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Abstract: Multi-storey unreinforced masonry structures have been widely used as residential 9 

building structures in China during the decade of 1970-1980. Recent earthquake events have shown 10 

that these buildings may exhibit severe damages due to their relatively brittle seismic resistance 11 

mechanism. The use of ultra-high ductile cementitious composites (UHDCC) layers can be an 12 

attractive minimal-disturbance strengthening option for masonry structures resulting in low 13 

intervention costs and quick construction. UHDCC is a high-performance engineered cementitious 14 

composite that offers a tensile strain capacity higher than 5%, thus significantly improving the low 15 

tensile strength and ductility of the masonry wall. To investigate the seismic behavior of UHDCC-16 

strengthened masonry structures, shaking table tests were carried out on two three-dimensional 5-17 

storey masonry structures including a conventional test structure (CS) and a strengthened test 18 

structure (SS). The results show that the proposed strengthening method can effectively improve the 19 

seismic performance of multi-storey unreinforced masonry structures due to the excellent cohesion 20 

achieved between the existing masonry walls and the UHDCC external strengthening layers. The 21 



 

 

strengthened method changes the damage state of masonry structures from shear failure to a more 22 

ductile failure, and the strengthened masonry walls can exhibit a multi-cracking response. The initial 23 

natural period of the SS specimen was found 0.58 times that of the CS specimen. The base shear and 24 

maximum roof drift of the SS specimen are 4.8 and 3.4 times that of the CS model, respectively. This 25 

study provides reference results for the application of UHDCC layers to strengthen multi-storey 26 

unreinforced masonry structures.  27 

Keyword: unreinforced masonry structure; ultra-high ductile cementitious composites; shaking table 28 

testing; seismic strengthening; multi-cracking 29 

 30 

1. Introduction 31 

Multi-storey unreinforced masonry structures were widely used as residential building 32 

structures in China during the decade 1970-1980. According to statistics, currently there are about 33 

50,000 residential masonry buildings only in Shanghai City that cover an area of 130 million m2. 34 

Because of several economical and historical reasons, masonry structures in China appear to have the 35 

following weaknesses: a) most of them have not been designed adequately against earthquakes, for 36 

instance reinforced concrete (RC) tie column or RC tie beams have not been considered in the 37 

original design, while some of the structures were designed ignoring seismic loads completely; b) the 38 

material strength of the structural system is generally very low. The strength of masonry mortar may 39 

not be higher than 2.5MPa; c) large openings have been constructed in the walls of the longitudinal 40 

direction of the buildings for daylighting purposes while precast RC panels with no effective 41 

anchorage were used as floors. Both of these construction practices lead in a poor structural integrity 42 



 

 

and lateral resistance. Because of the above reasons, earthquake events [1-4] have shown that multi-43 

storey unreinforced masonry structures may suffer severe damages, including collapse, resulting in 44 

huge economic losses and casualties. The large number of such structures, particularly in the 45 

downtown area of Shanghai, makes their demolition or deconstruction very expensive and authorities 46 

often prefer to bring the existing structures stock to higher safety standards through low-cost, quick 47 

and minimal-disturbance strengthening solutions.  48 

Various seismic strengthening technologies have been investigated and developed to improve 49 

the seismic performance of masonry structures so far. Surface treatment, including ferrocement, 50 

reinforced plaster and shotcrete [5][6][7], are widely used. The effectiveness of these methods has 51 

been validated. Although these strengthened methods are low-cost solutions and can be applied by 52 

unskilled labor, they require bonding a new material layer with thickness of more than 60 mm to the 53 

existing masonry walls. Such layers may increase structural weight significantly and reduce living 54 

space, while they take a quite long time to construct them [8][9]. External bonded fiber reinforced 55 

polymer (FRP) strips or laminates [10][11] is an alternative conventional method to strengthen 56 

masonry structures. FRP materials are light and can effectively improve the in-plane and out-of-plane 57 

lateral capacity of masonry structures while they are relatively easy to implement them in practice. 58 

However, FRP materials exhibit some disadvantages, such as poor ductility, and weak anchorage or 59 

bonding, which may cause brittle behavior and debonding defects. 60 

In recent years, engineered cementitious composites (ECC) have been developed which can be 61 

obtained through a reasonable design of the matrix, fiber, and interface properties of the cementitious 62 

composites [12], and are characterized by multi-cracking behaviour and high strain-hardening 63 



 

 

performance [13][14]. Compared to the traditional strengthening materials (e.g. concrete, steel strip, 64 

FRP), ECC have lower elastic modulus and higher ductility under tension and shear, while their 65 

ultimate tensile strain can reach 0.5% ~ 3.0%. Based on the above advantageous mechanical 66 

properties, ECC were developed as an externally bonded material for strengthening masonry walls. 67 

The investigations showed that the ECC strengthening method can significantly improve the in-plane 68 

stiffness, lateral capacity, and ductility of masonry walls [15-17]. Moreover, the use of ECC to 69 

improve the out-of-plane behavior and load-carrying capacity of masonry walls has also been 70 

confirmed [18][19]. Deng et al. [20][21] developed a new type of ECC material, named high-71 

ductility concrete (HDC), to strengthen masonry walls. The new composite material has been 72 

validated in a two-storey masonry structure through quasi-static and shaking table tests which 73 

demonstrated that the strengthened masonry structure may exhibit a better seismic performance. 74 

