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Abstract 

There are many historic masonry buildings worldwide. Some types of masonry buildings have 
particularly low earthquake resistance. Such structures collapse even at low-ground motion 
intensities and rapidly at high intensities. Therefore, improving the earthquake resistance of 
these primarily weak masonry buildings is necessary to prevent their damage and leave them 
for posterity. However, knowledge is still limited on how the failure begins and proceeds, how 
buildings collapse, and how earthquake resistance can be improved effectively. With this 
background, this study aims to investigate the seismic behaviors of masonry buildings and 
compare the effectiveness of reinforcement measures by numerical simulations. 
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1 INTRODUCTION 
There are many historic masonry buildings worldwide. Due to their low earthquake re-

sistance [1], they get damaged even at low intensities of ground motion and collapse rapidly 
at high intensities [2][3][4]. Therefore, improving the earthquake resistance of these primarily 
weak masonry buildings is necessary to prevent their damage and leave them for posterity. 
However, knowledge is still limited on how the failure begins and proceeds, how buildings 
collapse, and how earthquake resistance can be improved effectively. With this background, 
this study aims to investigate the seismic performance of masonry buildings and compare the 
effectiveness of reinforcement measures by numerical simulations.  

The finite element method (FEM) is the most common numerical analysis method. It has 
been used for the analysis of masonry structures [5][6][7][8]. The FEM can deal with both 
elastic and plastic behaviors, 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 distinct element method (DEM) [9]. However, 
the DEM also has disadvantages. A way of determining the spring constant from the material 
properties has not been established in the DEM, and the values need to be quantified experi-
mentally [10][11]. Therefore, the reliability of the results is not high.  

As an alternative, the present paper uses a refined DEM [12][13], which simulates a series 
of seismic behaviors in three-dimension—from elastic to failure to collapse behaviors. This 
method still cannot handle Poisson’s effect like the original DEM, but unlike the original 
DEM, the spring constant of each spring is theoretically determinable. Using the refined DEM, 
this paper simulates the seismic behavior of historical masonry buildings and compares the 
performances of reinforcement measures. 

2 REFINED DEM 
This study employs a refined DEM [12] 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. 1 (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. 1 (b)). Fig. 1 (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. 1 (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. 1 (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. 1 (d)) at each 
of the representative points in Fig. 1 (c). The spring constant for each segment is derived 
based on the stress-strain relationship of the material and the segment area. 
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(a) Masonry structure 
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(b) Analytical model 

Figure 2 Analytical modeling 
of masonry structures 

Table 1 Material properties 
Variable Adobe brick Mortar Wood FRP 

Mass density (kg/m3) 1.8 × 103 1.8 × 103 7.0 × 102 1.8 × 103 
Young’s modulus (N/m2) 9.8 × 107 9.8 × 107 6.3 × 108 2.5 × 1010 

Poisson’s ratio 0.25 0.25 0.3 0.3 
 

Table 2 Strength of mortar, wood, and FRP 
Variable Mortar Wood FRP 

Tensile strength ft (N/m2) 4.6 × 103 1.1 × 107 1.27 × 105 
Shear strength c (N/m2) 2.9 × 103 9.0 × 106 3.04 × 104 

Friction angle φ 32° 0° 32° used 
Compressive strength (N/m2) 4.9 × 105 4.5 × 107 4.9 × 105 

 

 
 

     
(a)Non-reinforced model (b)Reinforced model 

with timbers (T1) 
(c)Reinforced model 
with timbers (T2) 

(d) Reinforced model 
with FRP strips (F1, F3) 

(e) Reinforced model  
with FRP strips (F2, F4) 

Figure 3 Analytical masonry wall models 
 

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 ANALYSIS OF MASONRY WALL 

3.1 Modeling Strategy of Masonry 
In this study, individual components of the masonry structure shown in Fig. 2 (a) (i.e., 

brick and mortar joints) are modeled as shown in Fig. 2 (b). The bricks are modeled with rigid 
elements, and the mortar joint between elements is modeled with multiple springs and dash-
pots. The size of one element is the sum of the brick size and mortar thickness. The multiple 
springs and dashpots interact with the surfaces of adjacent elements. The elements are mod-
eled with rigid rectangular parallelepipeds. Faces surrounding the elements are divided into 
segments. The size of the segments is set to 1/4 of the shortest edge length, according to a past 
study [12]. 

    
(a) Restoring spring (b) Contact spring and dashpot (c) Segments and 

contact points 
(d) Multiple springs and 

multiple dashpots 
Figure 1: Basic concept of the analysis method [12] 

Time histories of these elements are computed at these points. 

x 
y 

z 
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3.2 Analytical Masonry Wall Models 
As shown in Fig. 3, one masonry wall model without reinforcement, 2 reinforcement 

models with timbers, and 4 reinforcement models with FRP strips were considered. The direc-
tions (x, y, z) are also shown in Fig. 3(a). Reinforcement using timbers is frequently used 
where timber materials are easily available at a reasonable price. The reinforcement using 
FRP strips is recently gathered much attention due to its high performance. 

