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Abstract: This study focused on perforated bricks, and the structural performance enhancement of
brick members by internal reinforcement was experimentally investigated. As a new reinforcing
material, screw iron (SI) rods were selected for the internal reinforcement, and they were inserted into
the perforated brick. To investigate the most-effective reinforcing method as well as to understand
the fundamental structural behaviors, four specimens with different variables were fabricated, and
three-point bending tests were carried out. From the experiments, it was found that the maximum
strength of the specimen increased by more than two times with internal reinforcement. The internal
reinforcement, fixed by nuts at both ends of the specimen to enhance integrity, increased the maximum
strength by nine times. Moreover, the deformation capacities of the specimens were also greatly
enhanced. The case where the internal SI rods were fixed by nuts without mortar also showed a
similar structural performance to the case with mortar. The estimation methods of the maximum
strength of the specimens were also discussed, and they showed reasonable agreement with the test
results. It was proved that the proposed material and methods enabled effective utilization of the
internal reinforcement, and they could contribute to the improvement of structural performances in
masonry construction.

Keywords: reinforced masonry structure; stilt house; perforated brick; internal reinforcement; screw
iron rod; bonding action; fixing of reinforcement; mortar filling work

1. Introduction

There are many residential buildings with raised floors, called stilt houses, in the
region of South East Asia to protect human lives and properties from floods caused by
frequent heavy rain. In particular, for private houses, superstructures constructed on raised
floors are very common, where the floors are supported by stilts, as shown in Figure 1.
For the reasons of construction cost and workability, the stilt sometimes consists of plain
concrete with no reinforcement or wood materials. However, such plain concrete stilts are
likely to be vulnerable to horizontal forces such as wind loads, seismic loads, and tsunamis.
Wood stilts are less expensive than plain concrete and are economical. Nevertheless, their
structural performance against horizontal forces may be insufficient; furthermore, there is
a risk of rot and pest damage after floods or tsunamis, and the further deterioration of their
structural performances is expected (See Figure 2). On the other hand, bricks or concrete
blocks (CB) are often used as building materials in this area for economic and climate
reasons, and perforated bricks are among them, as shown in Figure 3. Considering the
widely used tendency toward perforated bricks, it will be possible to construct a stronger
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stilt by utilizing brick masonry with proper reinforcement. For instance, penetrating the
perforated bricks with reinforcing bars and placing the brick stilt appropriately between
the ground and the floor is one of the promising alternatives.
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Figure 3. Perforated brick.

Masonry buildings made of bricks or CB are used all over the world, and the majority
of the world’s population lives in properties made with this structural system. Since the
20th century, more than half of the victims of earthquakes have been caused by the collapse
of masonry buildings [1]. In earthquake-prone regions around the world, there are many
unreinforced masonry (URM) buildings or RC structures with URM infills. However,
this structural system contains URM members; thus, their structural performances, as
well as their seismic capacities, are likely to be insufficient, which would lead to serious
earthquake damage, as shown in Figure 4. Therefore, a number of studies concerning
the structural characteristics of URM members have been carried out, and many of them
focus on URM infills. For URM infills, their diagonal strut mechanism and the interaction
between their boundary frames and infills are focused on in the previous studies [2–9]. In
addition, their in-plain seismic behaviors against lateral loads, having different types of
URM units and boundary frames, were investigated, based on experimental and analytical
studies [10–16], and backbone curves with URL infills were proposed by some structural
guidelines and researchers [17–21]. As URM structures tend to be more vulnerable to
out-of-plane excitations, seismic performances against out-of-plane vibrations were also
investigated by previous studies [22–24].
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In order to improve the seismic capacity of URM structures, reinforcing or retrofitting
methods were developed, and the seismic performances of reinforced masonry (RM) mem-
bers against in-plane and out-of-plane loadings were evaluated by previous studies [25–48].
Some of them used new materials with steel fiber or waste marble powder [25,26]. Many
of them employed outer-surface reinforcing or retrofitting schemes by using ferrocement,
reinforced plaster, shotcrete, fiber-reinforced polymers [27–34], etc. In a few cases, reinforc-
ing methods by internal steel reinforcement were conducted for masonry members [35–38].
They were usually for the CB units with relatively large holes, and some focused on the
reinforcement of the bed joint mortar. Prestressing techniques by post-tensioning forces
were also applied to the masonry members [35–46], and some reinforcing schemes were
introduced in the design codes and guidelines [47,48]. The prestressing forces were pro-
vided by external or internal tendons such as high-strength strands and steel bars. On the
other hand, such post-tensioning skill is somewhat difficult to apply to small structures
and increases the construction cost. Measuring or managing the tension stress of tendons
would also be complicated.

