in Figure 11. The overlay-to-masonry
interfaces can be classified into side and middle interfaces. The test load was transmitted
from the middle interface to the two side interfaces through the overlay. The area of the
interface considered in the calculation of the bond strength was doubled for strengthening
on both sides, as shown in Figure 11b. To calculate the bond strength at the overlay-to-
masonry interface, the load transmitted through the bed joints directly was subtracted from
the total load resisted by the strengthened specimen as follows:

Pτ = P− Pj, (1)

where P, Pτ , and Pj denote the total load (kN), load shared by the overlay-to-masonry
interface (kN), and load shared by the bed joint (kN), respectively. The bond strength at
the overlay-to-masonry interface was calculated considering the number of interfaces, as
follows:

τaver,S =
P− Pj

2Ao
=

Pτ

2Ao
(2)

τaver,B =
P− Pj

4Ao
=

Pτ

4Ao
, (3)

where τaver,S and τaver,B denote the bond strength (MPa) at the overlay-to-masonry interface
for strengthening on a single side and on both sides, respectively. Ao denotes the interface
area (mm2) between the adjacent masonry units.

Table 6. Bond strength test results for masonry prisms.

Type of
Bricks

Specimen
Maximum Load (kN)

B-P
(Plain)

B-SF-30S
(One-Side Overlay)

B-SF-30B
(Two-Side Overlay)

Clay brick

1 15.3 33.5 55
2 17.3 27.3 52.8
3 20.1 38.6 59.7

Average 17.6 33.1 55.8
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The bond strengths of the overlay-to-masonry interface calculated using Equations (1)–(3)
are summarized in Table 7. The bond strengths for strengthening on one side and both
sides were 0.716 and 0.884 MPa, respectively. The lower bond strength by strengthening on
one side is attributable to the normal stress exerted on the interface due to the eccentricity
between the interface and the line of action for loading. In addition, bond strength tests
were conducted for concrete masonry strengthened with the same ASFRM overlay in
another study [22], the results of which are presented in Table 7 and used to predict the
diagonal tension strength in the following section.

Table 7. Bond strengths for overlay-to-masonry interface.

Type of
Bricks

B-SF-30S
(One-Side Overlay)

B-SF-30B
(Two-Side Overlay)

Interface Bond
Load (kN)

τaver,S
(MPa)

Interface Bond
Load (kN)

τaver,B
(MPa)

Red clay 15.6 0.716 38.3 0.884

Concrete [22] 11.7 0.540 53.0 1.22

4. Design Equations for Strengthening with ASFRM Overlay

Design equations for strengthening with the ASFRM overlay are proposed herein to
predict the compressive and diagonal tension strengths based on the test results. The equa-
tions are based on the test results for the hollow red clay brick masonry described herein
as well as additional test results for concrete brick masonry presented by Yu (2021) [22],
who used the same test and analysis methodology as that used in this study. The number
of strengthened sides is considered an important variable in the derivation of the design
equations based on test observations. The lower-bound strength QL as well as the ex-
pected strength QE for a retrofit design in accordance with ASCE 41-17 [27] are proposed
considering the mean and standard deviation of the test result, as follows:

QE = X×QE,o (4)

QL =
(
X− s

)
×QE,o = (1− s

X
)×QE, (5)
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where QE,o is the nominal strength predicted using the proposed design equation; X and s
are the mean and standard deviation of the test strength-over-nominal strength ratio for
individual specimens, respectively.

