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Abstract The utilization of interlocking systems in
masonry structures provides numerous advantages,
such as decreased construction time, improved con-
struction quality, and enhanced structural integrity.
Despite these advantages, the behavior of interlock-
ing blocks is still not fully understood due to the vari-
ations in the construction methods and the geometry
of these blocks around the world. Considering the
limited capacity, as well as the inherent brittle behav-
ior of walls built with interlocking blocks under
extreme loads, it is crucial to employ supplemen-
tary techniques that enhance structural behavior and
increase ductility through various connecting mecha-
nisms. This experimental study aims to investigate
the effectiveness of adhesive paste as an alternative to
mortar, and its combination with grout and steel rebar
to improve the structural performance of these walls.
The proposed interlocking system is designed with
middle and side holes to facilitate incorporating the
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connecting elements. For this purpose, compression,
diagonal shear, and in-plane shear behaviors of speci-
mens made up of blocks interconnected with adhesive
paste, grout and steel rebar were tested and the results
including failure mode, strength, and force—displace-
ment response were discussed. Under compressive
loading, the use of adhesive paste between the blocks
effectively increased the strength of the masonry
prism. In the diagonal and direct shear tests, where
the interlocking keys are directly engaged, the pres-
ence of paste and grout was found to have a positive
influence on the capacity. The incorporation of grout,
steel rebar, and adhesive paste substantially improved
the ductility as well as the strength in different load-
ing conditions.

Keywords Adhesive paste - Interlocking block -
In-plane behavior - Force—displacement behavior -
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1 Introduction

Although conventional masonry structures have
shown poor structural performance especially against
severe loads such as earthquakes and explosions [1],
they are still the common structural system for low-
rise buildings around the world. Interlocking blocks
and mortarless systems are some of the new methods
to solve the problems in traditional masonry struc-
tures [2]. Interlocking systems significantly increase
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efficiency [3, 4], reduce the need for skilled masons,
increase wall resistance [5, 6], improve integrity,
reduce the construction time [7], and significantly
increase the quality of construction [8-10]. Various
types of interlocking blocks have been constructed in
recent decades [11-18]. These blocks have been built
based on the materials and technologies of different
countries and they show different behaviors during
loading [19-21].

Most previous studies focused on the proper-
ties of the dry-stocked blocks including the in-plane
and out-of-plane compressive and shear behavior of
walls as well as the seismic performance of masonry
structures constructed with mortarless interlocking
blocks [22-25]. Due to the relative movements of the
interlocking blocks, the walls constructed with these
types of blocks have weaknesses against in-plane and
out-of-plane loads such as earthquakes and eccen-
tric gravity loads. To address this shortcoming and
to improve the behavior and integrity of interlock-
ing masonry systems, different techniques could be
employed such as grouting, reinforcement with steel
bars, applying post-tensioning force [26-32], and
using coating or a combination of these methods.
However, few studies have been conducted on rein-
forcing these types of blocks and investigating their
in-plane and out-of-plane behavior.

Kasinikota et al. investigated the effects of grout-
ing, and reinforcement layout on the out-of-plane
flexural behavior of interlocking hollow block walls
[33]. It was concluded that grout and steel reinforce-
ments increased the flexural capacity of the walls and
prevented the sudden failure of the walls.

Kohail et al. performed cyclic in-plane tests on
the walls constructed with interlocking blocks where
post-tensioning, grouting, and reinforcing bars were
also incorporated [34]. It was found that the post-
tensioned walls with grout improved displacement,
energy dissipation, and effective stiffness.

Ma et al. investigated the effect of injecting grout
into the vertical holes in interlocking walls and
reported that it was successful in removing the gap
between the blocks during construction and hence
increased the stability of the wall [35].

Zahra et al. performed in-plane and out-of-plane
shear tests on reinforced mortarless concrete inter-
locking blocks. They explored the failure pattern and
the load—displacement relationship of the samples
with different values of reinforcement ratios and shear

span ratios [36]. The results showed that the change
in the reinforcement and shear span ratio had a sig-
nificant effect on the shear strength and behavior of
the samples.

Various studies have been conducted on interlock-
ing blocks to investigate different aspects of their
mechanical behavior. In many of these studies, testing
has been carried out on the mortarless system with
post-tension loading. However, the application of
post-tension is time-consuming and necessitates the
access to special tools and skilled workers, making it
impractical for construction practice. Moreover, few
researches have investigated the use of conventional
mortar in interlocking blocks.

Masonry adhesive, also known as adhesive paste,
is an alternative to mortar that simplifies the pro-
cess of building masonry structures. It offers several
advantages over traditional mortar for masonry con-
struction, including strong adhesion, speedy con-
struction, ease of use, reduced surface unevenness,
decreased material consumption and waste, as well
as elimination of the need for skilled labor. Addition-
ally, due to its lower thickness and greater adhesion, it
improves the stability, capacity and integrity of mor-
tarless masonry walls.

