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ABSTRACT

The connection between two wall panels is the weakest part of the wall system and becomes the crucial point of
failure. This paper presents the behaviour of two proposed types of wall-to-wall connections subjected to uniformly
distributed load until failure, dapped wet and lightly vertically reinforced dapped wet connections. A total of twelve
wall panels were prepared and constructed as six wall-to-wall connections, with three connections for each type.
The acoustic emission (AE), maximum load (P, ), strain and deflection characteristics were analysed and discussed
to determine the behaviour of each wall-to-wall connection. The occurrence of cracks on the walls during the tests
was also observed. The results showed that the P, for the wet and lightly vertically reinforced wall-to-wall
connections of dapped concrete were 164.37 kN and 138.44 kN, respectively. From the distribution of AE, the
highest energy was determined for the lightly vertically reinforced wall-to-wall connection, at 18000 eu. From the
AE activity mapped on the crack pattern, it was observed that most AE activities occurred at the top of the wall,
which corresponded strongly with the occurrence of cracks at the wall connection surface. Vertical cracks occurred
in the connection areas, propagating from the top to the bottom. The major benefit of this study is the proposal for a
new type of vertical wall-to-wall connection that can be used in prefabricated wall panel systems in industrialised
building systems.

Keywords: Dapped connections, Industrialised Building System, precast wall panel; recycled concrete
aggregate; uniformly distributed load; Acoustic Emission technique

INTRODUCTION technologies that provide an efficient approach to preparing
more production in less time (Vaghei et al. 2014). In
construction, these include prefabricated technologies,
off-site manufacture and offset fabrication. In Malaysia,
the IBS refers to the process of manufacturing an element
in a controlled environment, transporting it and assembling
it at the main site (CIDB Malaysia, 2017). Walls are the
most common application for precast concrete elements in

The construction industry has adopted the Industrialised
Building System (IBS) to improve construction quality and
productivity (Mohd Amin et al. 2017), with many countries
now attempting to employ the IBS. Modern Methods of
Construction (MMC) in the UK are described as
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the construction of buildings. Precast concrete walls are
ideal for low- to medium-rise commercial and industrial
buildings. They are generally easy to manufacture, efficient,
durable and desirable (Vaghei et al. 2014). Moreover,
precast concrete is the most used IBS system in Malaysia.
The most important factor to consider in the IBS is the
connection between two wall panels.

This connection is a serious matter and worthy of
consideration as many failures occur at this location.
Inamdar (2018) stated that the connection between
structural elements is the weakest part of the structure due
to the interaction between two or more elements.
Difficulties have been encountered in aligning and
transporting the heavy precast elements used in the IBS
during assembly at construction sites. This leads to future
problems such as leaks and cracks due to improper post-
construction assembly, affecting the quality and function
of the building and its end users. Although these are the
most critical process aspects, the design and construction
of precast concrete structures and buildings can be
problematic (Inamdar, 2018). As wall panels are joined at
the connections, the overall building performance depends
on the efficiency of these connections. Wall-to-wall
connections are hugely important as they provide the
structural integrity and strength of the entire building
system. Therefore, the connections must be able to maintain
their stability and structural integrity during serviceability
and the ultimate limit state, as well as provide continuity
between connected sections (Abdullah et al. 2019).
Therefore, these connections should be thoroughly
investigated to ensure the efficiency of the IBS.

Various forms of wall-to-wall connections, as well as
dry and wet connections, are used in buildings. The latter
are made of cast-in-place concrete or composite materials
poured or injected between precast concrete wall panels
(Brzev & Guevara-perez 2021). The type of wall panels
used determines the choice of connection (Artemeva,
2018). Currently, loop connections, wire rope connections
and shear keys for wet joints are available for wet
connections, among others. Steel fibres have been used in
wet joint shear keys, but they increase the crack
development and peak shear loads along the joint interface
between connected panels (Ahilan et al. 2016). Loop
connections are far more suitable than bolted connections
as they are easily installed on site and do not require
professional services, unlike the latter (Abdullah et al.
2019). Despite the many types of wall-to-wall connections,
some - such as the dapped wet and lightly vertical dapped

wet connections - have seldom been considered. Therefore,
these two types of wall-to-wall connections should be
specifically studied, especially in terms of their performance.

