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Abstract 

Masonry structures are commonly used in developing countries due to their inexpensiveness 
and material availability. Masonry structures are strong in resisting gravitational force but 
vulnerable to lateral forces such as earthquakes. Therefore, reinforcement for masonry struc-
tures in earthquake-prone areas is necessary. This paper considers using interlocking bricks 
instead of regular rectangular bricks as a reinforcement measure for masonry structures as it 
does not require extra material and is easy to implement. The effectiveness of interlocking 
bricks instead of regular rectangular bricks is examined by comparing the performance 
against static loading test and dynamic analysis results using DEM. The static loading test 
compares the load-displacement relationship of the masonry wall with rectangular bricks and 
the wall with interlocking bricks. The dynamic analysis results compare the collapse behavior 
against sinusoidal input between the masonry wall with rectangular bricks and the wall with 
interlocking bricks in both in-plane and out-of-plane directions. The performance of rectan-
gular bricks and interlocking bricks are compared, and the effectiveness of using interlocking 
bricks instead of rectangular bricks is discussed. 

Keywords: Masonry wall, Rectangular brick, Interlocking brick, Static loading test, Distinct 
element method. 
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1 INTRODUCTION 
It is reported that 75% of the deaths caused by earthquakes are due to collapsed buildings 

and that most of the deaths caused by collapsed buildings are due to collapsed masonry struc-
tures with low earthquake resistance, often constructed in developing regions [1]. Although 
masonry structures are extremely vulnerable to seismic shaking, they are still being built 
worldwide today, especially in developing regions [2][3], because of their inexpensive mate-
rials, easy construction, and excellent heat and moisture insulation properties. There is a need 
for inexpensive and easy-to-construct seismic retrofitting methods for masonry structures.  

Some of the existing studies on seismic strengthening methods for masonry structures 
have proposed the use of steel rods [4], reinforced fiber plastic [5], scrap tires [6], and PP-
band, a polypropylene cord used for packing [7]. All of these are expected to be possible due 
to the tensile resistance of the materials. PP-band has already been introduced in developing 
regions because the materials are readily available worldwide, and the construction is easy. 

All of the above methods require reinforcement. In contrast, one method that does not re-
quire reinforcement is the use of interlocking blocks/bricks [8][9][10]. This reinforcement 
method is expected to have higher seismic performance than conventional masonry walls, 
simply by using interlocking blocks/bricks without using reinforcement materials. However, 
experimental and numerical verification of reinforcement methods using interlocking 
blocks/bricks are still limited. 

Based on the above, this study compares the result of the static loading test and dynamic 
analysis of masonry walls consisting of rectangular bricks and interlocking bricks and dis-
cusses the performance of interlocking bricks. In the dynamic analysis, this study used the 
refined DEM (distinct element method) [11] rather than the conventional FEM (finite element 
method) [12].  

The FEM is the most common numerical analysis method. It has been used for the analysis 
of masonry structures [10][12][13][14]. The FEM can deal with both elastic and plastic be-
haviors, but it has difficulty solving failure and collapse phenomena since it is based on the 
mechanics of the continuum. A method based on the mechanics of the dis-continuum is more 
suitable for analyzing failure and collapse phenomena. An example of a numerical method for 
a dis-continuum is the DEM [15]. However, the DEM also has disadvantages in that the 
spring constant cannot be determined from the material properties, and the values need to be 
quantified experimentally [16][17]. Therefore, the reliability of the results is not high. As an 
alternative, the present paper uses a refined DEM [11][18], where the spring constant of each 
spring is theoretically determinable. Using the refined DEM, this paper simulates the dynamic 
behavior of masonry walls consisting of rectangular and interlocking bricks. 

2 STATIC LOADING TEST 

2.1 Overview 
A static loading test of two rectangular brick walls and two interlocking brick walls was 

conducted to investigate the performance of the interlocking bricks against rectangular bricks.  

2.2 Rectangular and interlocking masonry walls 
Masonry structures are generally constructed by stacking rectangular bricks, as shown in 

Fig. 1(a). Failure generally occurs and propagates at joints in rectangular brick walls. When a 
joint fails, the joint loses resistance other than frictional force and becomes very vulnerable, 
as shown in Fig. 1(a). 
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In order to improve the bearing capacity of masonry structures, the use of interlocking 
bricks has been studied. Assuming that the bricks do not fracture, even if the fracture occurs 
at joints, the interlocking generates resistant force in addition to friction force, as shown in 
Fig. 1(b). This resistant force may improve the overall bearing capacity of the masonry struc-
ture. 

