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Abstract:  4 

The brick veneer (BV) is a widely used cladding system applied to the exterior walls 5 

of schools, public buildings, and religious facilities. Observations from recent seismic 6 

events have confirmed that connection failure is one of the primary causes of 7 

structural collapse in BV systems. This study proposes a brick veneer with mullion 8 

and transom backup (BVMT) system that can be implemented in RC frame buildings 9 

to enhance seismic performance. Due to the limited availability of data on the seismic 10 

behavior of BV systems similar with the BVMT system, shaking table tests were 11 

conducted to evaluate its seismic performance. The evaluation was based on failure 12 

modes, acceleration response, and deformation capacity. The experimental results 13 

revealed the following findings: (1) Two types of BV panels—solid and perforated—14 

were designed to meet specific airflow and daylighting requirements. The failure 15 

modes observed in these panel types demonstrate significant differences. (2) Under 16 

seismic loading, the maximum IP deformation angle of the BVMT system on the E 17 

side reaches 0.87%, with a peak lateral deflection of 9.76 mm and a maximum CAA 18 

factor of 1.34. (3) As seismic intensity increases, the out-of-plane (OP) effective 19 

stiffness of the BVMT system on E side gradually decreases, reaching a maximum 20 

reduction of 77.83% in effective stiffness at the conclusion of the loading process. (4) 21 

The initial OP stiffness of the BVMT system on E side is 2.3 times higher than that of 22 

the conventional BV system. No visible cracks were observed at a deflection of 9 mm, 23 

demonstrating superior stiffness enhancement and effective crack resistance under 24 

significant deformation. These results confirm the feasibility and effectiveness of 25 

applying the BVMT system in RC frame buildings. 26 
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1. Introduction 29 

Historically, brick has been an ancient and reliable construction material for 30 

centuries and is still prevalent in modern construction [1]. The brick veneer (BV) is a 31 

type of envelope widely used in exterior walls of schools, public buildings, religious 32 

facilities as some of the benefits of brick include ease of construction, durability, and 33 

aesthetic quality [2-4]. The BV system consists of an inner load-bearing backup 34 

system and an outer veneer wall mostly with aesthetic and insulating functions, which 35 

are connected by distinct types of ties made of steel and with variable geometry.  The 36 

main role of ties on BV is transferring the lateral loads (e.g. wind or seismic loads) to 37 
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the backup system, providing a connection between both [3,5].  38 

Despite the advantages of BV, problems related to the performance of BV under 39 

seismic action have been observed in recent earthquakes [6]. Building enclosures, 40 

including BV, are not considered structural elements. However, under earthquakes, 41 

they are subjected to actions that force them to behave structurally leading to cracking 42 

of the veneer wall, excessive differential movement, and even collapse [7]. In most 43 

cases, BV failures were closely related to metal ties, which have been identified as a 44 

key factor [8-10] as the load induced high forces and displacement demands on the 45 

ties under OP veneer loading, eventually causing them to pull out of the backup 46 

system or BV (Figure 1). 47 

   

(a) Reggio Emilia, Italy, 2012 (b) Lorca, Spain, 2011 (c) L'Aquila, Italy, 2009 

Fig. 1. Damages in previous earthquakes [1] 

Considering that the failure of connections is one of the major causes of the 48 

collapse of BV, some researchers conducted experiments on the materials [11], tensile 49 

strength [12], numbers [12], spacing [13], stiffness [12], type of geometry [13], 50 

embedment lengths [13], and support conditions of backup [10] of the connectors to 51 

study the influence of the connectors on the seismic performance of the BV. A series 52 

of enhancement design methods of ties suggested by the researchers introduced above 53 

improve the seismic performance of BV based on the factors of connectors affecting 54 

the seismic performance of BV and have achieved significant results [9,11-15]. 55 

However, the BV with tie is sensitive to deflections under OP seismic load; the BV 56 

forms a through-thickness bed joint crack, leading to loss of its stiffness. Besides, 57 

story drift of backup system can lead to participation of the BV in lateral in-plane (IP) 58 

load resistance and subsequent damage [16]. To address above issues, Jianhai Liang et 59 

al [17] developed a panelized brick veneer over steel stud backup wall (PBVSS) 60 

system and valuated the performance of the system under OP simulated wind loads 61 

and IP cyclic loads using full-scale laboratory experiments. The tests showed that due 62 

to the stiffer and more integral steel stud backup used, the deflection of the PBVSS 63 

specimen was much less than that of the conventional BV. Subsequently, T. C. 64 

Kuczynski et al. [18] explored the application of enhancement techniques using the 65 

original PBVSS pilot design as a base design upon which to build or modify and 66 

investigated the performance of the new system through full-scale static air bladder 67 

pressure tests. The findings demonstrated that enhanced PBVSS has a higher stiffness 68 

and OP load capacity than the original design.  69 



3 

 

There is an increasing demand for applying BV systems in RC frame buildings in 70 