In this study, the effectiveness of employing adhe-
sive paste solely and in combination with grout and
reinforcing bars in providing higher strength, as well
as a degree of ductility, to the proposed interlocking
system is examined. The interlocking block with mid-
dle and side holes has a distinctive shape that facili-
tates the incorporation of connecting elements such
as grout and steel rebar. To gain a comprehensive
understanding of the in-plane behavior of this system
with additional connecting mechanisms, a series of
tests were conducted. Compression, in-plane shear,
and diagonal shear tests were performed to investi-
gate the blocks with various connecting conditions.
The obtained results, including load-deformation
response, mechanical properties, and failure modes,
were compared and discussed.

2 Research significance and objectives

Conventional masonry units typically have flat sur-
faces, relying on mortar and friction between the
surfaces to provide integrity and resistance against
loading. To enhance their performance, interlocking
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blocks can be used as a substitute. The mechanical
performance of interlocking blocks is influenced by
their geometric shape and interconnection mecha-
nism. Furthermore, it is possible to improve the
behavior of these blocks through various methods,
such as using adhesive paste, grout, and rebar. These
techniques have led to the construction of masonry
walls that are not only cost-effective but also sustain-
able in nature.

The study focuses on evaluating the in-plane
behavior of the proposed interlocking block using
adhesive paste as a replacement for mortar. Addition-
ally, it examines the influence of combining adhesive
paste with grout and rebar in the interlocking system.
The results obtained from this research can provide
fundamental information for the design and numeri-
cal analysis of masonry walls. Furthermore, by com-
paring different interconnection conditions, a com-
prehensive understanding of the design of the walls
and their in-plane behavior can be achieved.

3 Geometry and manufacturing of the proposed
interlocking block

3.1 Geometric characteristics of the blocks

In the current research, an innovative type of inter-
locking block was designed with the dimensions of
150 x 150 x 300 mm and the geometric characteris-
tics shown in Fig. 1a. The shape and geometry of the
locks of the proposed block were selected based on
a previous study of the authors [37] considering the
influence of the interlocking configuration on differ-
ent aspects of the in-plane and out-of-plane behaviors.

In this block, there is one circular hole in the mid-
dle and two half-cycle cut-outs on the sides with a
diameter of 40 mm. This shape blocks was designed
to facilitate construction and at the same time to pro-
vide suitable options to interconnect the blocks using
adhesive paste, grouting, and steel rebar. The blocks
were composed of two symmetrical trapezoidal keys
on the top surface and cut-outs on the bottom surface
(see Fig. 1a) which were designed to lock in the hori-
zontal relative in-plane movement and in the out-of-
plane relative rotation of the blocks.

For ease of wall construction and also to provide a
space in between the blocks for adhesive paste applica-
tion the proposed block had a gap between the upper

and lower keys so that the cut-outs were slightly larger
than the keys as shown in Fig. 1b. The gap between
the interlocking block keys has also been considered
in previous studies [38]. As shown in Fig. 1c, in addi-
tion to standard blocks, half blocks, top blocks, and bot-
tom blocks were constructed to build different types of
specimens.

3.2 Manufacturing of blocks

The interlocking blocks of the present study were cast
in steel and polyethylene molds cut and assembled with
an accuracy of 0.2 mm (Fig. 2). The molds were made
in two pieces for the easy removal of the samples and
preventing damage to the blocks (Fig. 2). The molds
were removed one day after cast, before curing of the
blocks in water for 28 days.

3.3 Locking mechanism of the designed block

The locking mechanism of the proposed block relies
on the physical engagement of the embedded top and
bottom keys, as well as the interaction of the side and
middle holes of the blocks when they are filled with
grout and reinforced. Figure 3 illustrates the locking
mechanism between the blocks under in-plane and out-
of-plane loads. The keys in the block provide in-plane
shear load transfer in the direction of the red arrow.
Past research [39] has shown that the keys also play
an effective role in supporting out-of-plane bending
about the vertical axis through the torsion-shear action
[40] along the axis of the block keys (as denoted by the
green arrow for the key due to its extension across the
block’s width and blue arrow for the grouted holes).
Furthermore, the blocks have two semicircular holes on
the sides and one circular hole in the middle, each with
a diameter of 40 mm. When filled with reinforcing ele-
ments like grout and rebar, these holes enhance resist-
ance against out-of-plane shear transfer (blue arrow)
and out-of-plane bending (green arrow), while ensuring
structural integrity between adjacent blocks.

niem
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Fig. 1 The proposed inter- |—_35| o
locking block (dimensions Aﬁj B

are in mm): a. Geometry
of the block, b. The gap

between the block keys, c. O
Types of interlocking block
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4 Material properties and fabrication To manufacture the interlocking blocks, a combi-
of specimens nation of mineral sand with maximum grain size
of 40 mm and Portland cement type II with a

4.1 Interlocking blocks
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cement-to-sand ratio of 1:3, and water-to-cement
ratio of 0.65 was used.