Especially for the brick member, it has been common practice to apply reinforcing
materials to the outer surface, and there were few attempts focused on internal reinforcing.
Moreover, the structural performances of out-of-plane behaviors were less considered.
Hence, in the previous study by the authors of [49], the deformed reinforcing bars were
arranged inside the perforated bricks, supposing the brick stilt member mentioned earlier,
and their structural performances, in the out-of-plane direction, were experimentally
investigated. Although the enhancement in structural performance was obtained to some
extent, it was found that the reinforcing effect could be drastically decreased when the
bond action and integrity between the internal bars and mortar was poor, which was
indicated as an important future task. Therefore, in this study, a crucial improvement was
made to enhance those defects between internal reinforcement and mortar by using new
reinforcing materials and methods, and its effectiveness was verified based on experimental
discussions, which could provide more robust stilts and brick members.

2. Experimental Program
2.1. Material Properties

Figure 5 shows an overview of the materials selected in this study. As shown in the
Figure, a screw iron (SI) rod was employed as a new reinforcing material. Perforated bricks
with three holes, produced in Japan, were employed in this study since the local products
of the region of South East Asia were not available. It was noted that the main purpose of
this study was the application of SI rods to perforated bricks and the investigation of the
internal reinforcing effects on structural performance; therefore, the perforated bricks from
Japan were adopted at this time. The mortar mix proportion of sand, cement, and water was
11:1:1 (weight ratio). In addition, in order to solve the problem of the integrity and bonding
behaviors between the steel bars and mortar, which were raised in the previous study by
the author [49], the use of deformed reinforcing bars with screws (threaded reinforcing
bars) was first considered. By fixing the bricks at both ends using screw reinforcing bars
and nuts, it was thought that the integrity of the members as well as the bonding between
the reinforcing bars and mortar could be assured. On the other hand, SI rods, which were
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easily available compared to screw reinforcing bars, were selected as a new reinforcing
material. Hence, M14 with a nominal cross-sectional area of 115 mm2 was used for the SI
rods, and the steel plate was attached to both ends of the brick member in some specimens,
as explained later. It was noted that the thickness of the steel plate (9 mm) was selected
after examining the bearing pressure of the nut and the safety against the punching shear.
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end plate; (d) Nut; (e) Washer.

Tables 1–3 show the material test results, and the values are the mean values of
3 samples in each test. For the material tests, a compression test of the brick unit and the
3-layer stacked prism, a push-out test of the 3-layer stacked prism, mortar compression
and splitting tests, and a tensile test of the SI rod were carried out. Herein, two types of
3-layer stacked prisms were fabricated, which were the cases with or without the SI rods. A
total of three SI rods were inserted into each hole. The compressive strength of the 3-layer
stacked prism was 21.1 MPa in the case without SI rods and 23.0 MPa in the case with SI
rods. From this result, the effect of the reinforcing rod on the compressive strength was
regarded to be slight. On the other hand, from the push-out test, the shear strength was
found to be 0.7 MPa when the stacked prism had no SI rods, and the shear strength with SI
rods was calculated to be 3.2 MPa. Through these material test results, it was confirmed
that the iron rods did not contribute much to the increase in compressive strength but had
great effects on the shear strength. The 0.2% offset method was used to determine the yield
point of the SI rod because there was no clear yield point from the tensile test.

Table 1. Material characteristics of brick unit and mortar.

Brick Unit Mortar

Compressive strength 39.1 MPa 15.1 MPa

Tensile strength σT — 0.9 MPa

Table 2. Material characteristics of brick prism (3-layer stacked).

Brick Prism without SI Rod Brick Prism with SI Rod

Compressive strength 21.1 MPa 23.0 MPa

Shear strength by push-out test 0.7 MPa 3.2 MPa
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Table 3. Material characteristics of screw iron (SI) rod.

Yield Strength σy (MPa) *a Yield Strain εy (µ) *a Tensile Strength σt (MPa)

446.9 MPa 3833 µ 537.4 MPa
*a Strength and strains by 0.2% offset method.

2.2. Specimen and Experiment Outline

Figure 6 shows a conceptual diagram of the test specimens. Four specimens were
fabricated in total. First, the UBM (Unreinforced Brick Member) specimen consisted of
perforated bricks and mortar without any reinforcement, and, in the IRBM (Internally
Reinforced Brick Member) specimen, an internal reinforcement of four SI rods was added.
From these two specimens, the internal reinforcing effect of the SI rods was examined. Next,
in the IRBM—F (Internally Reinforced Brick Member Fixed by nut) specimen, the four SI
rods were fixed by nuts after sandwiching both ends of the specimen with steel plates to
enhance integrity. As mentioned earlier, according to the previous test results [49], the flex-
ural strength of the specimen increased when the bonding performance between the steel
and mortar was sufficiently secured. Therefore, in order to enhance structural performance,
fixing work with steel plates and nuts was introduced. It was noted that every hole of the
perforated brick was filled with mortar in IRBM—F. On the other hand, the mortar filling
work to the holes was omitted in the IRBM—FNM (Internally Reinforced Brick Member
Fixed by nuts with No filling Mortar) specimen to further improve workability as well as
to save on costs and materials. The internal SI rods were fixed by nuts at both ends of the
specimen, and the joint mortar was only employed on each layer between bricks in the
IRBM—FNM.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 5 of 16 
 

Table 3. Material characteristics of screw iron (SI) rod. 