2.3 Masonry wall test specimen 
This study considered four types of masonry walls, shown in Fig. 2. Three samples are 

made for each type. The width, height, and depth of each masonry wall are shown in Table 1. 
The four types of masonry walls were set to be as close to a square as possible, and the length 
of one side was as equal as possible. Most of the mortar thickness was 10 mm. However, to 
keep the masonry walls close to squares, the horizontal joint width was set to 7 mm for the 
rectangular type 1 and 8 mm for the interlocking types 1 and 2.  

Figure 3 shows the dimension of bricks stacked in each type of masonry wall. As shown 
in Fig. 2, the bricks at the left and right ends of the odd-numbered rows were cut in half. The 
fabrication errors of several millimeters were observed in the bricks and mortar thickness. 

Table 2 shows the material properties and strength obtained by element tests. All ele-
mental tests were conducted three times, and the values were averaged. 

 

    
 (a)Rectangular brick wall      (b)Interlocking brick wall 

Figure 1: Rectangular and interlocking brick walls 
 

 
 

Table 1: Dimension of masonry walls (unit: mm) 
 

Name Width Height Depth 
Rectangular 

type 1 590 596 100 

Rectangular 
type 2 590 590 100 

Interlocking 
type 1 590 588 100 

Interlocking 
type 2 590 588 100 

 

       
(a) Rectangular type 1        (b) Rectangular type 2          (c) Interlocking type 1       (d) Interlocking type 2 

Figure 2: Photographs of masonry walls 
 
 

      
(a) Rectangular type 1         (b) Rectangular type 2         (c) Interlocking type 1        (d) Interlocking type 2 

Figure 3: Dimensions of bricks (unit: mm, depth: 10mm) 
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Table 2: Material properties and strength obtained by element test 
 

(a) Brick and mortar 

 
Young’s 
modulus 
(N/m2) 

Poisson’s 
ratio 

Compressive 
strength 
(N/m2) 

Tensile 
strength 
(N/m2) 

Brick (rectangular type 1) 2.04×1010 0.33 2.41×107 8.84×106 
Brick (except rectangular 

type 1) 1.69×1010 — 1.69×107 8.92×106 

Mortar 8.00×108 0.18 1.69×107 1.28×106 
 

(b) Interface between bricks and mortar 
Tensile strength (N/m2) Bond strength (N/m2) Friction coefficient  

9.69×105 1.68×105 1.25 
 

 

Loading 

Fixed 

 
Figure 4: Loading condition 

 
 
 

                
(a) Rectangular type 1          (b) Rectangular type 2        (c) Interlocking type 1       (d) Interlocking type 2 

Figure 5: Photographs of masonry walls during loading 
 
 

    
(a) Rectangular type 1        (b) Rectangular type 2         (c) Interlocking type 1        (d) Interlocking type 2 

Figure 6: Photographs of masonry walls after loading 
 
 

2.4 Loading method 
Static loading tests were conducted on the four types of masonry wall test specimens. Three 

specimens of each of the four types were tested. As shown in Fig. 4, M-shaped jigs were at-
tached to the upper and lower loading plates of the universal material testing machine, and the 
specimen was placed between the jigs. 
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Figure 7: Load-displacement relationship 
 

2.5 Result (Failure pattern) 
Three tests were conducted on each of the four different masonry wall models. Photo-

graphs of the test specimen during loading are shown in Fig. 5. Photographs of the test speci-
men after loading are shown in Fig. 6.  

In the case of rectangular type 1, the fracture developed on the brick/mortar interface in a 
stair-step manner. The failure did not occur inside the brick. However, the entire wall col-
lapsed due to the propagation of a fracture on the brick/mortar interface. 

In the case of rectangular type 2, the failure propagated in a stair-step manner. Three bricks, 
one on the bottom and two on the top, got fractured inside the bricks, and the others got frac-
tured in a stair-step manner at the brick/mortar interface (red line). The failure surfaces oc-
curred in the loading direction that connects the upper and lower loading points. 

In interlocking types 1 and 2, the failure surface occurred in the loading direction, connect-
ing the upper and lower loading points. The failure occurred at the brick/mortar interface and 
inside the brick. 

2.6 Result (Load-displacement relationship) 
The load-displacement relationship is shown in Fig. 7. Three specimens were tested for 

each type of masonry wall model, shown in the same color. 
The three test specimens for the same type have almost the same slope of the load-

displacement relationships but different maximum loads. The variation in the maximum load 
was probably caused by variations in the strength of the bricks and mortar, variations in the 
strength of the brick-mortar interface, and variations in the setting of the test apparatus.  