To investigate the performance of a wall, Ruslan et al.
(2021) examined its behaviour in terms of compressive
strength, ultimate load, deflection and strain. Qian et al.
(2021) and Pan et al. (2021) studied the cracking pattern
of a wall at failure after horizontal cyclic loading; they
analysed and discussed the yield load, drift ratio, loop
stiffness and strain. For smaller axial load values, the load-
bearing capacity was found to decrease but the deformability
increased. Vaghei et al. (2014) investigated the interaction
between modelled concrete and precast concrete, as well
as between reinforcement and concrete, in terms of
nonlinear stress-strain behaviour. The connection
performance was evaluated in terms of stress, deformation
and absolute plastic strain. The authors found that the crack
propagation in the IBS walls and the connection occurred
mainly at the bottom of the IBS wall and along the
interface, while the in-plane lateral loads resulted in some
cracks at the connection between the IBS walls and the
connection. The review clearly revealed that the
performance of wall-to-wall connections had only been
investigated to a limited extent; however, limited use had
been made of non-destructive testing for this purpose, such
as the acoustic emission (AE) technique.

The AE technique is often used to identify the integrity
of reinforced concrete beams (Md Nor et al. 2022; Mat
Saliah & Md Nor 2022; Mat Saliah et al. 2021; Noorsuhada
2016), detect the compactness of socket grouting in shear
walls (Li et al. 2021), detect fatigue cracks in the eyebars
of steel bridges (Megid et al. 2019) and monitor concrete
slab-to-wall connections (Reboul et al. 2020). Ospitia et
al. (2023) found AE to be a highly promising form of real-
time assessment of material condition before the load-
bearing capacity was compromised. The review revealed
the limited use of the AE technique to study the behaviour
and performance of concrete wall-to-wall connections.
Therefore, the main objective of this study was to
investigate the behaviour and performance of dapped
concrete wall-to-wall connections under uniformly
distributed load. Two types of dapped wet vertical wall-
to-wall connections were proposed. The behaviour of each
wall-to-wall connection was evaluated by analysing the
compressive strength, deflection, stress, strain and cracks
that developed on the wall. The AE characteristics were
used to assess the cracking behaviour of the wall-to-wall
connections.
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FIGURE 1. Process flow for the determination of the mechanical performance and damage assessments between two proposed
wall-to-wall connections

METHODOLOGY

The process flow of evaluating the behaviour of two types
of wall-to-wall connections is shown in Figure 1. It started
with the preparation of materials such as recycled concrete
aggregate, cement, natural sand, superplasticiser and water.
All the materials were mixed and the workability of the
fresh mortar was determined. Wall panels were prepared
with the dimensions of 1000 mm high x 300 mm wide x
100 mm thick. Two panels were joined using the two
proposed connections: Type 1 (Dapped wet) and Type 2
(Lightly reinforced dapped wet). Each hardened wall-to-
wall connection was tested and cracks were monitored
using the acoustic emission technique. The ultimate load,
deflection, stress, strain and acoustic emission energy were
then obtained. Thus, the mechanical performance of the
two types of connections could be determined.

MATERIAL AND SPECIMEN PREPARATION

In this study, recycled concrete aggregate (RCA) was
used to replace 50% of the natural fine aggregate in the
mortar mix. The RCA was extracted from tested concrete
cubes at a batching plant in Penang. These cubes were
crushed with a jaw crusher into fine aggregates that fit
through a 5 mm sieve. The other raw materials used for
the mortar mix were ordinary Portland cement (OPC),
water free of impurities and natural fine aggregates that fit
through a 5 mm sieve. In total, 12 mortar cubes measuring

50 mm x 50 mm x 50 mm were cast in a 1:2:2 ratio of
cement: RCA: natural fine aggregate. To improve the
mortar’s workability, 11.49 ml of superplasticizer, namely
Sika ViscoCrete 2192 was added to the mortar mix, based
on the manufacturer’s recommendation. All the cubes were
used to determine the compressive strength of the mortar
at 3, 7, 14 and 28 days. The compressive strength test
indicated that the average compressive strength of the
mortar at 28 days was 17.87 MPa.