4.1. Design Equations for Compressive Strength
4.1.1. Strengthening on One Side

The compressive strength for prims strengthened on one side was calculated based
on the stress distribution assumed in the unsymmetrical cross-section composed of the
masonry layer and single-sided ASFRM overlay. This is because most of the damage was
concentrated on the masonry layer rather than on the ASFRM overlay, as shown in Figure 6,
since the unsymmetrical cross-section was formed by strengthening on one side only. The
peak resistance of a strengthened prism in compression is expressed by the sum of the
contributions from the masonry layer and ASFRM overlays, as follows:

PR = Pm + PASFRM =
Pm

β
, (6)

where PR, Pm, and PASFRM denote the total resistance, resistance of the masonry layer, and
resistance of the ASFRM overlay, respectively. Similar to Equation (6), PR can be expressed
by β, which is the fraction of the resistance by the masonry layer over the total resistance,
expressed as follows:

β =
Pm

PR
=

Pm

Pm + PASFRM
. (7)

To calculate β, the stress distribution was determined for the transformed cross-section
illustrated in Figure 12 based on the elastic modulus ratio between the ASFRM overlay and
masonry, which is expressed as follows:

n =
EASFRM

Em
, (8)

where n denotes the elastic modulus ratio; Em is the elastic modulus from the test of bare
prisms, i.e., 1780 MPa for the hollow red clay brick masonry, and 4570 MPa for the concrete
brick according to Yu et al. [22]; EASFRM is the elastic modulus for ASFRM (9260 MPa), as
listed in Table 3.
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The distribution of normal stress in the cross section for a prism strengthened on
one side in compression was determined by the compressive force and bending moment
caused by the eccentric test loading with respect to the centroid of the transformed section,
as illustrated in Figure 13. The parabolic stress distribution in Figure 13 was approximated
using an equivalent rectangular stress block, where the compressive stress was 0.8 f ′m,
which is in accordance with TMS 402 [28]. The equivalent stress block depth denoted by
a can be determined based on the following moment equilibrium equation between the
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two areas denoted by A1 and A2 located on the left and right sides of the loading axis,
respectively, as shown in Figure 14:

0.8 f ′m A1e1 = 0.8 f ′m A2e2, (9)

where e1 and e2 represent the distances from the loading axis to the centroids of A1 and
A2, respectively. The value of a can be obtained by solving Equation (9) after substituting
expressions in a for A2 and e2 based on Figure 14. The compressive resistance shared by
the masonry layer and ASFRM overlay can be calculated using Equations (10) and (11),
respectively, when a is larger than the masonry layer thickness but smaller than the total
thickness including the ASFRM overlay.

Pm = 0.8 f ′m Am (10)

PASFRM = 0.8 f ′m(a− tm)bASFRM, (11)

where Am is the cross-sectional area of the masonry layer, and bASFRM is the width of
the ASFRM overlay transformed into the masonry material. Therefore, the compressive
strength of a masonry prism strengthened on one side with the ASFRM overlay can be
expressed as follows by incorporating Equations (7), (10) and (11) and the cross-sectional
area prior to strengthening:

σE,o =
σm

β
= σm ×

Am + (a− tm)× bASFRM
Am

, (12)

where σE,o and σm are the compressive strengths of the strengthened masonry prism and
bare masonry prism, respectively.
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The compressive strengths predicted using Equation (12) and the corresponding test
strengths were compared, as shown in Figure 15, in which the trend lines for both the
expected and lower-bound strengths based on Equations (4) and (5) are plotted, respectively.
The test strengths for the strengthened masonry prisms in red clay bricks and concrete
bricks were 0.89 and 1.17 times the corresponding nominal predicted strength, respectively.
In other words, Equation (12) overestimates the compressive strength after strengthening
for the red clay brick masonry by approximately 10%; therefore, the value obtained needs
to be reduced by a factor of 0.89 before more test data are acquired. For strengthening
on both sides, the expected and lower-bound compressive strengths with respect to the
nominal strength are summarized in Tables 8 and 9.
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Table 8. Nominal strength and modification factors for red clay brick masonry.

Type of Test
Nominal
Strength

(QE,o)

Expected
Strength

(QE)

Lower-Bound
Strength

(QL)

Compressive
One side Equation (12) 0.89QE,o 0.77QE,o

Two sides Equation (13) 0.83QE,o 0.73QE,o

Diagonal tension 1 Equation (14) 1.15QE,o 0.92QE,o
1 Diagonal tension strength shall be limited by upper bound expressed in Equation (15).
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Table 9. Nominal strength and modification factors for concrete brick masonry.