Yield Strength σy (MPa) *a Yield Strain εy (μ) *a Tensile Strength σt (MPa) 
446.9 MPa 3833 μ 537.4 MPa 

*a Strength and strains by 0.2% offset method. 

2.2. Specimen and Experiment Outline 
Figure 6 shows a conceptual diagram of the test specimens. Four specimens were 

fabricated in total. First, the UBM (Unreinforced Brick Member) specimen consisted of 
perforated bricks and mortar without any reinforcement, and, in the IRBM (Internally Re-
inforced Brick Member) specimen, an internal reinforcement of four SI rods was added. 
From these two specimens, the internal reinforcing effect of the SI rods was examined. 
Next, in the IRBM－F (Internally Reinforced Brick Member Fixed by nut) specimen, the 
four SI rods were fixed by nuts after sandwiching both ends of the specimen with steel 
plates to enhance integrity. As mentioned earlier, according to the previous test results 
[49], the flexural strength of the specimen increased when the bonding performance be-
tween the steel and mortar was sufficiently secured. Therefore, in order to enhance struc-
tural performance, fixing work with steel plates and nuts was introduced. It was noted 
that every hole of the perforated brick was filled with mortar in IRBM—F. On the other 
hand, the mortar filling work to the holes was omitted in the IRBM—FNM (Internally 
Reinforced Brick Member Fixed by nuts with No filling Mortar) specimen to further im-
prove workability as well as to save on costs and materials. The internal SI rods were fixed 
by nuts at both ends of the specimen, and the joint mortar was only employed on each 
layer between bricks in the IRBM—FNM. 

    
(a) (b) (c) (d) 

Figure 6. Conceptual diagram of test specimens: (a) UBM; (b) IRBM; (c) IRBM—F; (d) IRBM—FNM. 

The specimen dimensions were 210 × 430 × 970 mm (depth × width × height), and the 
cross-sectional details are shown in Figure 7. As was performed in the previous experi-
ment [49], the 3 arrangement patterns shown in Figure 7 were stacked in order for 14 lay-
ers to fabricate each specimen since such a combination arrangement was thought to pro-
vide more robust resistance against lateral loading. In order to find out the effective rein-
forcing method as well as to understand fundamental structural behaviors, 3-point bend-
ing tests were carried out, where the distance between two supports was set to be 770 mm, 
as can be seen in Figures 7 and 8. In the 3-point bending test, the vertical deflection of the 
specimen was measured at three points by displacement transducers (LVDTs). The strains 
at the crucial points of the SI rods were also measured for the specimens with internal 
reinforcements. It was noted that B1~B3 and T1~T3 represented the strains of the bottom 
and top side rods, respectively. From those strains, bond stresses between the mortars and 
rods were calculated to investigate the bonding performance, as discussed later in Section 
3. All the specimens were fabricated by non-experts such as lab students, supposing self-
buildable economic housing. In the specimens with SI rods, the rods were fixed vertically 
in advance, and then the masonry work was carried out by passing the perforated bricks 
through the rods. The bricks were stacked one-by-one, and mortar works were applied at 
the same time. The accuracy of the mortar filling work was likely to vary depending on 
the workers. Hence, it may have affected the bonding performance between the mortars 

Figure 6. Conceptual diagram of test specimens: (a) UBM; (b) IRBM; (c) IRBM—F; (d) IRBM—FNM.

The specimen dimensions were 210 × 430 × 970 mm (depth × width × height),
and the cross-sectional details are shown in Figure 7. As was performed in the previous
experiment [49], the 3 arrangement patterns shown in Figure 7 were stacked in order for
14 layers to fabricate each specimen since such a combination arrangement was thought
to provide more robust resistance against lateral loading. In order to find out the effective
reinforcing method as well as to understand fundamental structural behaviors, 3-point
bending tests were carried out, where the distance between two supports was set to be
770 mm, as can be seen in Figures 7 and 8. In the 3-point bending test, the vertical deflection
of the specimen was measured at three points by displacement transducers (LVDTs). The
strains at the crucial points of the SI rods were also measured for the specimens with
internal reinforcements. It was noted that B1~B3 and T1~T3 represented the strains of
the bottom and top side rods, respectively. From those strains, bond stresses between the
mortars and rods were calculated to investigate the bonding performance, as discussed
later in Section 3. All the specimens were fabricated by non-experts such as lab students,
supposing self-buildable economic housing. In the specimens with SI rods, the rods were
fixed vertically in advance, and then the masonry work was carried out by passing the
perforated bricks through the rods. The bricks were stacked one-by-one, and mortar works
were applied at the same time. The accuracy of the mortar filling work was likely to vary
depending on the workers. Hence, it may have affected the bonding performance between
the mortars and SI rods, which was the reason why the rods were fixed by steel plates and
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nuts in IRBM—F and IRBM—FNM. It was also noted that the ends of the SI rods were
lightly tightened with nuts using human power after curing the mortar; thus, the initial
prestressing force was little.
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Figure 8. 3-point bending test in this study: (a) Example of IRBM; (b) Example of IRBM—F.