The maximum load of both interlocking types is smaller than that of both rectangular types.  

2.7 Discussion 
In the case of the rectangular types, the failure surface mainly developed on the 

brick/mortar interface. In the case of the interlocking types, the failure surface developed in 
bricks and on the brick/mortar interface.  

The maximum load tended to be lower for the interlocking types than for the rectangular 
types. The reason for the lower maximum loads in the interlocking types is assumed to be the 
stress concentration in the bricks in the interlocking area, which facilitates failure. 
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3 DYNAMIC ANALYSIS 

3.1 Overview 
Next, the dynamic analysis of the two rectangular brick walls and two interlocking brick 

walls is performed by the refined DEM to investigate the performance of the interlocking 
brick walls over the rectangular brick walls. 

3.2 Refined DEM 
This study employs a refined DEM [11] to simulate a series of structural dynamic behav-

iors from elastic to failure to collapse phenomena. A structure is modeled as an assembly of 
rigid elements, and interaction between the elements is modeled with multiple springs and 
dashpots attached to the elements' surfaces. The elements are rigid, but the method allows the 
simulation of structural deformation by allowing penetration between elements. 

Fig. 8 (a) shows a spring for computing the restoring force (restoring spring), which mod-
els the elasticity of elements. The restoring spring is set between continuous elements. Struc-
tural failure is modeled as the breakage of the restoring spring, at which time the restoring 
spring is replaced with a contact spring and a contact dashpot (Fig. 8 (b)). Fig. 8 (b) shows the 
spring and dashpot for computing the contact force (contact spring and dashpot) and modeling 
the contact, separation, and recontact between elements. The dashpots are introduced to ex-
press energy dissipation due to the contact. Structural collapse behavior is obtained using 
these springs and dashpots. The elements shown in Figs. 8 (a) and (b) are rectangular parallel-
epipeds, but the method does not limit the geometry of the elements. 

The surface of an element is divided into small segments, as shown in Fig. 8 (c). The 
segment in the figure is rectangular, but the method does not limit the geometry of the seg-
ment. The black points indicate the representative point of each segment, and the relative dis-
placement or contact displacement between elements is computed for these points. Such 
points are referred to as contact points or master points in this study. One restoring spring and 
one combination of contact spring and dashpot are attached to one segment (Fig. 8 (d)) at each 
of the representative points in Fig. 8 (c). The spring constant for each segment is derived 
based on the stress-strain relationship of the material and the segment area. 

The behavior of an element consists of translational and rotational behaviors. Each ele-
ment's translational and rotational behaviors are computed explicitly by solving Newton’s law 
of motion and Euler’s equation of motion. Forces acting on each element are obtained by 
summing the restoring force, contact force, and other external forces, such as the gravitational 
force and the earthquake’s inertial force.  

3.3 Analytical model 
The analytical model is shown in Fig. 9. A 70 kg weight is placed on the top of each ma-

sonry wall. Figure 10 shows how the brick is modeled in each type of masonry wall. Each 
brick consists of smaller rectangular elements to account for brick failure. The failure of brick 
occurs between the element boundary. The failure of mortar occurs between bricks. Figure 11 
shows the arrangement of bricks in each model.  

The material properties of the rectangular brick type 1 and the material properties of mor-
tar shown in Table 2(a) are used in the analysis. In order to investigate the effect of interlock-
ing mechanisms on the dynamic response, the same material properties of bricks and mortar 
are used for all the masonry wall models. 

As for damping, mass-proportional damping was assumed, and the damping constant was 
set to 0.03 for the first mode. 
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(a) Restoring spring 

 
(b) Contact spring/dashpot 

 
(c) Segments and 

contact points 
 

(d) Multiple springs/dashpots 
Figure 8: Basic concept of the analysis method [11] 

 

                                  
Figure 9: Numerical model                                  Figure 12: Input acceleration  

 

                                           
(a) Rectangular type 1          (b) Rectangular type 2        (c) Interlocking type 1       (d) Interlocking type 2 

Figure10: Brick model 
 

                        
(a) Rectangular type 1          (b) Rectangular type 2        (c) Interlocking type 1       (d) Interlocking type 2 

Figure 11: Masonry wall model 
 

    
Figure 13: Dynamic behavior of rectangular type 1 (0.22s, 0.23s, 0.24s, 0.25s, 0.26s, 1.0s, from the left) 

 

 
Figure 14: Dynamic behavior of rectangular type 2 (0.26s, 0.27s, 0.28s, 0.29s, 0.30s, 1.0s, from the left) 
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3.4 Input acceleration 
The first mode natural frequency of the analytical model in the in-plane direction was 

found to be 11.328 Hz through the dynamic analysis of the free vibration. Therefore, three 
cycles of a sine wave with an amplitude of 2000 gal and a frequency of 11.328 Hz, as shown 
in Fig.12, were input as ground acceleration in the in-plane direction.  