Type of Test
Nominal
Strength

(QE,o)

Expected
Strength

(QE)

Lower-Bound
Strength

(QL)

Compressive
One side Equation (12) 1.17QE,o 1.0QE,o

Two sides Equation (13) 1.04QE,o 0.94QE,o

Diagonal tension 1 Equation (14) 1.12QE,o 0.86QE,o
1 Diagonal tension strength shall be limited by upper bound expressed in Equation (15).

4.1.2. Strengthening on Both Sides

The compressive strength of masonry prisms strengthened on both sides can be calcu-
lated based on Equation (6) and experimental observations. In tests for the compressive
strength, masonry prisms strengthened on both sides experienced compressive failure in
the masonry layer and cracks at the masonry-to-overlay interface in the strength degra-
dation region beginning at the strength cap in the load–displacement curves. Cracks or
other damages were not observed on the ASFRM overlay. Based on the experimental
observations, it was assumed that the full compressive strength of the ASFRM overlay was
not developed, and that only a fraction of the strength corresponding to the ultimate strain
of the masonry layer contributed to the total compressive strength. Therefore, the total
compressive strength is expressed as follows, assuming that the ASFRM remains elastic:

σE,o = σm + EASFRMεmu
AASFRM

Am
, (13)

where EASFRM is the elastic modulus of the ASFRM (as summarized in Table 3); εmu is the
ultimate strain of the masonry layer, for which 0.0035 and 0.0025 were applied to the red
clay bricks and concrete bricks, respectively, in accordance with TMS 402 [28].

The compressive strengths predicted using Equation (13) and the corresponding test
strengths were compared, as shown in Figure 16, in which the trend lines for both the
expected and lower-bound strengths based on Equations (4) and (5) are shown. The ratios of
the test strength over the nominal strength were 0.83 and 1.04 for the strengthened masonry
prisms in red clay bricks and concrete bricks, respectively. In other words, Equation (13)
overestimates the compressive strength by approximately 17% after the red clay brick
masonry was strengthened; therefore, it needs to be reduced by a factor of 0.83 before
more test data are acquired. The overestimation is attributable to the assumption of elastic
behavior in the ASFRM masonry. Nonetheless, the accuracy of the predicted compressive
strength is expected to be improved by determining the elastic modulus corresponding to
εmu in a more sophisticated manner, e.g., using the secant modulus at the critical strain. For
strengthening on both sides, the expected and lower-bound compressive strengths with
respect to the nominal strength are summarized in Tables 8 and 9.
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4.2. Design Equations for Diagonal Tension Strength

In most masonry prisms strengthened with an ASFRM overlay for diagonal tension
tests, cracks were developed only in the masonry layer, as shown in Figure 8c,d. This
failure occurs because of the principal tensile stress in the diagonal direction, and the
corresponding strength can be determined as the sum of the diagonal tension strength
of the masonry layer and the sum of bond stress along a strip of unit width in the main
diagonal of the interface between the masonry layer and ASFRM overlay, as illustrated
in Figure 17, assuming that the horizontal shear stress in the masonry prism is negligible.
Therefore, an equation for the diagonal tension strength comprising the two components is
proposed as follows: First, the bond stress is assumed to exhibit a parabolic distribution, in
which the stresses increase from zero at the corner to the peak at the center of the specimen.
The peak bond stress τmax is assumed to be 1.5 times the average bond stress. Therefore,
the diagonal tension strength for a strengthened masonry prism is defined as the sum of
the diagonal tension strength of the bare masonry prism and the average interface bond
stress exerted in the area of unit width, in accordance with Figure 17, as follows:

SE,o =
ns

√
2

2 b(1) 2
3 τmax + Sm(1)t
t(1)