The strength and workability properties of the
materials were measured and are presented in Table 1.
The properties of the block materials were selected
based on the experience of past studies [41, 42].

4.2 Adhesive paste

In the construction of the block prisms, a silica-
based cement paste was used as the adhesive mate-
rial. After the powder was mixed with water with
a water-to-powder ratio of 0.3, it became a smooth
uniform paste. A thin layer of adhesive paste was
used to connect the blocks together. The properties

Fig. 2 Interlocking block
molds

Fig. 3 The locking mecha-
nism of the proposed block

Table 1 The strength and workability properties of the materials

I Out-of-plane bending about vertical axis

of the used adhesive are presented in Table 1. These
properties were determined using the same test
methods as the block materials. In addition, the
maximum grain size and wet density of this paste
were 0.4 mm and 1600 kg/m?, respectively. Fig-
ure 4a shows how to apply paste evenly between the
block layers in the constructed prisms using a cloth
funnel. By sliding the blocks on top of each other,
the paste was spread almost uniformly across the
width of the blocks forming a thin layer of paste.
On average, approximately 3.6 kg of paste (equiv-
alent to the paste layer thickness of 1~2 mm per
course) was utilized per square meter of the wall.
This amount is significantly lower compared to the
mortar consumption of roughly 25 kg/m* used for

NI
S I

o

Out of-plane shear transfer

In-plane shear transfer

Material Compressive strength (MPa) Flexural strength (MPa) Flow—standard W/C or W/P
ASTM C109 [43] ASTM C348 [44]

Block 26.7 (4.8) 5.2 (19) 112 (%)—ASTM C1437 [45] 0.65

Adhesive Paste 8.7(3.2) 3.6 (21) 42 (%)—ASTM C1437 [45] 0.3

Grout 24.3 (4.1) 4.1 (17) 20 (sec)—ASTM C1107 [46] 0.25

Value in parentheses represent coefficient of variation in percentage
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Fig. 4 Fabrication of the specimens: a. Applying the adhesive
paste, b. Construction of block prisms and panels

masonry units with the same dimensions and bed
joints of 10 mm thickness.

4.3 Grout and rebar

The grout was tested based on ASTM C1107 and its
properties are presented in Table 1. Due to the small
size of holes in the block a high slump grout was
used.

The reinforcing steel rebar had a diameter of
8 mm. It exhibited a yield stress of 240 MPa, an ulti-
mate stress of 370 MPa, a modulus of elasticity of
200,000 MPa, and an elongation at break of 21%.

4.4 Fabrication of specimens

Specimens with different block interconnection con-
ditions were fabricated including (a) adhesive paste,
(b) adhesive paste and grout, (c) adhesive paste,
grout, and rebar, (d) grout, and (e) grout and rebar.
These interconnection conditions are denoted as A,

AG, AGR, G and GR, respectively hereafter. For the
compression test, the prisms were also investigated
in the dry-stack mortarless (M) condition besides the
five mentioned conditions. The average friction coef-
ficient between the dry-stack blocks in M mode is 0.7
[24].

For the pasted specimens, after applying silica-
based adhesive mainly on the shear key projection of
the lower block (see Fig. 4a), the block of the upper
course was assembled. By sliding and slightly push-
ing the blocks, the paste filled the gap between the
blocks (as shown in Fig. 1b) and proper position of
the block was set. It’s important to note that the paste
was only used for the horizontal joints of the blocks.
For the reinforced specimens, a rebar with an appro-
priate length was inserted into the fresh grout and the
excessive material was removed. It should be noted
that for all test conditions, the prisms were cured
under sack and plastic for 28 days after construction
before being tested.

In this study, a total of 150 standard blocks, 60 half
blocks, 15 top blocks, and 15 bottom blocks were pro-
duced by means of ten molds (Fig. 2). For the tests,
45 samples were assembled. Figure 4b shows the
constructed samples as well as the method of inject-
ing grout and installing rebar in the assembled block
prisms.

5 Experimental program

In this research, the in-plane behavior of masonry
including compressive, diagonal shear, and in-plane
shear response was quantitatively and qualitatively
investigated.