The non-reinforced model has a width of 5m, a height of 2.4m, and a thickness of 0.2m. The 
walls are mainly composed of bricks with dimensions of 0.2 m × 0.1 cm × 0.1 m. There are 
mortar joints with a thickness of 0.01 m between the bricks. 

There are two reinforced models using timbers. Model T1 has two vertical columns and one 
horizontal beam on the top, and the reinforcement is one-sided. Model T2 has an additional hori-
zontal beam in the middle height of the wall. Both columns and beams have 0.2m width and 
0.1m thickness and are divided into many elements of 0.2m length to express the deformation 
and breakage. Therefore, the size of timber elements is 0.2 m × 0.1 cm × 0.1 m. 

Four reinforced models use FRP strips. Model F1 is a one-sided reinforcement model with 
two vertical strips and one horizontal strip on the top. Model F2 is a model with an additional 
horizontal strip in the middle height of the wall. Model F3 has a reinforcement of F1 on both 
sides of the wall. Model F4 has a reinforcement of F2 on both sides of the wall. The FRP strips 
have 0.2m width and 0.02m thickness and are divided into many elements of 0.2m length to 
express the deformation and breakage. Therefore, the size of FRP elements is 0.2 m × 0.02 cm 
× 0.1 m. 

3.3 Material Properties and Strength 
Table 1 presents the material properties. The mass density and Young’s modulus of adobe 

bricks are chosen based on experimental results for adobe bricks [14]. The mass density and 
Young’s modulus of the mortar are assumed to be the same as those for the adobe bricks. The 
material properties of the timber and FRP elements are listed in Table 1. 

Ghannand et al. [14] conducted a laboratory experiment to measure the strength of the 
adobe bricks used in rural regions in Iran. The results are shown in Table 2. Since the friction 
angle was not given, the value of a damaged adobe building during a reconnaissance survey 
of the Bam earthquake in Iran [3] is used. 

General values shown in Table 2 are used for the timber and FRP elements. 

3.4 Input Ground Motion 
The Building and Housing Research Center in Iran recorded the main shock of the Bam 

earthquake [2]. The maximum accelerations of the two horizontal (T, L) and vertical (V) com-
ponents of the earthquake after correction were 6.23 m/s2 (T), 7.78 m/s2 (L), and 9.80 m/s2 (V) 
(Figs. 4 (a)–(c)). The direction of the accelerometer for the L component is N278E. The verti-
cal component is very large. For the horizontal components, the peak ground acceleration of 
the L component is greater than that of the T component. The T, L, and V components are in-
put in the x, y, and z directions.  

         
(a) T componentt                                (b) L component                                      (c) V component 

Figure 4 Time histories of input ground motion 
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3.5 Seismic Behavior of Masonry Wall Models 
The seismic behavior is shown in Fig. 5. The non-reinforced model vibrated in the out-of-

plane direction, a horizontal crack was generated at the middle height, and the wall fell.  
Both reinforced models with timbers (T1, T2) successfully prevented the collapse, but di-

agonal cracks can be seen in the wall. 
Two single-sided reinforced models with FRP strips (F1, F2) could not prevent the wall 

from falling. On the contrary, double-sided reinforced models with FRP strips (F3, F4) did 
not fall. This outcome does not mean that reinforcement from both sides is always necessary. 
In the case of the building, walls are connected with the adjacent walls, reducing the walls' 
out-of-plane deformation. In this case, the single-sided reinforcement is sufficient to prevent 
the wall from collapsing. T1 and T2 are also single-sided reinforced models, but the timbers 
are thicker than FRP strips, which may be why the T1 and T2 models did not fall. No clear 
difference can be seen between models T1 and T2, F1 and F2, and F3 and F4. This outcome 
indicates that one horizontal timber or FRP strip is sufficient for this model. 

 

 
(a) Non-reinforced model (Front view) 

 
(b)Reinforced model with timbers (T1) 

(left: front view, right: rear view) 

 
(c)Reinforced model with timbers (T2) 

(left: front view, right: rear view) 

 
(d) Single-sided reinforced model with FRP strips (F1) 

   
(e) Single-sided reinforced model with FRP strips (F2) 

  
(f) Double-sided reinforced   (g) Double-sided reinforced 

model with FRP strips (F3)  model with FRP strips (F4) 
Figure 5 Seismic behavior of masonry wall models 

 
(a) Non-reinforced model 

 
(b) Reinforced model with timbers (T1) 

 
(c) Reinforced model with timbers (T2) 

 
(d) Single-sided reinforced model with FRP strips (F1) 

 
(e) Single-sided reinforced model with FRP strips (F2) 

 
(f) Double-sided reinforced model with FRP strips (F3) 

 
(g) Double-sided reinforced model with FRP strips (F4) 