3. Experiment Results
3.1. UBM (Unreinforced Brick Member)

Figure 9a shows the final failure pattern, and the red line represents the main crack
developed in the specimen. Figure 10a shows the vertical load–deflection relationship, in
which the horizontal axis represents the vertical deflection at the center of the span. In this
specimen, the load increased almost linearly up to a maximum strength with the increase
in the vertical deflection. However, a flexural crack developed in the joint mortar at the
center of the span, and a sudden brittle failure occurred. As can be seen in Figure 10a, the
maximum strength recorded in this specimen was 13.96 kN, and the vertical deflection
at the maximum strength was 0.26 mm. By defining the deflection angle (R) as the ratio
of vertical deflection to the half span, the failure R was only 0.068%, which exhibited
poor deformation capacity. Therefore, sufficient deformation capacity cannot be expected
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without any reinforcement on the brick masonry. The calculation result of the maximum
strength will be discussed in Section 4.
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3.2. IRBM (Internally Reinforced Brick Member)

In this specimen, the internal reinforcement by SI rods was supplemented. Figure 9b
shows the final failure pattern, and Figure 10b shows the vertical load–deflection curve. As
the vertical deflection grew, a flexural crack occurred near the middle of the span, but there
was no sudden strength drop, such as in the UBM. Although the flexural crack occurred,
the specimen maintained a continuous strength increase to some extent, and the strength
reached its maximum when the flexural crack completely progressed up to the extreme
compression fiber of the damaged section. A maximum strength of 27.08 kN was recorded,
which was about twice that of the UBM; in addition, the vertical deflection was 2 mm,
which was greater than 7 times that of the UBM. After that, a sharp strength drop initiated
just after the complete crack was opened, but approximately 40% of the maximum strength
was maintained until the vertical deflection of 40 mm. At this time, a slight compression
failure occurred, and damage was found on the joint mortar at the extreme compression
fiber, but a stable residual strength was kept due to the SI rods and their bending resistance.

Figure 11a shows the relationship between the vertical load and strains of SI rods. The
strain values of the top side (T1~T3) were very small. Although those of the bottom side
(B1~B3) were larger than those of the top side, the strain at the maximum strength was only
about 350µ, and it was judged that the bonding condition between the rod and mortar was
very poor. Comparing the extra length of the rods (See Figure 8a), which came out from
the specimen before and after the test, the extra length was shortened by about 20 mm on
average, which meant a slip behavior in the rods during loading.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 16 
 

3.2. IRBM (Internally Reinforced Brick Member) 
In this specimen, the internal reinforcement by SI rods was supplemented. Figure 9b 

shows the final failure pattern, and Figure 10b shows the vertical load–deflection curve. 
As the vertical deflection grew, a flexural crack occurred near the middle of the span, but 
there was no sudden strength drop, such as in the UBM. Although the flexural crack oc-
curred, the specimen maintained a continuous strength increase to some extent, and the 
strength reached its maximum when the flexural crack completely progressed up to the 
extreme compression fiber of the damaged section. A maximum strength of 27.08 kN was 
recorded, which was about twice that of the UBM; in addition, the vertical deflection was 
2 mm, which was greater than 7 times that of the UBM. After that, a sharp strength drop 
initiated just after the complete crack was opened, but approximately 40% of the maxi-
mum strength was maintained until the vertical deflection of 40 mm. At this time, a slight 
compression failure occurred, and damage was found on the joint mortar at the extreme 
compression fiber, but a stable residual strength was kept due to the SI rods and their 
bending resistance. 

Figure 11a shows the relationship between the vertical load and strains of SI rods. 
The strain values of the top side (T1~T3) were very small. Although those of the bottom 
side (B1~B3) were larger than those of the top side, the strain at the maximum strength 
was only about 350μ, and it was judged that the bonding condition between the rod and 
mortar was very poor. Comparing the extra length of the rods (See Figure 8a), which came 
out from the specimen before and after the test, the extra length was shortened by about 
20 mm on average, which meant a slip behavior in the rods during loading. 