However, the strengthened low-rise masonry structure shows slight rocking behavior, which will be 75 

more significant in multi-storey masonry structures, which may lead to overall overturning failure of 76 

multi-storey masonry structures. Therefore, the effectiveness of using ECC to strengthen multi-storey 77 

unreinforced masonry structures remains to be investigated. 78 

Yu et al. [22][24] developed a new-type of ECC that offers a superior tensile strain capacity (i.e., 79 

more than 5%), called ultra-high ductile cementitious composites (UHDCC). Experimental and 80 

analysis results showed that UHDCC can effectively strengthen reinforced concrete structures 81 

[25][26]. The application of UHDCC to strengthen multi-storey unreinforced masonry structures is 82 

yet to be investigated. The present study investigates the effectiveness of using UHDCC layers and 83 

ECC layers to improve the seismic performance of multi-storey unreinforced masonry structures. 84 



 

 

Two three-dimensional 5-storey masonry structures were firstly designed according to the 85 

construction regulations and code of practice of Shanghai in 1970s. One test structure was 86 

strengthened by UHDCC and ECC, while the other one was used as a reference structure 87 

(conventional structure). Shaking-table tests were conducted to impose various intensity levels of 88 

seismic excitations to the test structures. Their dynamic characteristics and seismic behavior were 89 

analyzed and compared in detail for understanding the effectiveness of the proposed strengthening 90 

method. 91 

 92 

2. Experimental program 93 

2.1 Details of the test models 94 

2.2.1 Conventional structure  95 

Shaking table tests of a conventional test structure (CS) and a corresponding strengthened test 96 

structure (SS) were conducted. The CS model, as shown in Fig. 1, is one quarter scale model of a 97 

typical 5-storey masonry residential building designed in 1970s in the Southern China. The width of 98 

the structure in the longitudinal (X-direction) and lateral (Y-direction) direction is 2,100 mm and 99 

2,325 mm, respectively. Each storey has 750 mm height and the entire masonry structure is mounted 100 

on a 300 mm thick foundation beam. Reinforced concrete (RC) tie columns are not constructed. The 101 

thickness of masonry walls is scaled down to 60 mm using bricks of dimensions (length × width × 102 

height) of 115 mm × 60 mm × 53 mm. A mortar joint of 5 mm thickness is employed. 103 

RC tie beams are constructed under the floor slabs of the 2nd, 4th and 5th storey, respectively, 104 

while the cross-section of the RC tie beam is 60 mm × 45 mm (Fig. 2a). The RC tie beams are 105 



 

 

prepared using micro-concrete and have four longitudinal reinforcing bars of 3.5 mm diameter and 106 

steel ties of 2.2 mm diameter spaced horizontally every 50 mm. Lintels are constructed on the top of 107 

the door and window openings having a cross-section of 60 mm × 75 mm (Fig. 2b). Lintels are 108 

poured with micro-concrete and had five longitudinal reinforcing bars of 3.5 mm diameter and steel 109 

ties of 2.2 mm diameter spaced horizontally every 25 mm.  110 

Precast RC panels are constructed to serve as floor slabs, i.e., YKB-1 and YKB-2 in Figs. 2c 111 

and 2d, having dimensions of 300 mm × 900 mm and 300 mm × 600 mm, respectively. According to 112 

the similarity equations, all precast RC floor panels should be 25 mm thick. However, considering 113 

construction issues and the fact that precast slabs with 25 mm thickness cannot support safely the 114 

mass induced by blocks sit on them, the thickness of the precast floor slab in the test specimen is 115 

increased to 30 mm. The extra mass caused by the thicker floor slab is deducted from the mass 116 

blocks.  117 

 118 

  119 

         (a) 1st storey                   (b) 2nd to 5th storey      (c) The layout of precast RC floor panels 120 
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    121 

(d) South elevation                    (e) North elevation 122 

    123 

(f) West elevation                        (g) Overview of CS  124 

Fig. 1. Dimension and plane layout of CS test (mm). 125 
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 127 

(a) RC tie beam            (b) Lintel                     (c) YKB-2 128 

 129 

(d) YKB-1 130 

Fig. 2. Cross-section of (a) RC tie beam, (b) lintel, and (c) precast RC floor panels (in mm). 131 

 132 

2.2.2 Strengthened structure  133 

To evaluate the effectiveness of various strengthening methods, the masonry structure was 134 

strengthened by either engineered cementitious composite (ECC) layers or ultra-high ductile 135 

cementitious composite (UHDCC) layers. Firstly, the masonry structure strengthened by single-sided 136 

engineered cementitious composite (ECC) layers was tested by shaking table tests, the ECC layers 137 

(10 mm) were cast onto the outside surface of the masonry walls at grid line “A” and “C” to enhance 138 

structural integrity. The results showed that the failure mode of the strengthened structure is rocking 139 

failure, which is manifested by the overall rocking of the superstructure (2nd - 5th storey of the 140 

structure). The main cracks were the horizontal cracks penetrating all masonry walls at the top of the 141 

1st storey, and the diagonal cracks at the corner of the wall openings in the 1st and 2nd storey of the 142 

structure were observed. Besides, shear failure occurred in the masonry wall at grid line “B” in the 143 

1st storey, the cracks extended from four corners to the center of masonry wall and intersected to 144 
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form an “X” shaped crack. 145 