A total of 12 formworks measuring 1000 mm high x
300 mm wide x 100 mm thick were made to prepare the
wall panels. The formworks were used to pour the wall
panels, with the proposed connection shape and dimension
formed using the Styrofoam method at one end of the form.
The fresh mortar was mixed in a concrete mixer, poured
into the prepared formwork in three layers and compacted
with a vibrator to ensure that the entire mixture was evenly
distributed in the formwork and well compacted to avoid
subsequent honeycombing. All the poured test specimens
were cured in a laboratory, with moistened bags placed on
the specimens.

After all the wall panels had been cured for 14 days,
the wall panels were connected in the form of vertical
wall-to-wall connections, with a concrete grout used as the
bonding agent between pairs of panels. Two types of
connections were prepared, namely, Type 1 for dapped wet
and Type 2 for lightly reinforced dapped wet. Three test
specimens each of Type 1 (Dapped wet) and Type 2
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(Lightly reinforced dapped wet) were formed, as presented
in Table 1. Thus, three specimens were produced for each
type. T1 and T2 were designated as the types of wall-to-
wall connection, while S1, S2 and S3 were designated as
the specimen numbers. Thus, the Type 1 connections were
named T1S1, T1S2 and T2S3, while the Type 2 wall-to-wall
connections were named T2S1, T2S2 and T2S3.

The cement grout used was SikaGrout-215, which has
a compressive strength of more than 45 MPa after seven
days of casting with mortar in castable form, according to
ASTM C109M-02 (2020). The bonded wall panels
continued to be cured for the remaining 14 days. On the
28th day, testing was conducted to determine the
mechanical performance of the wall-to-wall connections.
The damage to each specimen was also assessed using the
acoustic emission technique.

Figure 2 shows the schematic diagram of the proposed
vertical wall-to-wall connections. In the case of the slightly
reinforced wet wall, two vertical steel bars were inserted
at a specific spacing, as shown in Figure 2. The steel bars
were used to reinforce the connection part of the joint.
Figure 3 shows the prepared wall panels before the joining
process.
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FIGURE 2. Schematic diagram of proposed vertical wall-to-
wall connection in plan view. (a) Type 1 (Dapped wet), and (b)
Type 2 (Lightly reinforced dapped wet)

FIGURE 3. Curing of the wall panels

TABLE 1. Types of wall-to-wall connections

Types of connection Specimens  Size (mm) / pair
T1S1
Type 1: Dapped Wet T1S2
T1S3 1000 mm x 535
T2S1 mm x 100 mm
Type 2: Lightly vertical
reinforced dapped wet 12582
T2S3
TEST SETUP

Figure 4 shows the schematic diagram of the test setup of
the wall-to-wall connections and illustrates the arrangements
made for other measurements, such as linear vertical
displacement transducers (LVDTs), strain gauges and AE
sensors. The LVDTs were used to measure deflection at
selected locations and strategically positioned on the wall
panel surfaces, 240 mm (designated as D1) and 490 mm
(designated as D2) from the top of each specimen,
respectively, as shown in Figure 5. This was to record the
horizontal displacement when uniformly distributed load
was applied to the top surface. The strain gauges were
located at 250 mm (fourth quarter of the wall height) and
500 mm (half the wall height). They were designated as
SG1 and SG2, as shown in Figure 5. SG1 was placed at
250 mm to record the strain at the connection interface and
SG2 was placed at 500 mm to record the strain in the
dapped area. Four AE sensors were fixed at selected
locations and designated as CH1, CH2, CH3 and CH4, as
shown in Figure 5. Each specimen was held in a fixed
position on the test platform and uniformly distributed load
was applied on top of the wall-to-wall connection. The
wall-to-wall connections were statically loaded to failure
at a constant load rate of 0.1 mm/min. The crack pattern



of each wall-to-wall connection was also investigated. The
same test method used in Jamaluddin et al. (2023) was also
used for this study.
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FIGURE 4. Schematic diagram of the wall-to-wall connection
setup with other instruments (units in mm)

ACOUSTIC EMISSION MONITORING

Acoustic emission (AE) was used to monitor the crack
propagation in each specimen when uniformly loaded to
failure. As acoustic emission is defined as elastic wave
propagation due to localised internal energy release, this
allows the identification of microfractures in elastic
materials that cannot be determined visually, such
as hairline cracks (Md Nor, 2018). Hence, the crack
propagation in the concrete was captured and
displayed on the AE display. Meanwhile, AE would be able
to capture the formation of any micro and macro cracks
occurring both in the mortar matrix and on its surface.