5.1 Compression test

The prisms were constructed and tested in accord-
ance with ASTM C1314 [47]. The samples were
constructed by placing three blocks on top of each
other as the standard block in the middle, the top
block at the top, and the bottom block at the bot-
tom with the dimensions of 150Xx300x450 mm
(width, length, and height, respectively). Figure 5a
shows the details of the compression test. The dis-
placement of the samples was measured by a 0.001
mm precision displacement gauge with a center-to-
center distance of 350 mm as shown in Fig. 5a. The
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Fig. 5 Setup of tests: a.
Compression test, b. Diago-
nal shear test, c. In-plane
shear test
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stress of the samples was also calculated by divid-
ing the load by the net surface of the prisms. The
reported results were the average values obtained
from three block prisms made in each condition.

5.2 Diagonal shear test

The diagonal shear (tension) strength was deter-
mined according to the test procedure provided
by ASTM E519 [48]. The shear test panels had a
thickess X length X width of 150x600x 600 mm,
as presented in Fig. 5b. As shown, the panels were
loaded diagonally at the top and bottom by two steel
loading shoes prescribed by ASTM E519.

As shown in Fig. 5b, the relative displacement
between points A and B which had a center-to-
center distance of 500 mm on the loading diameter
of the panel, was measured using 0.001 precision
displacement gauges. These gauges were used on
both side of the panel and the average results are
presented here. The reported results represent the
average values obtained from three block panels
manufactured under each specific condition.

5.3 In-plane shear test

To determine the in-plane shear capacity of the
samples, triplet test method was adopted as per the
previous studies [49]. As shown in Fig. Sc. three-
block prisms were placed vertically on two steel
supports.

The distance between the supports was 200 mm
and the load was applied to the center of the mid-
dle block. A digital displacement gauge was used to
measure the relative movement of the middle block
with respect to the adjacent blocks (see Fig. 5c). The
reported values represent the average results obtained
from three samples prepared for each interconnecting
case.

6 Results and discussion

The force—displacement characteristics, type of crack-
ing, and failure modes of the samples are presented
and reviewed hereafter.

6.1 Compression test
6.1.1 Compressive strength

The results of the average compressive strength of
the prisms constructed with different interconnection
conditions are presented in Table 2.

The block prisms in the AGR and M modes exhib-
ited the highest (16.0 MPa) and lowest (11.6 MPa)
compressive strengths among different connection
conditions, respectively. A comparison of the com-
pressive strength of mode A and M shows that add-
ing paste (A) and filling the empty space between
the blocks with paste improves the continuity and
uniform transfer of force between the blocks. As a
result, the compressive strength of mode A is higher
than mode M. Furthermore, the addition of adhesive,
grout, and rebar to the block prism (AGR) increased
the compressive strength by 38%. Through a com-
parison of the compressive strengths between the M
and A modes, A and AG modes, and AG and AGR
modes, it can be concluded that using adhesive
in connecting the block prisms resulted in a 12%
increase in compressive strength. Moreover, rein-
forcing the masonry prisms with grout led to a 15%
increase in compressive strength. Lastly, incorporat-
ing rebar into the grout and adhesive further enhanced
the compressive strength by 7%. Due to the relatively
small diameter of the rebar used in prisms compared
to the dimensions of the prisms, there was a slight
variation in the compressive strength between the AG
and AGR modes. As a result, by adding grout to the
connections of the block prisms, the highest increase
in compressive strength among different connection
and reinforcement conditions was achieved. Assess-
ing the effect of grout on the compressive strength

Table 2 Properties of masonry prisms under compression test

Prism Compressive  Initial tangent  Strain at peak
connection  strength (MPa) modulus (MPa) stress

type

M 11.6 (9.6) 6659 (13) 0.0050 (14)
A 13.0 (13) 6672 (15) 0.0053 (16)
AG 14.9 (10) 7043 (14) 0.0059 (15)
AGR 16.0 (11) 6958 (16) 0.0062 (17)
G 13.6 (8.9) 6747 (11) 0.0054 (15)

Value in parentheses represent coefficient of variation in per-
centage
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(A versus AG and M versus G) showed that grouting
almost added the same amount of strength to mortar-
less and pasted prisms.

6.1.2 Stress—strain characteristics

The stress—strain characteristics are presented in
Table 2 and Fig. 6, respectively. In general, the elas-
tic moduli of block prisms have little difference with
each other compared to the compressive strength.
Comparing the initial moduli of the weakest (M)
and strongest connection modes (AGR) in the blocks
(4.5% difference), shows that adding adhesive, grout,
and rebar to the masonry prisms has a greater effect
on their compression strength (38%) than their initial
stiffness. As plotted in Fig. 6, it can be observed that
the initial slope of all modes remains similar until
cracking occurs, which takes place at around 0.001
strain.

According to Fig. 6 and the strain values at the
maximum stress in Table 2, it can be concluded that
the AGR mode has the highest and the M mode
has the lowest relative ductility among the different
modes of block prisms. This can be due to the pres-
ence of rebar in the grout and its buckling (Fig. 7a).