Subsequently, the ECC layers of the bottom two storeys were removed, and UHDCC layers 146 

were employed to strengthen the damaged structure for conducting a second test. The experimental 147 

results of the second test are provided in this study. 148 

The steps of the strengthened method followed in this study are as follows: 149 

(1) Since damage mainly occurred in the 1st and 2nd storey of the structure during the first test, 150 

the ECC layers of these storeys were removed. Over the stripped walls, masonry cracks were 151 

measured and those greater than 0.5 mm wide were filled with epoxy mortar, while smaller cracks 152 

were not treated. A masonry wall which heavily damaged in the 1st storey was rebuilt. The detailed 153 

configuration of the strengthening method is shown in Fig. 3. 154 

 155 

         156 

(a) Existing damage repaired     (b) Detailed configuration of the connection         (c) UHDCC layer setting 157 

Fig. 3. Detailed configuration of the strengthening method. 158 

 159 

(2) The UHDCC-strengthened scheme was carried out in this phase. The dimension and layout 160 

of the UHDCC layers are shown in Fig. 4. To achieve a minimal-disturbance during construction, the 161 
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external masonry walls were strengthened using UHDCC layers with a thickness of 10 mm. UHDCC 162 

layers were applied at masonry walls located in the grid line “A” and “C” of the 1st and 2nd storey, as 163 

shown in Fig. 4. A combed joint was considered to ensure that both the UHDCC layers and ECC 164 

layers work together, as shown in Fig. 3c, thus avoiding any damage concentration in the interface of 165 

the two materials. Moreover, UHDCC layers were applied at the masonry walls located in the grid 166 

line “1” and “3” of the 1st, 2nd, and 3rd storey, as shown in Fig. 4. Considering the low shear demand 167 

on the 4th and 5th storey of the structure, UHDCC strips with a width of 110 mm were used to 168 

strengthen the masonry walls located in the grid line “1” and “3” of the 4th and 5th storey of the 169 

structure, as shown in Fig. 4e.  170 

To ensure that the existing masonry walls and the UHDCC layers work together, horizontal 171 

grooves with a depth of 5 mm are arranged in horizontal mortar layers every 240mm vertically, as 172 

shown in Fig.3. The effect of the groove is to increase the surface roughness of masonry walls, and 173 

the UHDCC layers are embedded into the grooves to enhance the bonding performance between the 174 

masonry walls and the UHDCC layer. 175 

To prevent slippage between the UHDCC layers and the foundation block, the top surface of the 176 

foundation block was roughened. Then, reinforcing bars were embedded every 80 mm pitch distance 177 

along the horizontal direction. Reinforcing bars of 6 mm diameter were emended for a length of 50 178 

mm into the foundation block and for a length of 100mm into the UHDCC layers (Fig. 3).  179 

 180 



 

 

  181 

(a) 1st storey                         (b) 2nd to 5th storey 182 
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(c) South elevation                    (d) North elevation 184 
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    185 

(e) West elevation                                (f) Overview of SS  186 

Fig. 4. Dimension and plane layout of SS test (mm). 187 

 188 

2.2 Material properties 189 

To investigate the actual seismic performance of the masonry structure, structural materials used 190 

in multi-storey masonry residential buildings in the Southern China were selected, such as, clay brick 191 

and mixed mortar for masonry walls. As stipulated in Chinese code JGJ/T 70-2009 [28], the 192 

compressive strength of mortar was tested on 70.7 mm cubes, and the bed-joint sliding strength of 193 

the masonry fv,0 was determined by direct shear tests on three bricks bonded together with two mortar 194 

layers without transverse restraint. The masonry compressive strength fm was tested according to the 195 

Chinese code GB/T 50129–2011 [29]. The measured average compressive strength of a brick and 196 

mortar for the CS specimen were 14.7 MPa and 1.5 MPa, respectively, and those of the SS specimen 197 

were 17.8 MPa and 1.3 MPa, respectively. The measured compressive strength and bed-joint sliding 198 
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strength of the masonry wall for the CS specimen were 3.3 MPa and 0.2 MPa, respectively, and those 199 

of the SS specimen were 3.5 MPa and 0.2 MPa, respectively. 200 

The compressive strength and tensile strength of the micro-concrete used for the lintels of the 201 

CS specimen were 19.8 MPa and 1.7 MPa, respectively, and those of the SS specimen were 23.6 202 

MPa and 1.9 MPa. The yield tensile strength of the 2.2-mm-reinforcing steel bars of the CS 203 

specimen and the SS specimen was 451.2 MPa and 420.9 MPa, respectively. The yield tensile 204 

strength of the 3.5-mm-reinforcing steel bars of the CS and SS specimens was 412.9 MPa and 405.7 205 

MPa, respectively. 206 

The ECC is composed of Portland cement, fly ash, sand, water proportions of 1:2.33:0.72:0.96, 207 

and polyvinyl alcohol (PVA) fibres with a 2% volume content. The compressive strength of ECC 208 

was obtained from test on 50 mm cubes, while the tensile strength of ECC was obtained from test on 209 

dogbone-shaped specimens (height 100 mm, width 30 mm, thickness 12 mm). The measured 210 

compressive strength and tensile strength of ECC were 36.0 MPa and 4.5 MPa, respectively, and the 211 

average ultimate tensile strain reached 2.8%. 212 

The UHDCC is composed of Portland cement, fly ash, sand, water proportions of 213 