Four VS75-V sensors were placed on one side of each
specimen (see Figure 4). The coordinates of the sensors
are shown in Table 2, with the x and y positions indicated,
while the x and y positions can be seen in Figure 5. Both
CHI1 and CH2 were used to detect crack initiation and
propagation at each connection. Sensors CH3 and CH4
were used to detect cracking in the dapped section of the
wall panels.

Before the monitoring process, the AE hardware was
set in the system, as were the threshold level, wave velocity,
rearm time, sampling rate, duration and discrimination
time, pre-trigger and digital setting. The settings used were
45 dB, 4000 m/s, 1.62 ms, 10 MHz, 400 ps, 200 and 25
kHz to 850 kHz, respectively.
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TABLE 2. Location of the sensors with the x and y coordinates
on the specimen

Designation of

sensor Coordinates
X (mm) y (mm)
Sensor 1, CH1 185 125
Sensor 2, CH2 360 125
Sensor 3, CH3 125 495
Sensor 4, CH4 420 495

FIGURE 5. Test setup of vertical wall-to-wall connection

ANALYSIS METHOD

To determine the behaviour of the wall-to-wall connections,
the stress, strain and deflection were analysed. The
relationship between the load and deflection at 240 mm
from the top of the wall was recorded, analysed and
discussed. The stress-strain relationship was also analysed
to investigate the behaviour of the connection under static
loading until failure.

The crack pattern of each wall-to-wall connection was
observed visually using torchlight. The crack that opened
when load was applied to the top of a specimen was
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observed using a crack width microscope to ascertain the
exact width of the crack. The crack pattern that appeared
on the sample surface was then mapped using AE features
such as energy, amplitude and hit. The relationship between
the x and y locations of the AE hits was also investigated.
Thus, the crack locations could be verified in conjunction
with the AE characteristics.

RESULT AND ANALYSIS

STRENGTH OF WALL-TO-WALL CONNECTION

Table 3 shows the performance of two types of wall-to-wall
connections subjected to uniformly distributed load on the
top of each specimen. This performance is presented based
on the maximum load (P__ ), deflection and moment. In
this study, two LVDTs were set at 240 mm and 490 mm to
measure the deflection of each wall-to-wall connection.
Meanwhile, two strain gauges were fixed to each
connection at 250 mm and 500 mm from the top of the
wall. The strain gauges were used to measure the strain at
these two locations.

From Table 3, Figure 6(a) and Figure 6(b), the
horizontal deflection at a distance of 240 mm generally
had a larger horizontal deflection than at 490 mm from the
top of the wall. Therefore, the deflection at 240 mm is
discussed in detail in this paper. Figures 6(a) and 6(b) show
the relationships between load and deflection for the Type
1 and Type 2 specimens, respectively. As Figure 6(a) and
Table 3 illustrate, for Type 1 (the dapped wet wall-to-wall
connection), the maximum loads, P of this connection
were 126.06 kN, 100.33 kN and 219.63 kN for specimens
T1S1, T1S2 and T1S3, respectively. The highest P for
this wall-to-wall connection was applied to T1S3,
compared to the other specimens, and the average P was
148.68 kN.

As shown in Figure 6(b), for Type 2, the P values
were 203.71 kN, 173.11 kN and 176.03 kN for specimens
T2S1, T2S2 and T2S3, respectively. T2S1 experienced the
highest P compared to the other specimens and the
average P for this type of wall-to-wall connection was
184.28 kN. Following the investigation of these two types
of wall-to-wall connections, the average P__ for Type 2
was found to be higher than for Type 1. This was due to
the vertical steel bar located 20 mm from the dapped
connection interface (Figure 2 (b)) to strengthen the
connection. Hence, the inclusion of the vertical R8
reinforcement bar along the height of the specimen
increased its strength. However, in terms of the relationship
between load and deflection, the findings indicated that as
load increased, the deflection also increased. Similar
findings were obtained by Ruslan et al. (2021), who found
that the deflection of wall panels was closely related to the
load acting on the wall.