Fig. 6 Stress—strain 18
diagram of masonry prisms
under compression test 16

Compressive Stress (MPa)

0.001 0.002

6.1.3 Crack and type of failure

According to ASTM C1314 [47], the failure type
of the A, AG, AGR, and G prisms was more of the
conical and semi-conical type. The failures and
cracks occurred on the surface of the blocks so that
the cracks spread along the length of the samples and
adhesive layers (Fig. 7b). In addition, some failures
in the grout and buckling of rebar were also observed
in the AG and AGR prisms. Based on the graph in
Fig. 6, it is evident that in almost all modes, the initial
cracks formed on the surface of the blocks within the
strain range of 0.001. Subsequently, as the compres-
sive load increased, the length and depth of the cracks
escalated in all prisms, reaching a strain of approxi-
mately 0.0032. Ultimately, under continued loading,
the prisms experienced final failure (Fig. 7).

In M and G cases, due to the empty space between
the keys and the resulting stress concentration in the
contact area of the block, in addition to conical fail-
ure, shear failure also occurred (Fig. 7c). This failure
has also been observed in previous studies [38]. Fur-
thermore, the width and depth of the cracks in the G
and M modes were greater than in the other modes
due to the absence of paste and the discontinuity
between the blocks.

—a—AGR

—o—AG

——A

0.003 0.004 0.005 0.006 0.007 0.008
Strain (mm/mm)

niem
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Fig. 7 The failure of the
masonry prisms: a. Rebar
buckling in the reinforced
masonry prisms, b. A, AG,
AGR, and G modes, c. M
mode

Buckling of rebar
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6.2 Diagonal shear test
6.2.1 Diagonal shear strength
The average of the results of the diagonal shear

capacity test as well as the characteristics of the
force—displacement behavior of the panel samples in

Shear failure in the
vicinity of the keys

the A, AG, AGR, G and GR modes are summarized

in Table 3.

The diagonal shear capacities in the AG and AGR
modes were significantly higher than that of the A
mode. For example, the diagonal shear capacities in
the AG and AGR modes were respectively 151% and
126% more than that of the A mode. As a result, the
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Table 3 Properties of masonry panels under diagonal shear test

Panel interconnec-  Diagonal load Pre-crack secant stiff-  Displacement at peak  Total energy to reach peak A, /A,
tion type strength (kN) ness (kN/mm) load (mm) load (kN.mm)

A 55.7(12) 169.2 (15) 0.41 (16) 11.2 (15) 2.1(12)
AG 140.2 (9.3) 313.8 (12) 0.88 (17) 82.5 (12) 3.1(11)
AGR 126.3 (10) 406.5 (15) 1.24 (15) 125.3 (11) 6.7 (9.2)
G 30.2 (8.9) 60.5 (12) 2.4 (13) 28.3 (14) 7.2(11)
GR 81.3 (9.6) 63.3(19) 1.4 (16) 95.3 (10) 8.1 (13)

Value in parentheses represent coefficient of variation in percentage

use of paste and grout as interconnecting elements is
significantly effective in increasing the diagonal shear
capacity of the block panels compared to the mode
in which only paste or grout is used. This increase in
capacity can be due to the considerable contribution
of the grout and rebar reinforcement elements in car-
rying in-plane load. Moreover, the filling of the pasted
block holes with grout (AG) had a greater impact on
the diagonal shear capacity of the samples compared
to the combination of grout and rebar (AGR). This
can be mainly attributed to adverse effect of install-
ing rebar on the behavior of grout due to the possible
insertion of cavity.

The in-plane shear capacity dropped 46% in the
grouted case (G) compared with the pasted case (A).
The strength of the GR case was also 35% lower than

Fig. 8 Force—displacement 160
diagram of panels under

diagonal shear test 140

120
100
80

60

Diagonal Shear Load (kN)

40

20

that of the AGR case. In G mode, the space between
the shear keys of the block was empty, and conse-
quently, the load was mainly supported by the fric-
tion between the blocks and the grout. As a result, the
diagonal shear capacity of the G mode was lower than
that of the other modes.

6.2.2 Force—displacement characteristics

Figure 8 depicts the force-vertical displacement dia-
gram (along compressive diameter). Table 3 presents
displacement at the maximum load and pre-cracking
secant stiffness of the diagonal panels. By divid-
ing the ultimate displacement by the displacement
regarding to cracking point observed in the diagonal
panels, a coefficient is defined to introduce relative

1 1.5 2 2.5 3
Displacement (mm)

niem
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ductility, given as A,/A,, in Table 3. The cracking
point is highlighted with a solid red point in Fig. 8.