1:1.20:0.80:0.55. High-range water-reducer (also named super plasticizer) admixture content was 4.8 214 

g/L and polyethylene (PE) fibres with a 0.8% volume content [23]. The material tests of UHDCC 215 

were the same as those of ECC. The measured compressive strength and tensile strength of UHDCC 216 

were 36.9 MPa and 3.9 MPa, respectively, and the average ultimate tensile strain reached 6.1%.  217 

 218 



 

 

2.3 Similitude design 219 

The model structures were designed according to the dimension and capacity of the shaking 220 

table, and the similitude scaling factors between the prototype structure and the model structures 221 

were determined considering consistent material properties, as shown in Table 1. 222 

The mass of the model specimens is determined from the weight of the structural members and 223 

the following additional components: (a) a roof dead load of 4.0 kN/m2, and a roof live load of 0.5 224 

kN/m2; (b) a floor dead load 3.5 kN/m2, and a roof live load of 2.0 kN/m2. The resulting mass of the 225 

CS specimen was 6.7 t. An additional mass of 2.2 t was employed by considering the prescribed 226 

similitude scaling factors for mass. The foundation block used for testing had a mass of 3.4 t, making 227 

the total mass of the CS specimen approximately 12.3 t. The masses of the superstructure, foundation, 228 

and total mass of the SS specimen were 9.4 t, 3.4 t and 12.8 t, respectively. 229 

 230 

Table 1 Similitude scaling factors. 231 

Parameter Relationship Dimension Scaling factor 

Length (l) Sl L 1/4 

Strain Sε = Sσ/SE - 1 

Modulus of elasticity (E) SE FL-2 1 

Density (ρ) Sρ = SE/(SlSa)  FT2L-4 8/5 

Mass (m) Sm = SρSl
3 FT2L-1 1/40 

Stress (σ) Sσ = SE FL-2 1 

Time (t) St = Sl (SE/Sρ)-0.5 T 1/3.162 

Frequency (ω) Sω = Sl
-1(SE/Sρ)0.5 T-1 3.162 

Acceleration (a) Sa = SE/(SlSρ)  LT-2 2.5 

 232 



 

 

2.4 Instrumentation 233 

Twelve acceleration sensors and fourteen displacement sensors were installed on the masonry 234 

structures to obtain the global dynamic responses. The layout of the sensors of the structure models 235 

are shown in Fig. 5. The acceleration sensors, named Ax* and Ay*, were utilized to collect the 236 

horizontal acceleration response in X- and Y-direction, respectively. Similarly, the displacement 237 

sensors, named Dx* and Dy*, were utilized to collect the horizontal displacement response in X- and 238 

Y-direction, respectively. The * represents the sensor number. 239 

 240 

 241 

Fig. 5. Arrangement of sensors. 242 

 243 

2.5 Test procedure 244 

The main purpose of the shake table tests was to assess the seismic response of the masonry 245 

structure strengthened by UHDCC layers at different levels of seismic intensity and different site 246 
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categories. Three different seismic ground motions were selected as input excitations: the 1940 El 247 

Centro and the 1952 Taft ground motions, and an artificially generated ground motion suitable for 248 

Shanghai City (SHW2), the seismic ground motions with real period are illustrated in Fig. 6. The El 249 

Centro, Taft, and Shanghai ground motions were applied in sequence under each seismic intensity 250 

level. Seven intensity levels of each seismic motion were generated, as shown in Table 2. According 251 

to the Chinese code for seismic design of buildings [30] and the acceleration similitude factor (Sa = 252 

2.5), the target peak ground accelerations (PGA) for a frequent, design-basis, and major event was 253 

considered 0.0875g, 0.250g, and 0.550g, respectively. Therefore, three phase tests (PGAs of 0.0875g, 254 

0.250g, and 0.550g) were carried out for the CS specimen, and an additional four testing phases 255 

(PGAs of 0.775g, 1.000g, 1.275g, and 1.550g) were carried out for the SS specimen due to its greater 256 

deformability, as described in Table 2. Considering the poor seismic performance of masonry 257 

structures, only X-direction seismic excitations were carried out for the CS test. Before and after 258 

each series of the six excitations at a given intensity level, white noise scanning (PGA = 0.050 g) was 259 

performed in both horizontal directions to obtain the dynamic characteristics of the two models. The 260 

CS specimen suffered serious damage under seismic motions of a PGA equal to 0.550g, thus the 261 

white noise scanning was performed only after imposing the Shanghai ground motion with PGA = 262 

0.550g (see Table 2 – Test No. 20), and then the test was stopped. The SS specimen suffered serious 263 

damage under the Taft ground motion for a PGA equal to 1.550g, so the white noise scanning was 264 

performed after imposing the Taft ground motion in X-direction with PGA = 1.550g (see Table 2 - 265 

Test No. 46), and then the test was stopped. 266 

 267 
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(a)                                                                 (b) 269 

  270 

(c)                                                                  (d) 271 

Fig. 6. Acceleration time histories and spectra for the selected seismic motions 272 

 273 

Table 2 Test conditions and loading sequence (PGA/g). 274 
Test No. Input motion PGA/g 