Table 4 presents the strain at 250 mm and 500 mm
from the top of the specimen, as well as the axial strain
and modulus of elasticity, of the wall-to-wall connections.
Figures 7(a) and 7(b) show the relationship between stress
and strain for the Type 1 and Type 2 wall-to-wall connection
specimens. In general, higher strain occurred at the 250
mm location compared to the 500 mm location. This
behaviour was consistent with the effective length of the
wall principle, whereby if the free end of a structure is
fixed, as shown in Figure 4, the maximum deflection occurs
on the side of the free end, which in this case was at the
top of the specimen. This increased the strain value near
the top of the specimen recorded by strain gauge SGI,
which was 250 mm from the top, compared to the value
recorded by strain gauge SG2, which was 500 mm from
the top. This was because the greater the deflection, the
greater the likelihood that cracks would occur in the brittle
material of the mortar, which in turn resulted in higher
strain values being obtained from the strain gauges.

TABLE 3. The performance of the wall-to-wall connection subjected to uniformly distributed load

Maximum deflection

Maximum deflection Axial

Type of Connections  Specimens P (kN) at point 240 mm at point 490 mm deflection Mz)lglqe;t) at
(mm) from the top (mm) from the top (mm)
Type 1: Dapped Wet T1S1 126.06 8.42 3.59 4.5 1.06
T1S2 100.33 5.45 2.26 2.8 0.55
T1S3 219.63 4.88 2.78 6.6 1.07
Average 148.68 6.24 2.88 4.63
T2S1 203.71 5.54 2.39 5 1.13
Type 2: Lightly T252 173.11 8.96 487 - 1.55
vertical reinforced
dapped wet T2S3 176.03 3.98 1.10 3.4 0.70
Average 184.28 6.16 2.78 4.2
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TABLE 4. The strain and performance of the wall-to-wall connection subjected to uniformly distributed load

Maximum strain at Maximum strain at . .
Axial strain

Type of Connections Specimens 250 mm from the 500 mm (pmm/mm) Modulus of
P P top (SG1) from the top (SG2) M clasticity (kPa)
(umm/mm) (pmm/mm)
Type 1: Dapped Wet T1S1 274 433 2.248 0.0287
T1S2 1781 186 1.415 0.0275
T1S3 197 86 3.291 0.0277
T2S1 614 390 2.485 0.0266
Type 2: Lightly vertical
reinforced dapped wet 1282 ) i ) )
T2S3 137 64 1.715 0.0278
250
Prract 203.71 kN
0 P 219.63 kN 200
200 2150
Z1%0 § 100
8100 ‘__J 50
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FIGURE 6. Relationship between load and horizontal deflection for (a) Type 1 connection and (b) Type 2 connection, both at 240
mm from the top of the specimen
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FIGURE 7. Stress-strain relationship for (a) Type 1 connection and (b) Type 2 connection, both at 250 mm from the top of the
specimen. Specimen T2S2 was excluded since there was a malfunction on the data logger during the test
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VISUAL INSPECTION OF CRACK PATTERN

Most early cracks occurred from the top of the wall at the
connection in all the specimens. The cracks propagated
vertically from the top to the bottom of the wall connection
and occurred on both parts of the specimens. The cracks
that occurred on the wall surface are coloured red. The
solid yellow line represents the visible connection interface
of the dapped line. The dashed yellow line represents the
connection interface of the dapped line on the other side
of the specimen. To ensure the crack patterns were traced
correctly, a grid of 20 mm x 20 mm was drawn on each
specimen. Figures 10 and 11 show the crack pattern of the
connection for the wall-to-wall connections of Type 1 and
Type 2, respectively.

The crack patterns of all the specimens indicated
clearly that the crack width in the upper part of the wall
connection was larger than in the lower part. This was
related to the first crack that appeared at the top of the wall
and slowly propagated to the lower part of the wall. Figure
8(a) clearly shows that for the Type 1 (the dapped
connection using specimen T1S1), a single crack appeared
on the wall surface The crack had a width of 0.65 mm and
occurred at 150 mm from the top of the wall. The crack
width decreased to 0.45 mm at a distance of 250 mm from
the top of the wall. At 410 mm from the top, the crack
width was 0.35 mm. This showed that a larger crack
occurred in the upper part of the wall than in the lower
part.

