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ABSTRACT: To study the reinforcing effect of prefabricated concrete walls on masonry 

structures, a series of shaking table tests were conducted on an unreinforced masonry 

structure and a reinforced masonry structure. The geometry scale of the test model was 

1:4, and the amplitudes of acceleration were from 0.088g to 0.55g. The failure mode of 

the structure was determined, and the proportion of shear force resisted by the masonry 

walls were evaluated. The results such as acceleration, dynamic characteristics and failure 

mechanism are discussed in this paper. Results showed that the structural stiffness of the 

masonry structure declined under severe earthquakes, which would lead to collapse. The 

failure load of the masonry structure was 0.55g, while the reinforced masonry structure 

showed little nonlinear charectristic when 0.55g acceleration applied. Several X shape 

cracks in walls between windows of the unreinforced masonry structure were found after 

loading, while few cracks were found in the reinforced masonry structure. The shear 

force resisted by the masonry walls was between 30% and 75% of the base shear force in 

the reinforced masonry structure. It was demonstrated that when the masonry structure 

was bonded with prefabricated concrete walls, the structure showed improved earthquake 

performance. 

1 INTRODUCTION 

Masonry structures have many advantages such as low cost and accessibility to materials, so have 

been widely for decades. But these structures have experienced intensive damage during earthquakes. 

Severe damage of masonry walls can result in collapse of these structures. Hence it is necessary to 

carry out seismic strengthening on these structures. Because of the lower cost and durability, an 

externally bonded prefabricated concrete wall technique is one of the most profitable retrofitting 

methods. 

The overall performance of masonry structures is significantly influenced by masonry walls as they 

are the load bearing components. To access the overall seismic characteristics of such structures, it is 

neccesary to study the seismic behaviour experimentally. However, due to difficulties of full-scale 

testing such as space, reduced-scale testing can be applied (Shedid 2009, Kasparik 2012). And 

different scale factors should be used to simulate the dynamic response of real structures (Sabnis 

1999). 

In recent years, the research on the reinforcement techniques of masonry structures has been gradually 

increased. Mojiri et al. investigated different energy components of masonry walls dissipated by shake 
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table, and obtained displacement ductility levels (Mojiri 2014). Wight et al. studied the performance of 

post-tensioned concrete masonry walls. Results show that residual strains are low because tendons 

absorb energy in post-tensioned masonry structures (Wight 2007). Koutromanos et al. studied a scaled 

prototype of a RC frame with masonry infill on a shake table. The effect of ECC material on the 

seismic performance of the structure was investigated (Koutromanos 2013). Ren et al. studied the 

reinforcement effect of reinforced concrete wall on a masonry structure. It was concluded that the 

seismic performance of the structure is improved (Xiaosong 2010). Liu et al. reviewed the method of 

seismic strengthening of multi-story masonry building (Wei 2006). 

While the behaviour of the main components in reinforced masonry structures has been extensively 

studied, there are few reports available in the literature on the overall performance of masonry 

structures reinforced by externally bonded prefabricated concrete walls. This paper describes 

observations and results of shaking table tests on two masonry structures; one of them strengthened by 

prefabricated concrete walls, whilst the other was unreinforced. 

2 EXPERIMENTAL PROGRAMME 

2.1 Test setup 

Shaking table tests on the 1:4 scaled structures were conducted at the laboratory of Nanjing Tech 

University. This shaking table can simulate waves up to 50 Hz frequency and also earthquake motions 

up to 1.0 g acceleration. The shaking table is with a dimension of 3.36 m in the X-direction and 

4.86 m in the Y -direction. The maximum amplitude of deck displacement is 120 mm and the 

maximum sustainable load is 150 kN. 

2.2 Construction of specimens 

In this paper, two 1:4 geometrical scaled structures were tested under dynamic loading. One of the 

structures was strengthened by prefabricated concrete walls while the other was unreinforced. 

Geometrical dimensions of reinforced structure and unreinforced structure are shown in Figure 1. The 

structures were approximately 2.1 m in the X-direction, 2.775 m in the Y-direction in plane and 

3.75 m tall. The floor plan for the second floor to the fifth floor was the same, and the first floor with 

only a slight change since it has an entrance door. 

   

(a) Plane view of Model A  (b) Plane view of Model B (c) Elevation view of Model A  

Figure 1. Plan view and elevation view of unreinforced masonry structure (model A) 
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The 1:4 scaled strucutures were constructed by splitting of existing bricks. The structures were 

connected to the shaking table through a prefabricated concrete base. The dimension of the concrete 

base was 2.4 m in the X-direction, the 3 m in Y-direction and 0.3 m tall. The connection of the 

concrete base to the shaking table was prepared using bolts. 

According to the characteristics of the experimental structures and existing test conditions, the 

geometric similarity ratio of the test model is 1:4; the elastic modulus similarity ratio is 1:1, the 

similarity ratio of acceleration is 2.5:1, the mass ratio is 1:40; and the time similarity ratio is 1:3.162. 