1 White noise 1 0.050 

2-7 El Centro-X, El Centro-Y, Taft-X, Taft-Y, SHW2-X, SHW2-Y 0.0875 

8 White noise 2 0.050 

9-14 El Centro-X, El Centro-Y, Taft-X, Taft-Y, SHW2-X, SHW2-Y 0.250 

15 White noise 3 0.050 

16-21 El Centro-X, El Centro-Y, Taft-X, Taft-Y, SHW2-X, SHW2-Y 0.550 

22 White noise 4 0.050 

23-28 El Centro-X, El Centro-Y, Taft-X, Taft-Y, SHW2-X, SHW2-Y 0.775 

29 White noise 5 0.050 

30-35 El Centro-X, El Centro-Y, Taft-X, Taft-Y, SHW2-X, SHW2-Y 1.000 

36 White noise 6 0.050 

37-42 El Centro-X, El Centro-Y, Taft-X, Taft-Y, SHW2-X, SHW2-Y 1.275 

43 White noise 7 0.050 

44-49 El Centro-X, El Centro-Y, Taft-X, Taft-Y, SHW2-X, SHW2-Y 1.550 
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50 White noise 8 0.050 

* Shaded entries indicate tests of the CS specimen; “*-X” and “*-Y” represents the direction of the 275 

input motion. 276 

 277 

3. Experimental results 278 

3.1 Behaviour and failures 279 

3.1.1 CS test specimen 280 

During initial PGA = 0.0875g test stages, thin horizontal cracks appeared in the bed-joints at the 281 

bottom of the masonry walls in the X-direction. By PGA = 0.250g, two diagonal stepped cracks with 282 

a width of 0.1mm were observed in the wall between the two openings at grid line “A” of the 1st 283 

storey (Fig. 7a). After imposing the El Centro ground motion with PGA = 0.550g, several diagonal 284 

stepped cracks and horizontal bed-joint cracks were observed at the corners of the wall openings in 285 

the X-direction of the 2nd and 3rd storey (Figs. 7b and 7c), the maximum width of diagonal stepped 286 

cracks reached 0.5mm. After PGA = 0.550g test stages, the cracks at the corners of the wall openings 287 

of the 3rd storey continued to develop and connected with the cracks of the 2nd storey, thus forming 288 

vertical cracks through the masonry wall (Fig. 7d). The diagonal stepped cracks propagated to form 289 

X-shaped cracks at the internal wall of the 2nd storey, which caused serious shear failure and local 290 

collapse (Figs. 7e and 7f). Due to the collapse of the internal wall, the test sequence for the CS 291 

specimen was terminated after PGA = 0.550g test stages. 292 

 293 



 

 

   
(a) Cracks in wall at grid line “A” of 

1st storey 
(b) Diagonal cracks in wall at grid 

line “B” of 2nd storey 
(c) Diagonal crack in wall at grid 

line “C” of 3rd storey 

   
(d) Vertical cracks in wall at grid 

line “C” of 3rd storey 
(e) Shear failure in wall at grid line 

“B” of 2nd storey 
(f) Collapse of masonry wall at grid 

line “B” of 2nd storey 

Fig. 7. Observed damages in CS specimen testing. 294 

 295 

3.1.2 SS test specimen 296 

There was not visible damage during initial PGA = 0.0875g test stages for the SS specimen. 297 

During PGA = 0.250g test stages, many horizontal cracks, which appeared as multi-cracking, were 298 

observed in the left wall beside the openings at grid line “A” and “C” of 1st storey (Figs. 8a and 8b). 299 

Besides, several cracks appeared at the corners of the wall openings in the 1st storey. With the 300 

increasing of seismic intensity, new cracks appeared at the corners of the wall openings of 2nd and 3rd 301 

storey, and the existing cracks continued to develop, and the X-shaped cracks were formed in the 302 

internal wall at grid line “B” of 1st and 2nd storey. By PGA = 1.000g, new cracks appeared next to the 303 

existing cracks at the corners of the wall openings, forming a multi-cracking pattern, and 304 



 

 

continuously developed to run through the wall between openings at grid line “A” and “C”. During 305 

PGA = 1.275g test stages, the cracks at the corners of the wall openings at grid line “C” of the 2nd 306 

storey continued to develop and connected with the cracks of 1st storey to form vertical cracks (Fig. 307 

8c). Horizontal cracks appeared at the left end of the junction of ECC layer and UHDCC layer. 308 

Horizontal cracks were observed at the bottom of grid line “1” of 3rd storey and grid line “3” of 2nd 309 

storey.  310 

By PGA = 1.550g, bending failure occurred at the 3rd storey, the bending cracking of the wall 311 

was quite large with a maximum width of 3.2mm, while the upper part of the wall had an out-of-312 

plane displacement of 4.3mm (Figs. 8d and 8e). Although there are cracks at the junction of ECC 313 

layer and UHDCC layer, there is no relative sliding, indicating that the layers can still work together. 314 

The middle masonry walls between openings showed rocking failure (Fig. 8f). The shear cracks of 315 

the wall between the openings of the 1st and 2nd storey continued to extend, resulting in a multi-316 

cracking behavior (Fig. 8g). The bricks at the upper corner of the wall at grid line “B” of 1st storey 317 

fell off (Fig. 8h), and the masonry wall at grid line “B” of 3rd storey locally collapsed (Fig. 8i).  318 

Due to the serious bending failure of the 3rd storey, and the local collapse of the internal wall, 319 

the structure lost its lateral capacity. The test sequence was ended after imposing the Taft ground 320 

motion in X-direction. During the test, the UHDCC layers were well connected with the masonry 321 

walls and they could work together efficiently. 322 

 323 



 