3.5 Result 
The process of failure propagation during dynamic loading is shown in Figs. 13-16. The 

failure location after the dynamic loading is shown in Fig. 17. The red lines indicate where the 
tensile failure occurred.  

In the case of rectangular type 1 (Fig. 13), the failure occurred at 0.23 s at the brick/mortar 
interface between the lowest and the second lowest bricks on the right side and propagated in 
the left direction. The failure progressed along the horizontal joints and completely penetrated 
at 0.24 s. As shown in Fig.17(a), the failure only occurred at the brick/mortar interface, and no 
failure occurred inside the brick. 

In the case of rectangular type 2 (Fig. 14), the failure occurred at 0.27 s at the brick/mortar 
interface between the lowest and the second lowest bricks on the left side. The failure propa-
gated along the horizontal joints and completely penetrated at 0.29 s. As shown in Fig.17(b), 
the failure only occurred at the brick/mortar interface, and no failure occurred inside the brick.  

In the case of interlocking type 1 (Fig. 15), the failure occurred at 0.22 s at the 
brick/mortar interface on the right bottom side. The failure then progressed in the wider range 
compared to rectangular types 1 and 2. As shown in Fig.17(c), the failure occurred at the 
brick/mortar interface and inside the bricks. Even though the failure occurred in the wider 

 
Figure 15: Dynamic behavior of interlocking type 1 (0.21s, 0.22s, 0.23s, 0.24s, 0.25s, 1.0s, from the left) 

 

 
Figure 16: Dynamic behavior of interlocking type 2 (0.26s, 0.27s, 0.28s, 0.29s, 0.30s, 1.0s, from the left) 

 

                           
(a) Rectangular type 1          (b) Rectangular type 2        (c) Interlocking type 1       (d) Interlocking type 2 

Figure 17: Location of failure after dynamic loading 
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range and both the brick/mortar interface and the brick itself got failure, the failure propaga-
tion stopped during the loading, and the failure surface did not penetrate the brick wall. 
 In the case of interlocking type 2 (Fig. 16), the failure occurred at 0.27 s on the 
brick/mortar interface and inside the brick on the left bottom side. Then failure propagated a 
wider range. Even though the failure occurred in the wider range and both the brick/mortar 
interface and the brick itself got failure, the failure propagation stopped during the loading, 
and the failure surface did not penetrate the brick wall, as shown in Fig. 17(d). 
    Interlocking bricks effectively prevented the cracks from penetrating the masonry wall, alt-
hough cracking occurs over a wide area of the masonry wall. The interlocking bricks allowed 
the wall to retain its full shape after the end of the excitation.  

4 CONCLUSIONS 
This study considered using interlocking bricks as a reinforcement measure for masonry 

structures as it does not require extra material and is easy to implement. The effectiveness of 
interlocking bricks instead of regular rectangular bricks is examined by comparing the per-
formance against static loading test and dynamic analysis results using the refined DEM. The 
static loading test compared the failure behavior and the load-displacement relationship of the 
masonry walls. The dynamic analysis compared the collapse behavior of the masonry walls 
against sinusoidal input in the in-plane directions.  

The static loading test found that the failure occurred on the brick/mortar interface in the 
rectangular brick walls, while the failure occurred both on the brick/mortar interface and in-
side bricks in the interlocking brick walls. It was also found that the interlocking brick walls 
have a lower maximum load than the rectangular brick walls. The reason is the stress concen-
tration at the interlocking part. The effectiveness of interlocking bricks over rectangular bricks 
could not be seen in the static loading test. 

The dynamic loading analysis observed that the failure only occurred on the brick/mortar 
interface in the rectangular brick walls. In contrast, the failure occurred in the brick/mortar 
interface and inside bricks in the interlocking walls. The rectangular brick wall underwent a 
horizontal crack that penetrated the entire wall and was divided into two pieces. However, the 
interlocking brick wall suffered cracks in the wider range, but no crack penetration occurred, 
and the wall was never divided into two parts. The effectiveness of interlocking bricks over 
rectangular bricks could be seen in the dynamic analysis. 
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