= Sm + ns0.71
b
t

τaver, (14)

where SE,o is the expected diagonal tension strength for the masonry prism strengthened
with an ASFRM overlay; Sm is the diagonal tension strength for a bare masonry prism
obtained from tests; b and t are the width and thickness of the bare masonry prism,
respectively, as illustrated in Figure 17. In addition, ns equals 1 or 2 for strengthening on
one side or both sides, respectively. Finally, τaver is the average bond strength, which can
be expressed as 2/3τmax for the parabolic stress distribution, and can be obtained from the
test, as summarized in Table 7.
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The diagonal tension strengths predicted using Equation (14) and the corresponding
test strengths were compared, as shown in Figure 18, in which specimens strengthened with
a 30-mm-thick ASFRM overlay on one side and both sides were included, and specimens
with anchors for shear connectors were excluded. The trend lines for both the expected and
lower-bound strengths based on Equations (4) and (5) are shown in Figure 18. The average
ratios of the test strength over the nominal strength were 1.15 and 1.12 for the strengthened
masonry prisms in red clay bricks and concrete bricks, respectively. Hence, Equation (14)
underestimates the diagonal strength conservatively. The effect of filling the vertical joint
partially when plastering the ASFRM might have contributed to the underestimation of
the diagonal tension strength; this is because Sm in Equation (14) is based on the strength
obtained from specimens with weak vertical mortar joints. The expected and lower-bound
diagonal tension strengths are summarized in Tables 8 and 9, respectively.
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Equation (14) assumes that the ASFRM overlay does not fail after the peak load is
reached. However, diagonal cracks were formed on the ASFRM overlay at the peak load
in the case of concrete brick masonry strengthened on both sides. Therefore, the diagonal
tension strength calculated using Equation (14) must be limited by an upper bound.
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Assuming that the masonry layer and the ASFRM overlay fail simultaneously, the
upper bound of the diagonal tension strength can be defined as the sum of the diagonal
tension strengths of both elements, as follows:

SE,upper = Sm + SASFRM
AASFRM

Am
(15)

where SE,upper is the upper bound to the diagonal tension strength; SASFRM is the diagonal
tension strength of the ASFRM; Am and AASFRM are the cross-sectional areas of the masonry
layer and ASFRM overlay, respectively. The upper bound strengths are represented by
vertical and horizontal broken lines in Figure 18, where SE,upper1 and SE,upper2 correspond
to the specimens strengthened on one side and both sides, respectively. The tensile strength
of the ASFRM provided in Table 3 was used instead of SASFRM to calculate SE,upper1
and SE,upper2 because of insufficient actual test data. Most of the calculated and tested
strengths for the specimens strengthened on both sides were higher than SE,upper2 in
both Figure 18a,b. In particular, the difference was more significant for the concrete brick
masonry. As mentioned above, the unintentional filling of the vertical joint via the ASFRM
during the construction of specimens might enhance the actual bare prism strength Sm (as
expressed in Equations (14) and (15)). In addition, the accuracy of Equation (14) would
have been improved if actual tests for SASFRM were performed.

4.3. Applicability to Seismic Retrofit Design

The proposed design equations are intended to be applied to the retrofit design of
unreinforced masonry walls directly. This is because the toe-crushing, diagonal tension,
and bed-joint sliding strengths for unreinforced masonry walls are calculated using the
compressive and diagonal tension strengths provided in ASCE 41-17 [27]. However, in
the toe-crushing failure, compressive failure is concentrated only in the localized area,
unlike the compression failure of masonry prisms in this study. Figure 17 and Equation (14)
for diagonal tension failure assume square masonry prisms; therefore, the distribution of
bond stress must be redefined for the rectangular shape of masonry prisms. In the case of
masonry walls dominated by bed-joint sliding failure, whether such a failure mode can
develop in an unreinforced masonry shear wall strengthened with an ASFRM as well as
the quantification of the strengthening effect are yet to be elucidated. Therefore, additional
studies based on experiments or numerical analyses are necessitated to apply the proposed
design equations to actual unreinforced masonry walls with various aspect ratios.