    
(a) (b) 

  
(c) 

Figure 11. Vertical load–strain relationship: (a) IRBM; (b) IRBM—F; (c) IRBM—FNM. 

3.3. IRBM—F (Internally Reinforced Brick Member Fixed by Nut) 
In this specimen, the SI rods were fixed by nuts after sandwiching both ends of the 

specimen with steel plates to enhance integrity. Figures 9c and 10c show the final crack 
pattern and the vertical load–deflection relationship, respectively. The yielding point of 
the bottom side rod is plotted in Figure 10c. In this specimen, stiffness degradation was 
observed after flexural crack development, and a significant stiffness decrease was found 
near the yielding point of the rod, which was a behavior quite similar to the reinforced 
concrete (RC) member. After the reinforcing rod yielded, the vertical strength gradually 
increased, and its maximum strength was recorded when the vertical deflection reached 
about 37 mm. At this time, the neutral axis depth was observed to be almost located at the 
extreme compression fiber of the damaged section, and the compression failure of the joint 
mortar and bricks was very severe. As shown in Figure 10c, a maximum strength of 126.2 

0

5

10

15

20

25

30

35

-200 -100 0 100 200 300 400

Lo
ad

 (k
N

)

Strain (μ)

B1

B2

B3

0

5

0

5

0

5

0

5

-200 -100 0 100 200 300 400
Strain (μ)

T1

T2

T3

0

20

40

60

80

100

120

140

0 2,000 4,000 6,000 8,000 10,000

Lo
ad

 (k
N

)

Strain (μ)

B1

B2

B3

0 2,000 4,000 6,000 8,000 10,000
Strain (μ)

T1
T2

T3

0

20

40

60

80

100

120

140

0 2,000 4,000 6,000 8,000 10,000

Lo
ad

 (k
N

)

Strain (μ)

B1

B2

0 2,000 4,000 6,000 8,000 10,000
Strain (μ)

T3
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3.3. IRBM—F (Internally Reinforced Brick Member Fixed by Nut)

In this specimen, the SI rods were fixed by nuts after sandwiching both ends of the
specimen with steel plates to enhance integrity. Figures 9c and 10c show the final crack
pattern and the vertical load–deflection relationship, respectively. The yielding point of
the bottom side rod is plotted in Figure 10c. In this specimen, stiffness degradation was
observed after flexural crack development, and a significant stiffness decrease was found
near the yielding point of the rod, which was a behavior quite similar to the reinforced
concrete (RC) member. After the reinforcing rod yielded, the vertical strength gradually
increased, and its maximum strength was recorded when the vertical deflection reached
about 37 mm. At this time, the neutral axis depth was observed to be almost located
at the extreme compression fiber of the damaged section, and the compression failure
of the joint mortar and bricks was very severe. As shown in Figure 10c, a maximum
strength of 126.2 kN was recorded, demonstrating more than four times the maximum
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strength of the IRBM specimen. It was also noted that the R at its maximum strength was
about 1/10, which was an extremely large deformation. There was no abrupt strength
decrease after the maximum strength was obtained, but the fracture of the bottom rod
occurred at the moment when the vertical deflection reached 40 mm, which resulted in
sudden failure. Therefore, even though the strain of the rod at the maximum strength
could not be measured, the stress at the bottom rod was considered to reach its tensile
strength. Such a failure pattern, shown in this specimen, is very dangerous, but it should
be emphasized that it occurred at an extremely large deformation, larger than R = 1/10.
From the load–deflection curve of IFBM—F, superior structural behaviors were achieved
by the proposed material and method.

The strain distribution of the bottom and top reinforcing rods is shown in Figure 11b.
As can be found in the Figure, compared to IRBM, the strain values of the rods in IRBM—F
show much larger values. All the strain values of the bottom rods exceeded the yielding
strain, and the strain of T2 also yielded at the maximum strength. From the strain data,
fixing the SI rods with steel plates and nuts enabled the efficient use of the reinforcement,
and great performance enhancements were obtained in both the strength and the defor-
mation capacities. It should be also noted that the compressive force was acting on the
brick members as a reaction force to the tensile force of the rods as the deformation grew;
therefore, it not only improved the integrity of the member but also led to an increase in
shear and bending resistances.