 

   
(a) Horizontal cracks in wall at grid 

line “C” of 1st storey 
(b) Horizontal cracks in wall at grid 

line “A” of 1st storey 
(c) Shear cracks in wall  

at grid line “C” of 2nd storey 

   
(d) Cracks in wall  

at grid line “A” of 3rd storey 
(e) Cracks in masonry wall  
at grid line “C” of 3rd storey 

(f) Horizontal cracks in short wall 
 limb at grid line “C” of 3rd storey 

   
(g) Shear cracks in wall  

at grid line “A” of 2nd storey 
(h) Shear failure in wall  

at grid line “B” of 1st storey 
(i) Collapse of masonry wall 
 at grid line “B” of 3rd storey 

Fig. 8. Observed damage during SS specimen testing. 324 

 325 

3.2 Dynamic properties 326 

The level of structural damage and stiffness deterioration can be quantitatively estimated by 327 

analyzing the dynamic properties. White noise excitations with a PGA of 0.050g were employed 328 

between the increasing levels of seismic intensity to study the changes of the dynamic properties 329 

alongside with the damage growth. The fundamental frequencies of the CS specimen and SS 330 

specimen, analyzed by frequency response functions, are shown in Table 3. The ratios given in Table 331 



 

 

3 are the calculated frequency f over the initial frequency f0.  332 

The initial frequency of the CS specimen was 7.94Hz in the X-direction, while initial 333 

frequencies of SS specimen were 13.70Hz and 18.87Hz in the X- and Y-directions, respectively. The 334 

initial frequency of the SS specimen was found 1.73 times that of the CS specimen, the reason is that 335 

the elastic stiffness of the masonry structure is significantly improved, and the seismic load applied 336 

to the structure also increases, resulting in increasing dynamic amplification. The frequency of the 337 

SS specimen in X-direction was found to be larger than that in Y-direction because of the presence of 338 

relatively large openings in the walls in X-direction. 339 

As the input PGA increased, the structural damage accumulated and the stiffness deteriorated, 340 

thus resulting in associated reductions of the fundamental frequency. Based on the identification of 341 

the dynamic properties of the structure after PGA = 0.550g test stages, the f/f0 ratio of the CS 342 

specimen in X-direction decreased to 0.382 from 1.0, while the corresponding ratios for the SS 343 

specimen in X- and Y-direction decreased only to 0.820 and 0.883, respectively. Moreover, the CS 344 

specimen lost its lateral capacity after PGA = 0.550g test stages, and its failure mode is fully brittle. 345 

For the same acceleration input, only a slight damage was identified in the SS specimen. After PGA 346 

= 1.550g test stages, the f/f0 ratio in SS specimen in X- and Y-direction decreased to 0.255 and 0.505, 347 

respectively. Compared to SS specimen, stiffness deterioration was found to be significant in the CS 348 

specimen as the seismic intensity increased. It was proved that the proposed strengthening method 349 

shall effectively improve the seismic performance of unreinforced masonry structures under a wide 350 

range of seismic intensities, thus preventing masonry structures from heavy damages or sudden 351 

collapse against design-basis and major earthquakes or earthquake sequential events [31]. 352 



 

 

 353 

Table 3 Variation of frequencies and natural periods of CS and SS specimens. 354 

White noise 

CS specimen SS specimen 

X-direction X-direction Y-direction 

f /Hz f/f0 f /Hz f/f0 f /Hz f/f0 

Initial 7.94 1.000 13.70 1.000 18.87 1.000 

after 0.0875g 7.87 0.991 13.51 0.986 18.52 0.981 

after 0.250g 6.54 0.824 12.82 0.936 17.54 0.930 

after 0.550g 3.03 0.382 11.24 0.820 16.67 0.883 

after 0.775g   9.90 0.723 15.39 0.816 

after 1.000g   8.00 0.584 13.33 0.706 

after 1.275g   5.99 0.437 11.11 0.589 

after 1.550g   3.50 0.255 9.52 0.505 

 355 

3.3 Acceleration response 356 

The acceleration amplification factor (AAF), which is related to the dynamic characteristics of 357 

the structures and the spectral characteristics of the seismic ground motions, is an important 358 

parameter for the evaluation of the structural seismic response. In this section, the AAF is defined as 359 

the ratio of the recorded peak accelerations at the different locations to the maximum input 360 

acceleration. The evolutions of AAF along the height of the CS specimen and SS specimen subjected 361 

to different ground motions are shown in Fig. 9. 362 

As shown in Fig. 9, the largest AAF was observed on the top of the test structures when they 363 

subjected to different ground motions of same intensity, indicating that there is an impact on the 364 

acceleration on the top of the structure. The AAF of the test structure varies depending on the ground 365 

motions, demonstrating that the spectral characteristics of the ground motion influence the structural 366 

response. Moreover, the AAF at the roof of the SS specimen is much greater than that of the CS 367 



 

 

specimen, the reason is that the stiffness of the strengthened structure is improved, the seismic load 368 

applied to the structure also increases, resulting in the increase of acceleration. For the SS specimen, 369 

the acceleration along X-direction is lower than the acceleration along the Y-direction, demonstrating 370 

that the stiffness in X-direction is smaller than the stiffness in Y-direction. 371 