Floors in the test structures were prefabricated concrete slab with thickness of 30 mm. Based on 

Model A, model B was constructed by bonding prefabricated concrete walls with thickness of 20 mm 

outside the layout of masonry walls in the A axis and C axis (Fig. 1), a concrete elevator shaft with 

thickness of 50 mm was also added outside the C axis from the first floor to the fifth floor. In model B, 

the pin and the pull bar were used to connect the masonry walls and the prefabricated concrete walls. 

The overall test models were shown in Figure 2 and Figure 3. 

  

Figure 2.Three-dimension view of model A Figure 3. Three-dimension view of model B 

2.3 Data acquisition and instrumentation 

Acceleration sensors and displacement sensors were used to monitor data. Six acceleration sensors 

were used in each test condition, arranged in the concrete base and in the first floor to the fifth floor. 

Five displacement sensors were used in each test condition, arranged in the first to the fifth floor. 

2.4 Loading procedure 

Table 1 shows the input accelerations in the X-direction. The maximum accelerations of 0.088g, 0.25g 

and 0.55g represent seismic hazard levels with 63%, 10%, and 1.2% probability of exceedance in 50 

years, which corresponds to return periods of 50, 475, and 1,600 years, respectively. In this article, 

they were marked as Level 1, Level 2, and Level 3, respectively. And sweep 1, sweep 2, sweep 3 and 

sweep 4 represent white noise sweep conditions, respectively. 



 

4 
 

Table 1. Peak accelerations for the input of model A and model B 

Test Input Maximum acceleration (g) 

Sweep 1 White noise（1Hz-40Hz） 0.05 

Level 1 El Centro、Taft、Shanghai 0.088 

Sweep 2 White noise（1Hz-40Hz） 0.05 

Level 2 El Centro、Taft、Shanghai 0.25 

Sweep 3 White noise（1Hz-40Hz） 0.05 

Level 3 El Centro、Taft、Shanghai 0.55 

Sweep 4 White noise（1Hz-40Hz） 0.05 

3 RESULTS SUMMARY AND DISCUSSION 

3.1 Natural frequency variation 

The frequency and change ratio of each model after test condition were shown in Table 2. It can be 

seen that model A and B are basically in a flexible state under Level 1 input, and the decline degree of 

the basic frequency is relatively small. The basic frequency of model A declined much faster than 

model B under Level 2 input. The basic frequency of model A decreased by 18% while that of model 

B decreased by only 6.5%. The model A basically lost the carrying capacity under Level 3 input, and 

the basic frequency is reduced by 62%. But the model B has a 19.5% reduction in basic frequency 

under Level 3 input and it still has a certain carrying capacity. 

Table 2. Natural frequency of model A and model B 

Test model 

Frequency 

tested in 

Sweep 1 

Sweep 2 Sweep 3 Sweep 4 

Frequency 
Change 

ratio 
Frequency 

Change 

ratio 
Frequency 

Change 

ratio 

Model A 7.94 7.89 99.37% 6.52 82.12% 3.03 38.16% 

Model B 11.86 11.78 99.16% 11.09 93.51% 9.55 80.52% 

3.2 Damping ratio 

Damping ratios of structures were shown in Table 3. It can be seen that the damping ratio of model A 

does not change much under the Level 1 input and was basically kept in the elastic range. It increases 

0.69 times under Level 2 input but it increases 8.98 times under Level 3 input, indicating that the 

masonry structure enters a strong nonlinear state under Level 3. The damping ratio of the model B 

before earthquake input was smaller than model A, and the damping ratio did not obviously change 

when the earthquakes were experienced at Level 1, Level 2, and Level 3 successively. The results 

show that the model B dissipates less seismic energy and has developed less nonlinearity compared 

with model A. 
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Table 3. Damping ratio of model A and model B 

Test model 
Damping tested 

in Sweep 1 

Damping tested 

in Sweep 2 

Damping tested 

in Sweep 3 

Damping tested 

in Sweep 4 

Model A 2.80% 2.28% 4.73% 27.95% 

Model B 1.08% 1.13% 1.66% 3.39% 

3.3 Acceleration Data 

3.3.1 Acceleration Response of Model A 

The maximum values of tested acceleration for model A in the test conditions under each input level 

were shown in Figure 4. After the Level 3 inputed, cracks carried out fast in the masonry walls. It was 

concluded that the tested masonry structure has a risk of collapse. So the test was suspended after he 

input of the El Centro record. It can be seen that the acceleration response under Level 1 input is 

different for each seismic record, in which the response under the artificial wave of Shanghai is the 

largest and under the El-Centro record is the smallest. With the increase of input level, the structural 

acceleration response changes greatly. Comparing the acceleration response of the same record under 

the Level 1 and Level 2 input, it can be seen that the nonlinear degree of the structure is at a lower 

level. Under Level 3 input, the acceleration amplification value was 3.64 for the first floor, 2.35 for the 

second floor and 2.60 for the third floor, compared with Level 2 input, which means it is in strong 

nonlinear state from the first floor to the third floor. 