Figure 6 Displacement history of masonry walls  
(left: x-direction, right: y-direction) 
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3.6 Displacement History of Masonry Wall Models 
Next, displacement histories at two points (shown in Fig.3(a)) are compared. Fig. 6 shows 

the displacement history in the x- and y-direction. From the comparison among Figs. 6(a), (d), 
and (e), it is found that reinforced models F1 and F2 collapsed earlier than the non-reinforced 
model. The reason for this is considered as follows. The non-reinforced model moves in both 
directions during vibration. However, the single-sided reinforced models tend to move in a 
single direction and start tilting earlier than the non-reinforced model. The analyzed model is 
a single wall with thin FRP strips, which may be why the FRP strips could not prevent the 
wall from falling down. Even though the wall fell, the effect of FRP strips can be seen. At 
least, the single-sided FRP reinforcement could prevent the wall from scattering. The dis-
placements of F3 and F4 are much smaller than those of T1 and T2 (Fig.6 (b)(c)(f)(g)). The 
FRP is stiffer and largely reduces the deformation than the timbers so that fewer cracks can be 
seen in F3 and F4 compared to T1 and T2. The models with one and two horizontal reinforc-
ing elements showed almost the same displacement level.  

4 ANALYSIS OF MASONRY BUILDINGS 

4.1 Analytical Models 
Fig. 7 illustrates the masonry building model with a flat roof made of wooden beams. The 

direction (x, y, z) is also shown in Fig. 7. The walls facing the y direction support the roof, so 
these walls are referred to as bearing walls, and the other two walls are referred to as nonbear-
ing walls. The external width of the building is 5.4 m × 3.4 m. The internal width is 5.0 m × 3.0 
m. The height of the walls is 2.4 m. The depth of the walls is 0.2 m. The walls are composed of 
bricks with dimensions of 0.2 m × 0.1 cm × 0.1 m. There are mortar joints with a thickness of 
0.01 m between the bricks.  

One bearing wall has a door and a window opening. The size of the door is 1.2 m (width) × 
2.0 m (height). The size of the window is 1.0 m × 1.0 m and the height of the lower side of the 
window is 1.0 m. There are wooden beams above the openings that support the elements 
above the openings. The dimensions of the beams above the openings are 0.2 m × 0.1 m × 1.4 
m (in length). These beams are divided into segments with a length of 0.2 m  to express their 
deformation and separation. The roof consists of 27 beams that run in the y direction. The 
beams' dimensions are 0.2 m × 0.2 m × 3.4 m (in length). These roof beams are divided into 
segments with a length of 0.2 m to express their deformation and separation. The roof beams 
rest on the walls, and there are mortar joints between the beams and walls.  
In this section, the L, T, and V components are input in the x, y, and z directions.  

4.2 Seismic Behavior of Non-Reinforced Model 
The seismic behavior is shown in Fig. 8. The elements with a red area mean that the ten-

sile failure occurred in this area. Only tensile failure occurred, and neither shear nor compres-
sive failure could be seen. The diagonal cracks can be seen around the wall and door openings. 
The structure collapsed in the y-direction due to the out-of-plane deformation of the bearing 
walls. The seismic behavior is summarized as follows. Diagonal and horizontal cracks in the 
bearing wall with openings are generated at 2.0 s. Vertical cracks in the bearing wall were 
generated before 3.6 s. The bearing wall then deformed in the out-of-plane direction at 6.0 s 
and fell in this direction. The roof collapsed with the failure of the bearing wall with the open-
ings. 
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Figure 7 Analytical masonry building models 

    
(a) front view     (b) rear view 

Figure 9 Analytical model of reinforced building 

 
Figure 8 Seismic behavior of non-reinforced building 

 
Figure 10 Seismic behavior of reinforced building  with timbers 

 
Figure 11 Seismic behavior of reinforced building with FRP strips 

4.3 Reinforced Models 
Two reinforced models with timbers and FRP strips are considered, as shown in Fig.9. 

Each bearing wall is reinforced with 6 vertical and 1 horizontal timbers or FRP strips. The 
vertical columns in the edge and horizontal beams have a width of 0.2m. The other columns 
have a width of 0.1m. The thickness of all timber columns and beams is 0.1m. The FRP strips 
have the same width as the timbers but have a thickness of 0.02m. Reinforcement was done 
inside the structure not to ruin the value of a historic structure. 

4.4 Seismic Behavior of Reinforced Models 
The seismic behaviors of the reinforced models are shown in Figs. 10 and 11. Both rein-

forced models did not collapse. The tensile failure occurred in both models, but the reinforced 
model with timbers has clearer diagonal cracks in the walls than the reinforced model with 
FRP strips since the FRP has a larger stiffness.  

5 CONCLUSIONS 
The seismic behavior of masonry walls and building models are analyzed, and the effec-

tiveness of the reinforcement measures using timbers and FRP strips are compared. Since the 
FRP strips have larger stiffness than the timbers, FRP strips reduced the structural defor-
mation and the number of cracks more effectively than the timbers. 
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