China (Figure 2). Although the PBVSS exhibits superior stiffness and effective 71 

resistance to OP loads, its suitability for RC frame buildings remains questionable. To 72 

address this limitation, a novel brick veneer with mullion and transom backup (BVMT) 73 

system is proposed for application in RC frame buildings, drawing upon the 74 

connection design principles of stone BVMT systems [19] and the PBVSS. Each brick 75 

unit is secured with a reinforcing bar to prevent individual bricks from dislodging. 76 

Furthermore, by installing transoms at predetermined intervals, the effective 77 

calculation height of the BV is reduced, to avoid premature partial or total collapse of 78 

BV panels with a slenderness ratio (ratio of the smaller of length or height to 79 

thickness) of greater than 13 [20], thereby decreasing the likelihood of overturning. 80 

Given the limited seismic response data available for BV systems comparable to the 81 

BVMT system, this study aims to systematically investigate and summarize the 82 

seismic behavior of the BVMT system, assess its seismic performance, and provide a 83 

scientific basis for its practical application in engineering. 84 

  
(a) Fudan University Fenglin Swimming Pool 

Complex, Shanghai, China 

(b) I-Harbour High School Affiliated to Xi'an 

Jiao tong University, Xi’an, China 

Fig. 2. Project examples of BVMT system 

2. Information of the specimens 85 

2.1. Specimen construction and geometric characterization 86 

In this experimental investigation, a RC frame was designed to realistically 87 

replicate the performance of BVMT systems under practical engineering conditions. 88 

The BVMT systems were mounted on all four exterior faces of the RC frame. To 89 

eliminate potential interactions between adjacent BVMT systems, no interconnections 90 

were implemented, thereby ensuring their independent seismic behavior  [21]. Given 91 

the acceleration limitations of the shake table excitation system, the RC frame 92 

configuration was designed as a two-story frame, with BVMT systems positioned on 93 

the second floor to enhance acceleration input through structural amplification. 94 

Furthermore, in consideration of the dimensional and load-bearing constraints of the 95 

shake table system, the primary structure was configured as a two-story RC frame, 96 

featuring a uniform bay width, depth, and story height of 3000 mm each [22-23]. To 97 

enable access to the interior space of the second floor, an opening was incorporated 98 

into the first-floor slab. Detailed dimensional specifications of the final frame design 99 

are presented in Figure 3. 100 
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Fig. 3. Layout of RC frame 

The BVMT system consists of two components: the panel and the connection 101 

system. The panel is assembled by stacking and suspending perforated bricks using 102 

vertical steel bars and M5 mortar. The connection system comprises transom and 103 

mullion, horizontal steel bars, and tie, with all connections fabricated through welding. 104 

The integration of the panel and the connection system with the RC frame is achieved 105 

by an embedded plate. Detailed construction information is illustrated in Figure 4, and 106 

dimensional information of members is summarized in Table 1. 107 

  
(a) Layout of BVMT system (b) Section views of BVMT system 

1-Tie, 2-Horizontal steel bar, 3-Vertical steel bar, 4-Brick, 5-Mortar,  

6-Embedded plate, 7-Steel angle, 8-Transom, 9-Mullion. 

Fig. 4. Detailed construction information of BVMT system 

 108 

Table 1 Information of members 109 

Location Member Cross-section shape 
Cross-section 

size (mm) 

length or 

thickness 

(mm) 

Material 

strength 

RC frame 

Slab Rectangle / 120 C30 

Opening Rectangle 1200×1200 120 / 

Beam Rectangle 200×300 2700 C30 

Column Rectangle 300×300 6000 C30 

BVMT 
system 

Tie Circle Diameter 3 100 Q235 

Horizontal steel 
bar 

Circle Diameter 6 2500 HRB400 

Vertical steel bar Circle Diameter 8 2400 HRB400 
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Brick Perforated rectangle 240×100 60 MU30 

Mortar / / 10 MU5 

Embedded plate Rectangle 300×200 10 Q235 

Steel angle L-shape 75×50×5 50 Q235 

Transom L-shape 75×50×5 2500 Q235 

Mullion Box 80×60×5 3000 Q235 

Considering the requirements for airflow, daylighting, and aesthetic composition, 110 

two patterns of BVMT systems panel were developed based on distinct brick 111 

arrangements: solid panels and perforated panels. During the construction process, the 112 

solid and perforated panels were symmetrically mounted on the four sides of the 113 

second floor of the RC frame to prevent torsional deformation of the primary structure 114 

caused by unidirectional loading due to uneven mass distribution. The south (S) and 115 

north (N) sides were fitted with perforated panels, whereas the west (W) and east (E) 116 

sides were installed with solid panels. The BVMT system on the S side consists of 117 

two mullions and three transoms, simulating the structural configuration of BVMT 118 

system in large-span applications. The W side BVMT system includes three mullions 119 

and three transoms, with horizontally arranged bricks in the central panel region, 120 

replicating the structural characteristics when BVMT system intersect with projecting 121 

window lintels. Both the N and E sides feature two mullions and three transoms, 122 

representing two commonly used construction techniques in engineering practices. A 123 

comparative layout of the construction details for the four sides is presented in Figure 124 