A similar crack pattern to that of specimen T1S1 is
shown in Figure 8(b) for the wall-to-wall connection
specimen T1S2, in which a single crack with a width of
1.4 mm appeared 140 mm from the top of the wall. The
crack width decreased to 0.85 mm at 420 mm and 0.8 mm
at 700 mm, as measured from the top of the wall. This
crack width was observed by enlarging it using the crack
width microscope, as shown in Figure 10(a). However, the
cracking in specimen T1S3 was different as many cracks
occurred below the load. This started with a single crack
in the connection part. As load was continuously applied
on the wall, many cracks appeared in the upper part. Closer
inspection of this specimen revealed excess cement grout
material on the top of the specimen, where the load had
been uniformly distributed. This resulted in an uneven
surface coming into contact with the uniformly distributed
load, so the stress increased at the location of the uneven
surface, as shown in Figure 8(d). Along the top of the wall,
the crack width remained constant at 1.2 mm up to a
distance of 560 mm from the top of the wall. The crack
width decreased to 0.4 mm at a distance of 700 mm.

Excessive
cement grout

FIGURE 8. Crack pattern of the Type 1 wall-to-wall
connection for specimens (a) T1S1 (b) T1S2 and (c) T1S3. (d)
excessive cement grout on T1S3 created additional stress when

load was applied

For Type 2 specimens, smaller crack widths were
observed for two of them, namely T2S1 and T2S2. None
exceeded 0.4 mm across the heights of the specimens, as
shown in Figures 9(a) and 9(b). Specimen T2S3, on the
other hand, exhibited excessive compression on its surface,
which made visual tracking of the crack propagation
difficult.

In summary, the inclusion of R8 as light reinforcement
along the step line in specimen Type 2 led to an increase
in the average maximum load, while smaller crack widths
were observed visually than for Type 1 without
reinforcement along the dapped line. The enlarged cracking
for numbers (i), (ii) and (iii) is presented in Figure 10. The
cracks were measured using a crack width microscope.

Figures 11 and 12 show the failures that occurred at
the joints between two panels for Type 1 and Type 2. For
Type 1, most failures for this type of wall-to-wall
connection occurred at the dapped, not at the concrete
interface or concrete grout. A similar failure pattern can be
seen in Figure 12 for Type 2, the lightly vertical reinforced
dapped wet. This indicated that the concrete grout was a
good adhesive for the connection between two wall panels,
as most of the failures with this connection occurred at the
dapped.
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(e)

FIGURE 9. Crack pattern of the Type 2 wall-to-wall connection for specimens (a) T2S1 (b) T2S2 and (c) T2S3

FIGURE 10. Enlargement of crack width observed using crack width microscope for samples with crack number and location
number (a) T1S2 — (i) 0.8 mm, (b) T1S3 — (ii), 0.4 mm and (c) T2S2 — (iii) 0.4 mm
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Failure at

FIGURE 11. Failure of the wall connection at the joint interface of grout mortar and the dapped
end for wall-to-wall connection Type 1

Grout —
mortar

Failure at

dapped

connection

Exposure of the steel bar
in the dapped connection

FIGURE 12. Failure of the wall connection at the joint interface of grout mortar and the
dapped end for wall-to-wall connection Type 2

ACOUSTIC EMISSION
CHARACTERISTICS

As the cracks occurred at the wall-to-wall connections from
the upper to the lower parts, more acoustic emission hits
along the wall can be seen in Figure 13. In this figure, the
colours indicate the acoustic emission signals detected by
specific sensors. Red dots indicate the signal detected by
CHI1, green dots are used for CH2, yellow dots are used
for CH3 and blue dots are used for CH4. Most high acoustic
emission hits occurred between sensors 1 and 2 since the
cracks occurred at the dapped part of the connection. The
locations of these high acoustic emission activities
coincided strongly with the locations of the cracks that
occurred on the wall surfaces, as shown earlier in Figure
9 for the Type 1. This was clearly observed when the crack
pattern was transferred to the acoustic emission hits, as
shown in Figure 16. High acoustic emission hits were seen
on the upper part of the wall, especially along a 300 mm
section from the upper part of the wall.

The high intensity of the AE hits affected CH1, with
visual observation unable to show the cracks on the
specimen surfaces, especially when loading began on the
top of the wall, proving that the cracks or microcracks

developed in the specimen matrix (Mat Saliah & Md Nor,
2022). These high AE activities coincided with the high
deflection values at 240 mm, which averaged 6.24 mm for
the Type 1 connection, compared to the deflection at 490
mm from the top of the wall, whose average value was
2.88 mm. Furthermore, the crack width at the nearer
location with CH1 and CH2 was seen to be wider than the
distance at CH3 and CH4. This showed that most cracks
— both micro and macro — were formed on the top half of
the specimens. Hence, the AE signal can be used to verify
not only crack formation as found by but also deformation
locations and crack widths (Ohno & Ohtsu 2010; Aggelis
etal. 2013).