Among the modes with adhesive paste, the AGR
and A modes have the highest and lowest displace-
ment at the maximum load, respectively. Moreover,
by reinforcing the diagonal panels with grout (AG)
and with grout and rebar (AGR), it can be observed
that the displacement at the maximum load and the
ductility coefficient increase. For instance, reinforc-
ing the pasted panels with grout (AG) and with grout
and rebar (AGR) results in a 114 and 202% increase
in displacement at the maximum load, respectively.
Additionally, the ductility coefficient increases by
49 and 224%, respectively, when compared to the
A mode. As a result, adding rebar to grout in pasted
panels has a greater effect on displacement and duc-
tility compared to the diagonal shear capacity.

According to Fig. 8 and the displacement values
in Table 3, adding rebar to grout in diagonal panels
effectively increases the ductility although it causes
a slight decrease in the diagonal shear capacity. This
could be because parts of the holes in the blocks are
left empty when filled with rebar.

In addition to ductility, by adding grout and grout
and rebar to the connections of the diagonal panels,
the energy dissipation of the panels increases signifi-
cantly compared to the A mode. Thus, the addition of
grout and grout with rebar to the adhesive connection
in the diagonal panels has a more significant impact
on energy dissipation rather than ductility.

When the holes of the diagonal panels are filled
with grout, the AG and AGR modes exhibit a consid-
erably higher initial stiffness in the panels compared
to the A mode. This is attributed to the higher com-
pressive strength of the grout and interaction between
the blocks in comparison to the pasted mode.

To understand the contribution of adhesive paste
to the diagonal shear behavior of panels, two inter-
connection cases of G and GR were also tested. The
stiffness and strength were considerably higher in
the pasted cases (A, AG, and AGR) than in the G
and GR modes. When paste filled the gap between
the shear keys, they were completely engaged in
load transfer. In the absence of adhesive paste, the
gap between the blocks facilitated the relative move-
ment of the blocks, which resulted in significantly
lower strength and stiffness but in a higher peak
displacement. The stiffness of G mode was 81%
lower compared to AG mode, while the stiffness of

GR mode was 84% lower than that of AGR mode.
Therefore, the utilization of adhesive paste demon-
strated an enhancement in both the in-plane stiff-
ness and strength, while it had an adverse effect on
the ductility. This brittle behavior, however, can be
mitigated to a significant extent through the incor-
poration of rebar (AGR versus AG).

6.2.3 Crack and type of failure

By examining the diagonal panels, two types of fail-
ure (sudden or brittle and gradual or semi-brittle)
were mainly observed. The failures of the panels in
the AGR and GR modes were more of the gradual,
semi-brittle, and ductile types due to the presence of
rebar with grout. The curve in Fig. 8 also confirms
the ductility of the panels in the AGR and GR modes.
However, the failures of the panels in the A, AG and
G modes were quite sudden and brittle so that the
samples suddenly failed and were divided into two or
more parts after reaching the breaking point.

In the AG, AGR, and GR modes, the panels experi-
enced failure along their diameter in the form of shear
failure of the interlocking keys. However, it should
be noted that the failure mechanism in the A and G
modes primarily involved the opening of the block
joints. This can be attributed to the weak adhesion
of the connections between the blocks in the G mode
and the absence of vertical restraints to prevent block
separation in the A mode. Due to this reason, there
were substantial differences in the diagonal capacities
of the panels in the AG, AGR, and GR modes com-
pared to the A and G modes. Consequently, the keys
of the blocks played a crucial role in bearing the in-
plane shear force. The failure types of the panels are
illustrated in Fig. 9.

In the absence of adhesive paste in modes G and
GR, combined with the presence of the gap between
the shear keys, there was a possibility of block slid-
ing as the load increased. Thus, in these modes, the
engagement of the shear keys happened at an earlier
stage compared to the modes with adhesive paste
(A, AG, and AGR). As a result, the occurrence of
initial cracking in the modes without adhesive paste
emerged earlier than in the cases where paste was pre-
sent. The diagram in Fig. 8 depicts the initial crack-
ing points, which are indicated by the highlighted red
points.
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Fig. 9 The failure of the
diagonal panels

6.3 In-plane shear test
6.3.1 Shear strength

The shear capacity obtained from the in-plane
shear test can be seen in Table 4. Although G-type
samples were prepared, due to their low strength
and brittle behavior, they broke during handling

Opening of the

block joints

Shear failure
in the keys

under the self-weight effect and no test results
were reported accordingly. The shear behavior is a
key factor in the seismic performance of masonry
structures. The in-plane shear force of the block
samples is supported through the friction between
the blocks, the physical engagement of the keys, as
well as different interconnection conditions such as

adhesive, grout, and rebar.
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Table 4 Properties of

Prism con- Shear strength (kN)
masonry samples under nection type
in-plane shear test