5. Conclusions

A technique for strengthening masonry walls by plastering an ASFRM was investi-
gated by performing compressive and diagonal tension tests for masonry prisms created
using hollow red clay bricks and by reproducing poor workmanship. Various test variables
associated with the composition of the overlay and interface were considered in the test
program. The equations for the nominal compressive and diagonal tension strengths
and the empirical modification factors to obtain the expected and lower-bound strengths
were proposed and verified using test data. The results of this study can be summarized
as follows:

Strengthening poorly constructed masonry prisms using the ASFRM overlay was
effective for both the compression and diagonal tension, but more efficient for the latter. The
compressive and diagonal tension strengths increased by 150% and 2660%, respectively, by
plastering the ASFRM on 0.5B red clay brick masonry. In terms of the design variables for
retrofit, the thickness of the ASFRM overlay had a negligible effect on both the compressive
and diagonal tension strengths in the tests, whereas strengthening on both sides was much
more effective than strengthening on one side. Similarly, using the glass fiber mesh and
shear connectors did not yield significant enhancements in terms of strength compared
with plastering only the ASFRM with the same thickness.
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Owing to the relatively high strength of the ASFRM overlay, the specimen failed in the
masonry layer first, and then cracks were formed at the interface between the masonry and
overlay. Therefore, the elastic modulus ratio affecting the load share between the two layers
and the bond strength between the masonry and overlay are vital to strength prediction.
Consequently, the proposed strength equations predicted the test results with considerable
accuracy. However, additional experiments or numerical analyses are necessary to verify
the assumptions underlying the proposed design equations with an extended range of test
variables, as well as to utilize these equations in the retrofit design of actual unreinforced
masonry walls with various aspect ratios or subjected to stress concentration.
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Notation

AASFRM Cross-sectional area for the ASFRM overlay
Am Cross-sectional area of the masonry layer in a strengthened prism
Ao Interface area between the adjacent masonry units
A1 Area located on the left-hand side of the loading axis in a masonry prism under

compression
A2 Area located on the right-hand side of the loading axis in a masonry prism under

compression
a Equivalent stress block depth
bm Width of the masonry layer
EASFRM Elastic modulus of ASFRM
Em Elastic modulus of a bare prism
e1 Distance from the loading axis to the centroids of A1
e2 Distance from the loading axis to the centroids of A2
n Elastic modulus ratio
ns Number of strengthened sides on the masonry prism
P Total load in the compression test
PASFRM Compressive resistance by the ASFRM overlay in the strengthened prism
Pj Load shared by the overlay-to-masonry interface
Pm Compressive resistance by the masonry layer in the strengthened prism
PR Total compressive resistance of the strengthened masonry prism
Pτ Load shared by the overlay-to-masonry interface
QE Expected strength
QE,o Nominal strength predicted by the proposed design equation
QL Lower bound strength
SASFRM Diagonal tension strength of the ASFRM
SE,o Expected diagonal tension strength for the strengthened masonry prism
SE,upper Upper bound to the diagonal tension strength
SE,upper1 Upper bound to the diagonal tension strength for the specimen strengthened on a

single side
SE,upper2 Upper bound to the diagonal tension strength for the specimen strengthened on

both sides
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Sm Diagonal tension strength for the bare masonry prism obtained from tests
s Standard deviation of the test strength-over-nominal strength ratio for individual

specimen
tm Thickness of the masonry layer
tms Thickness of the strengthened masonry prism
X Standard deviation of the test strength-over-nominal strength ratio for individual

specimen
β Fraction of the compressive resistance by the masonry layer over the total resistance
εmu Ultimate strain of the masonry layer
σ Normal stress in the section of the masonry prism
σE,o Compressive strength for the strengthened masonry prism
σM Flexural stress in a section of the masonry prism
σm Compressive strength for the bare masonry prism
τaver Average bond strength between the ASFRM and masonry layer
τaver,B Bond strength at the overlay-to-masonry interface for strengthening on both sides
τaver,S Bond strength at the overlay-to-masonry interface for strengthening on a single side
τmax Peak bond stress
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