   

（a）Maximum value of 

acceleration under Level 1 input 

（b）Maximum value of 

acceleration under Level 2 input 

（c）Maximum value of 

acceleration under Level 3 input 

Figure 4. Maximum value of acceleration for Model A 

3.3.2Acceleration Response of Model B 

Figure 5 shows the maximum value of tested acceleration under each test condition for model B. 

Cracks appeared less in the masonry walls under Level 3 input, so all the designed test conditions 

were implemented for model B. It can be seen that the acceleration response under Level 1 input is 

basically magnified floor by floor, and the dispersion degree under each record is different, especially 

when the Level 3 inputted, indicating that the nonlinear degree has a great influence on the dispersion 

of the structural response. It can be seen from the acceleration response of the same record under 

different input level that the trend of response is basically the same. 
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Comparing the accelerations of model A and model B under test conditions, it can be found that the 

acceleration of model B is smaller than that of model A in most cases. 

   

（a）Maximum value of 

acceleration under Level 1 input 

（b）Maximum value of 

acceleration under Level 2 input 

（c）Maximum value of 

acceleration under Level 3 input 

Figure 5. Maximum value of acceleration for Model A 

3.4 Failure mechanism 

3.4.1 Failure mechanism of model A 

It showed in Figure 8 to Figure 10 that under the Level 3 input, a large crack at the B-axis position 

expanded from the masonry walls of the second floor, and the bricks are separated from the 

intersection of the diagonal fissures. Several side bricks are cut and completely disengaged from the 

structure. Cracks continue to expand from the corners of the windows on the A-axis wall and C-axis 

wall in the third floor, and the two corners of the window cracks through the junction from the second 

floor to the third floor, forming a long vertical crack, which indicates significant damage. Horizontal 

cracks extended from the C-axis wall in the fourth floor to the end of the wall, and connecting vertical 

cracks appeared in the 1-axis wall and A-axis wall. Wide diagonal cracks appeared in the four corners 

of the windows along the direction of the gray seam. It can be seen that the structure is very seriously 

damaged and the structure has basically lost the load carrying capacity, after which the test for Model 

A was suspended. 

   

Figure 8.Crack distribution at A-axis 

in the third floor 

Figure 9. Crack distribution at 

B-axis in the second floor 

Figure 10. Crack distribution at 

C-axis in the second floor 

3.4.2 Failure mechanism of model B 

A shaking table test was conducted in the X-direction under Level 1, Level 2 and Level 3 input for 
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Model B, and the structure showed no obvious cracks under all test conditions. It means the Model B 

meet the fortification requirements at the designed earthquake degree. It is shown that compared with 

model A, the bonded prefabricated concrete walls significantly improved the seismic capacity of 

model B. 

4 FEM RESULTS 

In model A and model B, the shear force of masonry walls resisted is compared with the base shear 

force. The results are shown in Figure 11. In model A, the masonry walls resisted all seismic shear 

force, because the masonry walls are the main components. While in model B, the shear force of the 

masonry walls resisted in the first floor was between 30 percent and 75 percent compared with the 

base shear force. And the bonded prefabricated concrete walls, which achieved the initial purpose of 

reinforcement, resisted a lot of shear force. Usually the total shear force of the structure will increase 

with the increase of the total mass and rigidity after reinforcement. But the seismic shear force resisted 

by the masonry walls is much lower than that before reinforcement in this article. 

 

Figure 11. Seismic shear force of models 

5 SUMMARY AND CONCLUSIONS 

Through the shaking table test, this paper makes a comparative study on the seismic response of the 

masonry structure and the masonry structure reinforced by prefabricated concrete walls, and draws the 

following conclusions: 

1) The natural period of the reinforced masonry structure was reduced compared with the masonry 

structure, which means the structure was strengthened with the prefabricated reinforced concrete walls. 

And the overall stiffness improved effectively, inducing improved seismic performance. 

2) The damping ratio of unreinforced masonry structure increases after Level 1 inputed, indicating a 

certain degree of damage appeared in the unreinforced masonry structure. The damping ratio did not 

change significantly after Level 1 for the reinforced masonry structure, indicating that the reinforced 

masonry structure kept at flexibility state. 

3) After the Level 3 inputed, the rigidity of masonry structure obviously decreased and then cracks 

expanded, indicating a basically lost carrying capacity. The reinforced masonry structure showed few 

cracks and the stiffness shows tiny decrease, indicating that the reinforced masonry structure 

performed an improved seismic performance. 
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4) It was found by numerical simulation that the total shear force resisted by the structure increased 

after the masonry structure was reinforced. But the seismic shear force resisted by the masonry walls 

was significantly reduced compared with the unreinforced masonry structure. The shear force in the 

first floor was between 30 percent and 75 percent compared with the base shear force of reinforced 

masonry structure. 
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