 372 
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(a) El Centro; X-direction       (b) El Centro; Y-direction 374 

  375 

(c) Taft; X-direction       (d) Taft; Y-direction 376 
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(e) SHW2; X-direction       (f) SHW2; Y-direction 378 

Fig. 9. Acceleration amplification factor of CS and SS specimens. 379 

 380 

As the earthquake intensity increases, cracks continue to form, structural damage aggravates, 381 

and structural stiffness deteriorates, thus resulting in an overall negative trend of AAF, as shown in 382 

Fig. 10. However, in a specific range of the structure period (e.g. PGA larger than 0.775g for X-383 

direction of SS specimen), AAF may increase with the increase of the structure period, as show in 384 

Fig. 10. The reason is that in a certain period, the Sa may first decrease and then increase with the 385 

increase of the period (see Fig. 6d). During PGA = 0.550g test stages, the masonry walls at the 386 

bottom of the CS specimen were severely damaged. The cracks had a dampening effect causing the 387 

AAF of each storey to exhibit a clear nonlinear distribution. Same behaviour was observed in the SS 388 

specimen during PGA = 0.550g test stages.  389 
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(a) X-direction                          (b) Y-direction 392 

Fig. 10. Variation of roof acceleration amplification factor. 393 

 394 

3.4 Storey drift response 395 

Maximum storey drifts of each storey under the different seismic motions and intensity levels 396 

for the CS and SS specimen are shown in Fig. 11, respectively. The storey drifts of the CS and SS 397 

specimens increased by increasing the seismic intensity. During PGA = 0.550g test stages, the CS 398 

specimen was seriously damaged, the storey drifts were increased sharply, and the damage was most 399 

pronounced in the 2nd storey. During PGA = 1.550g test stages, the SS specimen was seriously 400 

damaged, and a sudden change of storey drift occurred in the 3rd storey.  401 

Storey drifts in the X-direction of SS specimen were significantly reduced compared to those of 402 

OS specimen because of the higher stiffness of the former. During PGA = 0.550g test stages, the 403 

storey drifts in the X-direction of the CS and SS specimens are 1/142 and 1/605, respectively. The 404 

storey drift exhibited by the SS specimen was reduced by 76.6%. During the whole loading process, 405 

the storey drift along the X-direction of CS specimen reach its maximum value of 1/142 when PGA 406 

= 0.550g, while the storey drift along the X-direction of SS specimen reach its maximum value of 407 

1/57 when PGA = 1.550g. The maximum storey drift of the CS specimen is 2.5 times higher that of 408 
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the formers SS structure, indicating that the strengthening method effectively improves the storey 409 

deformation capacity of masonry structures.  410 

According to Jiang et al.[32], five damage limit states, namely Intact, Negligible, Minor, 411 

Moderate, and Severe, have been proposed to describe the damage degrees of unreinforced masonry 412 

structures, where the corresponding drifts limits are 1/2500, 1/1330, 1/800, 1/500, and 1/330, 413 

respectively. The maximum storey drifts and damage states of the CS specimen under different 414 

seismic intensity are shown in Table 4. The result show that the damage state of CS specimen is 415 

Intact, Moderate, and Collapse after PGA = 0.0875g, 0.250g, and 0.55g test stages, respectively. The 416 

CS specimen was seriously damaged and the masonry wall of the 2nd storey collapsed during the 417 

shaking table tests of PGA = 0.550g.  418 

The shear walls of SS specimen are UHDCC-masonry composite walls, and the drift limits of 419 

each damage limit states of the composite structures may fall between that of unreinforced masonry 420 

structures and that of reinforced concrete shear wall structures. Therefore, four damage limit states, 421 

namely Negligible, Minor, Moderate, and Severe, have been proposed to describe the damage 422 

degrees of strengthened masonry structures, where the corresponding drifts limits are 1/1000, 1/500, 423 

1/250, and 1/120, respectively. The maximum storey drifts and damage states of the SS specimen 424 

under different seismic intensity are shown in Table 4. The results show that the SS specimen can 425 

meet the requirements of the specification [30], and the strengthened masonry structure exhibits 426 

sufficient seismic performance and ductility. The storey drifts in Y-direction of SS specimen are less 427 

than that in X-direction, indicating that the damage state in Y-direction of SS specimen is lighter than 428 

that in X-direction. 429 



 

 

To investigate the influence of the strengthened method on structural torsion, the torsion angle 430 

of the structure, namely the displacement difference of Dx7 and Dx6 divided by their spacing, is 431 

taken for comparison before and after strengthening. After PGA = 0.550g test stages, the maximum 432 

torsion angles in the X-direction of CS and SS specimens reached 1/974 and 1/1903, respectively. 433 

The torsion angle exhibited by the SS specimen was reduced by 48.8%, indicating that the 434 

strengthened method can improve the integrity of masonry structures and significantly reduce the 435 

structural torsion. 436 

 437 
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(a) El Centro; X-direction               (b) El Centro; Y-direction 439 

  440 

(c) Taft; X-direction               (d) Taft; Y-direction 441 
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(e) Shanghai; X-direction               (f) Shanghai; Y-direction 443 