Similar acoustic emission patterns can be seen in
Figures 15 and 16 for Type 2, where sensor 1, CHI,
detected more signals than the other sensors. This AE signal
represented the formation of cracks that were concentrated
on the upper part of the wall. In general, more signals could
be detected in the CHI and CH2 area compared to that of
CH3 and CH4. Meanwhile, the deflection at 240 mm was
higher than at 490 mm, with average values of 6.16 mm
and 2.78 mm, respectively. Regarding the crack width, the
crack width in the upper part was larger than in the lower
part of the wall connection.
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FIGURE 13. AE activities along the wall and captured by CH1, CH2, CH3 and CH4 for Type 1.
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FIGURE 14. Superimposing AE hits location with flipped image for Type 1
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FIGURE 15. The AE activities along the wall and captured by CH1, CH2, CH3 and CH4 for Type 2
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FIGURE 16. Superimposing AE hits location with flipped image for Type 2.
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Figure 17(a) and 17(b) shows the crack formation that
originated from the dapped section of the connection on
the top of the specimen T1S3. The observed crack lines
shown in Figure 14 (red line) matched the AE hits detected
by CH2 (green). The highest AE energy for Type 1 (16100
eu) was found at 165 mm from the origin. Other high-
intensity AE energy was detected by CH1 (red), with visual
observation unable to identify the cracks on the specimen
surface, proving that cracks or microcracks were formed
in the specimen matrix (Md Nor, 2018). CH3 (yellow) and
CH4 (blue) each registered a less intense number of
acoustic emission hits than either CH1 or CH2.

This showed that most cracks, both micro and macro,
were formed on the top half of the specimens. These hits
were supported by the relationship between load and
horizontal deflection, as shown in Figure 6(a), where D1
detected greater deflection than D2. Higher deflection
values indicated greater possibilities for cracks to be
formed in the specimen matrix or its surface. The same
pattern was distinguished for T2S1, as shown in Figure
18(a) and 18(b), where the AE hits pattern accorded with
the load, with respect to the horizontal deflection shown
in Figure 6(b). The highest energy (18000 eu) was found
for Type 2, as presented in Figure 18(a). The highest AE
energy was due to the high stress concentration at the
respective locations. Md Nor et al. (2022) stated that the
high energy in the initial phase was closely associated with
the formation of microcracks in concrete
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FIGURE 17. AE energy with respect to (a) X-location
and (b) Y-location for Type 1
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CONCLUSION

This study has successfully proposed a new wall-to-wall
connection and tested it under uniformly distributed load
to further investigate the failure analysis of various
connections, namely Type 1 (Dapped wet) and Type 2
(Lightly reinforced dapped wet). It was concluded that the
inclusion of a simple RS steel reinforcement arranged
vertically along the specimen height produced a significant
improvement in the maximum compressive capacity of the
specimen when uniformly loaded to failure. The P of
Type 2 (lightly reinforced dapped wet) was found to be
184.28 kN, which was higher than that of the Type 1
connection (dapped wet), whose failure load was 148.68
kN.

In addition, the crack widths in Type 2 were smaller
than those of the Type 1 wall connection. This was due to
the presence of the vertical steel bar in the concrete, which
strengthened the wall connection when load was applied
on the specimen. The observed crack patterns were
successfully recorded, marked on the specimens and
verified using the AE characteristics through the relationship
between the energy versus the width and height of each
wall-to-wall connection.

Analysis of the AE energy for the positions of both
the sample width and height revealed that the highest
energy occurred near the junction interface at the top of
the specimens, with values of 16000 eu and 18000 eu for
Type 1 and Type 2, respectively. The results corresponded
strongly with the relationship between the load and



deflection of the specimens and the crack observation
carried out during and after the test. Furthermore, the
analysis outcomes proved that the connection interface was
the weakest part of the components. The major benefit of
this study is the proposal of a new type of vertical wall-to-
wall connection that could be used in prefabricated wall
panel systems in industrialised building systems.
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