3.4. IRBM—FNM (Internally Reinforced Brick Member Fixed by Nut with No Inside Mortar)

In this specimen, the mortar filling work to the holes of the bricks was eliminated for
better workability as well as cost and material savings. The joint mortar was only employed
on each layer between the bricks, and the SI rods were then fixed by nuts at both ends of
the specimen; therefore, the reinforcing rods were under the unbonded condition with no
bonding action [50]. Figure 9d shows the final crack development, and Figure 10d shows
the vertical load–deflection curve. In this specimen, a flexural crack occurred in the middle
part of the span, and it caused stiffness degradation. Moreover, a clear stiffness decrease
was observed near the yield point of the bottom rod. A rigid-body rotation around the
extreme compression fiber occurred at the center of the span, and a maximum strength
of 120.47 kN was recorded near the vertical deflection of 27 mm. The maximum strength
was slightly lower than IFBM—F, but it was still more than four times that of the IRBM.
Meanwhile, the mortar and bricks on the compression fibers were crushed without any rod
fracture, and an abrupt strength degradation developed. It should be noted that the R at
the maximum strength was about 1/15, which was also an extremely large deformation.
Unlike IFBM—F, there was no filling mortar inside the holes; thus, the resistance against the
compression force was weaker than that of IFBM—F. It is the reason why the compression
failure preceded the rod fracture in this specimen. In addition, the SI rod in this specimen
was in an unbonded state with no bonding action; thus, its strain was uniformly distributed
along the length, and the strain increment of the rod was delayed [50–52]. The stiffness
tended to be slightly lower than IFBM—F due to the unbonded characteristics, but almost
similar strength and deformation capacities were obtained.

Figure 11c shows the strain distribution of the SI rods. Some of the strain data were
not measured, and only available data were plotted in the figure. The bottom rod exceeded
its yield strain with the increase in vertical deflection. On the other hand, the top rod was
found not to yield until the end of the loading, which was also attributed to the unbonded
characteristics [50–52]. Nevertheless, compared to IRBM with no integrity by the steel
plate and nuts, the strain values of the rods exhibited much higher values. Although the
filling mortar inside the holes did not exist, effective use of the reinforcement and structural
performance improvements could be achieved by providing the SI rods with adequate
fixing conditions. As mentioned earlier, the compressive forces, which are a reaction force
to the tensile force of the rods, increased as the deformations grew; thus, the integrity of
the member as well as the shear and bending capacities were enhanced.
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4. Discussion
4.1. Bond Stress between Mortar and Reinforcing Rod

For IRBM and IRBM—F, where the bonding action between the filling mortar and rods
was working, the bond stress (τs) was calculated by Equation (1) [53], and its maximum
value (τs,max) was investigated. It was noted that τs was calculated until the loading step,
where the strain data could be reliable.

τs =
(

Ar·σ− Ar·σ′
)
/(π·dr·l ) =

(
σ− σ′

)
·dr/(4·l ) (MPa) (1)

where Ar is the cross-sectional area of the SI rod, σ and σ′ are the stress of adjacent SI rods,
dr is the rod diameter, and l is the distance between adjacent SI rods.

In the IRBM, the τs,max between the rod and mortar was calculated to be in the range of
0.18~0.85 MPa, which were quite small values. From this result and the strain distribution
of the rod, the deterioration of the bonding performance was initiated from the early stage
of the loading, and the result was found similar to that of the previous study [49]. In order
to understand the relationship between τs,max and the bond splitting strength (Kfb), Kfb
was calculated by Equation (2), according to the AIJ’s guidelines [54]. It should be noted
that the value calculated by the AIJ standard represented the bond strength between the
concrete and longitudinal reinforcing bars and was actually different from that of this
study. However, as a reference value, the evaluation of the bond strength between mortar
and SI rods was attempted using the RC standard. As a result, Kfb was calculated to be
2.43 MPa, far overestimating the experimental results. Nevertheless, considering that
the maximum strength of the UBM specimen was 13.96 kN, the presence or absence of
the SI rods greatly affected the maximum strength. In addition, even after the strength
degradation, the IRBM maintained an almost constant residual strength up to an extremely
large deformation. However, the UBM exhibited an abrupt brittle failure immediately after
its maximum strength.

K f b =

(
0.3

(
C + W

dr

)
+ 0.4

)
(Fc/40 + 0.9), where 0.3

(
C + W

dr

)
+ 0.4 ≤ 2.5MPa (2)

where C is the minimum value between 3dc (dc: smallest cover concrete depth) and longitu-
dinal reinforcement spacing, W is the index exhibiting the effect of shear reinforcement,
and Fc is the concrete compressive strength. In Equation (2), the value of C should be less
than 5dr, and W becomes zero because there is no shear reinforcement.

In IRBM—F, τs,max was estimated as 1.39~2.91 MPa, and the bond degradation was
observed after those maximum values. Essentially, the calculation result of Kfb was the
same as IRBM. As a result, the Kfb was 2.43 MPa, and the τs,max in this specimen generally
corresponded to Kfb. It was noted that Kfb was a reference value, but it was verified by
providing the brick members with better integrities and fixing conditions, and the bonding
performances were also improved.