Fig. 11. Maximum storey drift of CS and SS specimens. 444 

 445 

Table 4 The maximum storey drifts and damage states of the specimens 446 

PGA/g 
CS specimen SS specimen 

Maximum storey drift Damage state Maximum storey drift Damage state 

0.0875 1/2592 Intact 1/2968 Negligible 

0.250 1/789 Moderate 1/1027 Negligible 

0.550 1/142 Collapse 1/605 Minor 

0.775   1/390 Moderate 

1.000   1/267 Moderate 

1.275   1/137 Severe 

1.550   1/57 Collapse 

 447 

3.5 Backbone curves 448 

The base shear and the roof drift of the CS and SS specimens under the different seismic 449 

intensities are calculated. The base shear normalized by the specimen weight is plotted against the 450 

roof drift in Fig. 12.  451 

The backbone curves of CS specimen in X-direction of the structure exhibit a bilinear 452 
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relationship. The base shear reached during PGA = 0.250g test stages is basically similar to that 453 

during PGA = 0.550g test stages. This indicates that the CS specimen entered the elastic-plastic stage 454 

and structural stiffness degraded to a certain extent at PGA = 0.250g. The test specimen exhibited an 455 

obvious elastic-plastic deformation and severe stiffness degradation at PGA = 0.550g. 456 

For shakings of PGA = 0.550g, the backbone curve of SS specimen in X-direction is 457 

approximately linear, indicating that SS specimen behaves elastically. For shakings of PGA = 1.000g, 458 

SS specimen in X-direction has entered in the plastic range and stiffness started to deteriorate. For 459 

shakings of PGA = 1.550g, the base shear of SS specimen is almost identical to that of PGA = 1.275g, 460 

indicating that the structure has suffered serious damage under the El Centro ground motion (PGA 461 

=1.550g).Before imposing the ground motions of PGA = 0.775g, the backbone curves of SS 462 

specimen in Y-direction are approximately linear. For shakings of PGA = 0.775g, SS specimen in Y-463 

direction entered the plastic deformation stage. For shakings of PGA =1.550g, the base shear of SS 464 

specimen still increases due to less openings in Y-direction, indicating that the SS specimen along Y-465 

direction can resist ground motions of a PGA = 1.550g. 466 

The maximum base shear of CS specimen in X-direction is 35.2 kN, and that of SS specimen in 467 

X-direction is 167.6 kN. The maximum roof drift of CS specimen in the X-direction is 0.22%, and 468 

that of SS specimen in the X-direction is 0.75%. The lateral capacity and the maximum roof drift of 469 

the SS specimen was found to be 4.8 and 3.4 times that of the CS specimen. 470 

 471 



 

 

  472 

(a) X-direction                                (b) Y-direction  473 

Fig. 12. Relationship curves in terms of the base shear vs. roof drift. 474 

 475 

4. Conclusions 476 

This study introduced ultra-high ductile cementitious composites (UHDCC) for strengthening 477 

existing multi-storey unreinforced masonry structures against earthquakes. The seismic performance 478 

of masonry structure strengthened by UHDCC layers were investigated through three-dimensional 479 

shaking table tests. The main conclusions are summarized as follows: 480 

1. After the multi-storey unreinforced masonry structure was strengthened by UHDCC layers, 481 

the damage of the strengthened test structure (SS) subjected to ground motions was 482 

significantly reduced. The conventional test structure (CS) was seriously damaged after 483 

PGA = 0.550g test stages, and exhibited obvious brittle failure. The SS specimen suffered 484 

only minor damages after PGA = 0.550g test stages, and its failure mode can be 485 

characterized as ductile failure.  486 

2. Relative sliding between masonry walls and UHDCC layers was not observed in the SS 487 
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specimen, even when the structure was severely damaged during PGA = 1.550g test stages, 488 

indicating that masonry walls and UHDCC layers were efficiently worked together. 489 

3. The strengthening method can improve the stiffness of the masonry structure. The initial 490 

natural period of the SS specimen was found 0.58 times that of the CS specimen. After PGA 491 

= 0.550g test stages, the f/f0 ratio of the CS specimen in X-direction decreased to 0.382 from 492 

1.0, while the corresponding ratios for the SS specimen in X-direction decreased only to 493 

0.818, demonstrating that the strengthening method can reduce the degradation of structural 494 

stiffness. 495 

4. Maximum storey drifts in the SS specimen were significantly reduced compared to those of 496 

CS specimen. After PGA = 0.550g test stages, the maximum storey drift of SS specimen 497 

was reduced by 76.6%. The maximum roof drift of SS specimen was found to be 3.4 times 498 

that of CS specimen. The strengthening method can significantly improve the deformation 499 

capacity of masonry structures indicating a better plastic engagement of the whole structure. 500 

5. The proposed strengthening method improved the base shear of the unreinforced masonry 501 

structure. The lateral strength of the CS specimen reached its peak value at a PGA = 0.250g, 502 

while the corresponding capacity of SS specimen reached its peak value at a PGA = 1.275g. 503 

The lateral capacity of SS specimen was found to be 4.8 times that of the CS specimen. 504 

Since the proposed strengthening method is the combined strengthening method of ECC and 505 

UHDCC, it can be qualitatively concluded that the UHDCC strengthening method can improve the 506 

seismic performance of masonry structures, and further research is required to quantitatively analyze 507 

the effect of UHDCC on the seismic performance of masonry structures. Moreover, the strengthening 508 



 

 

object in this manuscript is a damaged masonry structure, and the reinforcement effect of 509 

strengthening method for undamaged masonry structures needs to be furtherly investigated.  510 
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