A 37.3(8.9)

AG 45.3 (7.5)
Value in parentheses AGR 75.0 (6.6)
represent coefficient of GR 343 (9.1)

variation in percentage

Secant stift- Displacement at ~ Total energy to reach
ness (kN/mm) peak load (mm) peak load (kN.mm)
21.6 (12) 2.87(11) 49.4 (10)

17.5 (10) 3.08 (12) 67.5(11)

17.0 (13) 3.72 (14) 126.5 (14)

159 (15) 2.90 (13) 41.3 (15)

The shear capacity of the GR mode was lower
compared to the other modes. The main reasons are
the low shear strength of the grout, the presence of
the gap between the keys, and the lack of engagement
between the keys. Conversely, in the AGR mode,
the filling of the empty space between the keys with
paste, combined with the joint shear action of adhe-
sive paste, keys, grout, and rebar, significantly affects
the shear capacity. As a result, the shear capac-
ity of the AGR mode was significantly higher than
other modes. For instance, by adding grout (the AG
mode), the capacity increased by 21% compared to
the A mode. Moreover, by adding rebar to the grout
(the AGR mode), the shear capacity of the samples
increased around 66% compared to the AG mode.

As a result, the addition of reinforcing bars in the
grout demonstrated a greater enhancement in the
shear capacity of the samples during the triplet test,
compared to filling the holes with grout alone. This
improvement can be attributed to the positive shear
performance provided by the bars embedded within
the grout. This finding is consistent with the results
reported in Ma’s research [35].

The shear strength of the GR case was slightly
(8%) less than that of the pasted samples (A). It
should be noted that the shear strength of the AGR
mode was almost equal to the sum of A and GR
capacities. This shows that the shear strength of each
interconnection condition can be added directly to
find the total shear capacity. In this regard, the low
shear strength of the G-case could be predicted from
the small difference between the A and AG modes.

6.3.2 Force—displacement characteristics

The force—displacement relationship of the shear
samples in the in-plane shear test is plotted in Fig. 10
and displacement at the maximum load, secant stiff-
ness and energy dissipation are also presented in
Table 4. The initial slopes of the force—displacement

curve (initial stiffness) in pasted modes (A, AG, and
AGR) are almost equal up to the displacement range
of 0.5 mm. This can be due to the joint action of the
adhesive and inter-block friction in this displacement
range. In other words, in this displacement range,
the adhesive and friction at first play a resisting role
against shear force. Then, after the loss of adhesive
resistance, other interconnection elements such as
block shear keys, grout, and rebar resist against shear
force. In Fig. 10, this can be interpreted from the dis-
placement of about 0.5 mm in all cases. The influence
of inter-block friction has also been mentioned in pre-
vious studies [50].

After the displacement range of 0.5 mm when the
adhesive bond failed, in the A mode, the block keys
and friction, in the AG mode, the keys together with
grout and friction, and in the AGR mode, the keys,
grout, friction, and rebar play a resisting role against
the shear force. For this reason, after this range, the
AGR mode has the highest stiffness and the A mode
has the lowest stiffness. Adding rebar to grout and
adhesive (the AGR mode) has a greater effect on dis-
placement at the maximum load of shear samples than
adding grout to adhesive (the AG mode). For exam-
ple, displacement at the maximum load in the AG
mode is 7% more than that of the A mode, whereas
this amount of displacement in the AGR mode is
20% more than that of the AG mode. Comparing the
peak displacements of the A and GR modes reveals
that the failure of the grout and the adhesive bond
occurred simultaneously. Among the different modes
tested, the GR mode has the lowest initial stiffness.
This can be attributed to the absence of paste in this
mode. A similar trend of results was also observed in
the diagonal test.

The samples in the A and AGR modes respec-
tively have the lowest and highest amount of energy
dissipation to reach the maximum load. In addition,
the presence of rebar in the grout (the AGR mode)
causes a significant increase in the amount of energy
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Fig. 10 Force—displace- 80
ment diagram of triplet
samples under in-plane

shear test 70

60
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40

Shear Load (kN)
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dissipation compared to the presence of grout in the
holes (the AG mode) and the use of adhesive alone
(the A mode). For instance, the amount of energy dis-
sipation of the AG mode is 36% more than that of the
A mode. As a result, adding grout and rebar in the
shear samples has a greater effect on the energy dis-
sipation compared to the peak load displacement.

6.3.3 Crack and type of failure

By investigating the type of failure of the shear sam-
ples in different modes, it can be concluded that
after the keys are locked together and with a gradual
increase of force, a shear type of failure was observed
in the keys of the blocks in all connection modes.
This means that the designed keys of the proposed
blocks played an effective role in bearing the in-plane
shear force. Figure 11 shows the shear failure of the
block keys in the in-plane shear test.