4.2. Maximum Strength Evaluation
4.2.1. UBM (Unreinforced Brick Member)

As explained earlier, the vertical force increased linearly up to the maximum strength
as the vertical deflection increased. After a flexural crack developed in the joint mortar
at the middle of the span, sudden brittle failure occurred when recording the maximum
strength. Therefore, in this study, the maximum strength Qmax,UBM was evaluated from
Equations (3) and (4) by elastic theory, where Mcr was the cracking moment. The calculated
Qmax,UBM was 14.84 kN and was plotted along with the test results in Figure 10a. The
estimation result was also compared with the experiment’s results in Table 4. As can
be seen in the Figure and Table, the ratio from the calculation to the experiment of the
maximum strength was 1.06, and they showed good agreement.

Mcr = σTZ (3)
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Qmax,UBM(IRBM) =
4Mcr

l
(4)

where σT is the mortar tensile strength by splitting test shown in Table 1 (0.9 MPa in this
study), Z is the section modulus, and l is the distance between both supports shown in
Figure 7 (770 mm in this study).

Table 4. Maximum strength calculation results.

Specimen Qmax,cal (kN) Qmax,exp (kN) Qmax,cal /Qmax,exp

UBM 14.84 13.96 1.06

IRBM 14.84 *a 27.08 0.55

IRBM—F 129.43 126.20 1.03

IRBM—FNM 102.92 120.47 0.85
*a Conservative estimation considering seismic safety.

4.2.2. IRBM (Internally Reinforced Brick Member)

As this specimen has internal reinforcement, the maximum strength was higher than
that of UBM. Therefore, at first, the maximum strength evaluation was attempted by
applying Equation (5), which was the flexural moment (My) formula of a RC beam member,
as per the AIJ guidelines [54]. However, the calculation result was 2.8 times the test
result and highly overestimated the experiment. This was because the bonding conditions
between the SI rod and filling mortar were very poor and completely deteriorated before
the maximum strength. Thus, the strain increment of the rod was also little, and the
expected flexural strengths like RC members could not be exhibited. In this way, when
reinforcing only by SI rods without any fixing work, the bonding performance could
not be guaranteed, and it was difficult to specify the strain and stress of the SI rods at
the maximum strength point. Therefore, considering the seismic safety and conservative
performance evaluations, the maximum strength Qmax,IRBM was estimated by the cracking
strength of Equations (3) and (4), which was the same as UBM.

My = 0.9atσyd (5)

where at is the cross-sectional area of longitudinal reinforcement (230 mm2 in this study),
σy is the yield strength of longitudinal reinforcement (446.9 MPa in this study), and d
is the effective depth defined as the distance between extreme compression fiber and
reinforcement at the tensile side (160 mm in this study).

4.2.3. IRBM—F (Internally Reinforced Brick Member Fixed by Nut)

In this specimen, from the strain data above, effective use of the reinforcement was
confirmed by fixing the SI rods, which resulted in a great improvement in structural
performance. As a result, the stress of the bottom rod was expected to reach its tensile
strength at the maximum strength point, and that of the top rod was found to exceed its
yield strength. Therefore, for the maximum strength evaluation, the stresses of the bottom
and top rods were set to be the tensile (σt) and yield (σy) strengths, respectively, which were
obtained from the material test (See Table 3). It was also noted that when the maximum
strength was recorded, the neutral axis depth was very short, and the neutral axis was
quite close to the extreme compression fiber of the damaged section since the cross-section
had a relatively wide width (430 mm) compared to the depth (210 mm). Therefore, for
simplicity, the neutral axis was assumed to be located at the extreme compression fiber, and
the force equilibrium condition at the damaged cross-section was set to be as in Figure 12.
The maximum strength Qmax,IRBM—F was then evaluated from Equations (6) and (7), where
σt and σy in Table 3 were substituted for the bottom rod stress (σbr) and the top rod stress
(σtr), respectively. The calculated Qmax,IRBM—F was 129.43 kN and was shown together with
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the test results in Figure 10c. The estimation value was also compared with the experiment
value in Table 4. As can be seen in the Figure and Table, the ratio of the calculation to
the experiment of the maximum strength was 1.03, and the evaluation result exhibited
good accuracy.

Mmax = Abr × σbr × dbr + Atr × σtr × dtr (6)

Qmax,IRBM−F(IRBM−FNM) =
4Mmax

l
(7)

where Abr is the total cross-sectional area of the bottom rod (230 mm2 in this study), Atr
is the total cross-sectional area of the top rod (230 mm2 in this study), σbr is the stress of
the bottom rod, σtr is the stress of the top rod, dbr is the distance between the extreme
compression fiber and the rod position on the bottom side (160 mm in this study), and dtr is
the distance between the extreme compression fiber and the rod position on the top side
(50 mm in this study).
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4.2.4. IRBM—FNM (Internally Reinforced Brick Member Fixed by Nut with No
Filling Mortar)