As can be seen in Fig. 11, in addition to the shear
failure of the keys, the grout also suffered a brittle
shear failure in the AG mode. Moreover, in the A and
AG modes, the samples were separated immediately
after the sudden failure. However, in the AGR and GR
modes, due to the presence of the rebar, the samples
experienced a gradual failure and all the reinforcing
elements (key, grout, and rebar) resisted against the

—=—AGR

——AG

——A

GR

3 4 5 6 7

Displacement (mm)

shear force. This can be the reason for the increase
in the shear capacity and non-fragile response of the
AGR mode compared to the other two pasted modes.
The sample connected only by grout (G) had a brit-
tle behavior and a very low strength. Thus, the appli-
cation of grout alone is not proper for in-plane loads
such as the seismic effect.

6.4 Comparison of interlocking blocks with
conventional masonry

Conventional masonry specimens, consisting of solid
or hollow clay bricks and 3:1 sand-cement mortar,
were studied by the authors [41, 51]. The compressive
strength of the solid brick, hollow brick, and mortar
was found to be 13.3 MPa, 11.1 MPa, and 20.4 MPa,
respectively. In the present study, the AG condition of
the interlocking block demonstrated favorable results
in terms of in-plane behavior. Compared to the high-
est results of the conventional masonry specimens,
the AG interlocking block showed an increase of
112% in compressive strength, 31% in diagonal ten-
sion strength, and 78% in in-plane shear strength. For
the pasted interlocking system (A) without a verti-
cal joint between the blocks, the relative change of
compression, diagonal tension, and in-plane shear
strengths are 86, —49, and 46%, respectively. These



90 Page 16 of 19

Materials and Structures (2024) 57:90

Fig. 11 The failure of the
shear samples

results demonstrate the considerable advantage of the
interlocking block system and underscore the crucial
role of grouting in the intercking system as the verti-
cal interconnection mechanism.

7 Conclusion

In this experimental study, the in-plane behavior of
the samples constructed with the proposed interlock-
ing block was studied in different interconnection
conditions (A, AG, AGR, G, and GR). The results
showed that the keys and holes designed in the inter-
locking system had an effective role in enhancing the
in-plane behavior of the fabricated samples. By com-
paring and summarizing the results of the compres-
sion, diagonal tension, and in-plane shear tests, the
following conclusions were obtained:

e Under compression loading, the addition of grout
to the interconnection of the block prisms had the
most beneficial effect on improving the strength

among different connection conditions. Adding
adhesive paste, grout, and rebar (the AGR mode)
to the mortarless prisms significantly enhanced
the compressive capacity and slightly improved
the stiffness.

Instead of using a combination of grout and rebar,
the utilization of grout in the pasted diagonal
panels (AG vs. AGR) led to a higher diagonal
tensile strength of the pasted panels (A). On the
other hand, adding the steel rebar (AGR) consid-
erably enhanced the energy dissipation capac-
ity and ductility of the panels. In comparison to
using adhesive alone, the incorporation of grout or
grout combined with rebar in the panel specimens
altered the failure mode observed during the diag-
onal test. Instead of witnessing the opening of the
block joints, the panels exhibited a shift towards
shear failure of the interlocking keys.

In the in-plane shear test, the triplet specimens with
adhesive paste (A, AG, and AGR modes) had shear
key failure since the keys were properly locked
together. Accordingly, the presence of rebar (AGR
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and GR) had a substantial positive influence on the
shear strength, energy dissipation, and ductility.

e In the tests where the loading directly engages the
keys, such as diagonal and direct shear tests, the
presence of adhesive paste considerably increases
the capacity and initial stiffness. However, it may
reduce the ductility to some extent.

e In the tested samples, the adhesive paste alone (A)
exhibited favorable performance in terms of strength
and non-brittle behavior, particularly under com-
pression loads, when compared to the other cases
examined.

e The addition of grout to the adhesive paste (AG)
had a positive impact on capacity in the diagonal
shear, in-plane shear, and compression tests, respec-
tively. Furthermore, it also showed a favorable effect
on ductility in the diagonal shear, compression, and
in-plane shear tests, respectively.

e The utilization of adhesive paste, grout, and rebar
in combination (AGR) led to a significant increase
in strength in both in-plane shear and compression
tests. Furthermore, this addition demonstrated nota-
ble enhancement in terms of ductility in both diago-
nal shear and in-plane shear tests.

In summary, the addition of adhesive paste and
grout (AG) to the interlocking block would significantly
enhance the in-plane strength of the interlocking block
system. However, to mitigate brittle behavior and to
achieve some level of ductility under extreme events
such as earthquakes the combination of grout, rebar,
and adhesive paste (AGR) to the interlocking system is
necessary.
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