In this specimen, not only could superior workability be achieved but also a remarkable
enhancement in structural performance, by eliminating the mortar filling work and the
fixing of the SI rods. Due to the unbonded characteristics, the strain increment was delayed
compared to that of IRBM—F. Hence, from the strain data, the stress of the bottom side
rod was considered to be in the range between the yield (σy) and tensile (σt) strength. The
strain of the top side was found to be less than the yield strain (εy). In addition, due to
no mortar filling work, the specimen tended to rotate as a rigid body, with respect to the
damaged section, after the crack development at the joint mortar. The neutral axis was very
close to the extreme compression fiber at the maximum strength, as was found in IRBM—F.
Based on these results, as well as considering a conservative estimation of the maximum
strength Qmax,IRBM—FNM, the strain of the bottom rod was assumed to be εy. Then, the
deformation compatibility condition was established, as shown in Figure 13. Since the
SI rod was unbonded, the total elongation of the bottom rod (δbr) could be expressed as
Equation (8). When the rotation center was located at the extreme compression fiber, the
relationship between δbr and the total elongation of the top rod (δtr) could be derived
from Equation (9). The strain of the top rod (εtr) and thus its stress (σtr) could be obtained
based on the material test of the SI rod. Then, Qmax,IRBM—FNM could be calculated from
Equations (6) and (7), where σy and σtr are substituted for the bottom rod stress (σbr) and
the top rod stress (σtr), respectively, and the estimated Qmax,IRBM—FNM was 102.92 kN. The
evaluated value is shown along with the test result in Figure 10d and Table 4, where the
ratio of the calculation to the experiment was 0.85. Even though the estimation was slightly
lower than the experiment, it showed reasonable agreement with the test result.

δbr = εy × L (8)

δbr : δtr = dbr : dtr = εy × L : εtr × L (9)

where L is the total length of the rod inside the specimen (970 mm in this study).
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From the test results of IRBM—F and IRBM—FNM, it was proved that the proposed
material and methods enabled effective utilization of the internal reinforcement, and they
could contribute to the improvement of structural performance in masonry construction.
On the other hand, in the test specimen, the stress of the SI rods was determined based on
the experimental results. In actual cases, it is difficult to specify those stresses. Therefore,
for practical use, it might be an alternative to temporarily set σbr to be either σy or σt and
σtr to be 0. The calculation results using these values were approximately 70~80% of the
maximum strength by the experiments. Although the calculations underestimated the test
results, conservative performance evaluations considering seismic safety could be achieved
by these assumptions and manner.

5. Conclusions

In this study, effective reinforcing methods for brick masonry members were experi-
mentally investigated, focusing on perforated bricks and a new internal reinforcing material.
The following findings were the major findings obtained from this study.

1. In UBM without any reinforcement, an abrupt strength decrease occurred right after
a flexural crack development, showing a load–deflection relationship with a poor
deformation capacity. The failure deflection angle was only 0.068%.

2. In IRBM with SI rods, complete bonding deterioration occurred before the maximum
strength and expected reinforcing effect could not be obtained. However, the max-
imum strength was two times that of UBM, and a stable residual strength could be
maintained even after the maximum strength declined due to the bending resistances
of the rods. SI rods not only increased the maximum strength but also provided better
deformation capacities.

3. In IRBM—F, the SI rods fixed by steel plates and nuts provided robust integrities with
the brick members and greatly enhanced the structural performance. The maximum
strength was demonstrated by more than nine times that of UBM and by more than
four times that of IRBM. Moreover, the strength degradation did not occur by an
extremely large deformation angle of 1/10. The SI rods were efficiently utilized, and
the effectiveness of the proposed material and method was verified.

4. In IRBM—FNM, the mortar filling work was eliminated for better workability as well
as cost and material savings. Even in this case, the load–deformation curve was found
to be almost the same as IRBM—F. Although sudden strength degradations occurred
after the maximum strength, they were found at the large deformation angle of 1/15,
and efficient use of the internal reinforcements was also achieved.

5. A maximum strength evaluation was carried out, and the calculation results rea-
sonably agreed with the experimental values. The ratios of the calculations to the
experiments of maximum strength were between 0.85 and 1.03 in UBM, IRBM—F, and
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IRBM—FNM. The ratio was somewhat small in IRBM, but conservative estimation
could be performed considering seismic safety.

The main purpose of this study was to find out and examine effective reinforcing
methods by a new material. Hence, various experimental variables were focused on, rather
than the number of specimens, and three-point bending tests were carried out. From the
experiments, by fixing the SI rods via steel plates and nuts, the structural stabilities of the
brick masonries were enhanced, and the process’s effectiveness was successfully verified.
For future research, more verification by using a large number of specimens will be also
required for practical uses, and it is necessary to investigate, in detail, the seismic behavior
when receiving an inverse symmetrical moment assuming an actual lateral load.
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