5. The final experimental model is illustrated in Figure 6. 125 

    

(a) S side (b) W side (c) N side (d) E side 

                                    Fig. 5. Comparison of four sides BVMT system              (units in mm) 

 
Fig. 6. Experimental model 

2.2. Mechanical characterization of the materials 126 

The bricks and mortar utilized for fabricating the test specimens were sourced 127 

from the identical batch as those employed in the construction of the experimental 128 
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models and cured under the same conditions as the specimens. After a 28-day curing 129 

period, the mechanical properties of the tested specimens were considered stable. 130 

Consequently, all types of specimens were tested [24-25]. The material 131 

characterization of the specimens was conducted in accordance with standards GB/T 132 

2542–2012 [26] and GB/T 50129−2011 [27]. The test results are summarized in Table 133 

2. 134 

Table 2 Test set-ups and results of compressive test and shear test. 135 

Test type Test set-up Size (mm) 
Mean strength 

(MPa) 
COV Typical failure mode 

Compressive 

test of 

prisms 

 

240 × 100 

× 340 
12.78 0.20 

 

Shear test of 

prisms 

 

240 × 100 

× 200 
0.59 0.27 

 

Compressive 

strength of 

bricks  

240 × 100 

× 60 
28.15 0.05 

 

Compressive 

strength of 

mortars 

 

70 × 70 × 

70 
4.90 0.17 

 

3. Test program 136 

3.1. Layout of the sensors 137 

To capture the time-history displacement response of the RC frame within the 138 

plane of each of the four sides, displacement sensors were installed in two orthogonal 139 

directions at each floor level of the main structure as well as at the foundation. The 140 

schematic diagrams illustrating the arrangement of frame measurement points are 141 

presented in Figure 7. 142 

To investigate the vertical distribution pattern of OP acceleration within BVMT 143 

systems, and considering the limited number of acceleration sensors, three OP 144 

acceleration measurement locations were strategically placed at the top, middle, and 145 
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bottom sections of the S, W, and N sides, respectively [28-29]. For the E sides, 146 

acceleration sensors were installed only at the top and middle sections. In addition, 147 

both IP and OP acceleration sensors were positioned at the top of each of the four 148 

sides to enable a direct comparison of the amplification factors between IP and OP 149 

accelerations at identical locations. 150 

Considering the potential for loosening of the bricks during the dynamic loading 151 

process, the mullions were securely fastened to prevent any relative movement. As a 152 

result, the acceleration responses of the BVMT systems were recorded using sensors 153 

mounted on selected mullions. Furthermore, to examine the mechanical behavior of 154 

the connection system under dynamic loading, strain gauges were installed at the steel 155 

angles, as well as at the midpoints of the transom and mullions, to capture the strain 156 

responses induced by the excitation. The measurement locations layout for the BVMT 157 

system is illustrated in Figure 8. 158 

 

  
(a) S side  (b) W side  

  
(c) N side (d) E side 

Fig. 7. Layout of the sensors on 

RC frame 

Fig. 8. Layout of the sensors on BVMT system 

Notes: Arrows: IP direction; dots are OP direction 

 159 

3.2. Input motion 160 

Given the pronounced disparities in dynamic responses exhibited by identical 161 

components under varying seismic excitations, appropriate seismic waves were to be 162 

selected in alignment with the target response spectrum and pertinent regulatory 163 

stipulations. The delineated principles for wave selection encompass: the adoption of 164 

acceleration time-histories derived from authentic strong-motion records and synthetic 165 

simulations, categorized by site classification and design earthquake groupings, 166 

wherein authentic records constitute no less than two-thirds of the aggregate; 167 

furthermore, the averaged seismic influence coefficient curve across multiple time-168 

history ensembles should exhibit statistical congruence with that employed in the 169 

mode superposition response spectrum methodology. 170 

Two natural waveforms and one artificial waveform were selected as inputs in 171 

this study, adhering to the mandates of the "Code for Seismic Design of Buildings" 172 
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(GB50011-2010) (2016 edition) [30]. This study first establishes the target response 173 

spectrum based on the seismic intensity, seismic group, and site classification of the 174 

region where the BVMT system is situated. Subsequently, the average seismic 175 

influence coefficient curves derived from multiple sets of time-history records are 176 

compared with the coefficient curve employed in the response spectrum method. At 177 

the period points corresponding to the primary vibration modes of the model, the 178 

mean seismic influence coefficients for these three selected waves, evaluated at the 179 

initial modal periods of the structure, deviated from codified benchmarks by under 180 

20%. Moreover, base shear computations for each waveform, when benchmarked 181 

against outcomes from the mode decomposition response spectrum approach, fell 182 

within the 65%~135% envelope, with averages residing between 80% and 120%. As a 183 

result, El Centro ground motion (earthquake name: Imperial Valley; record sequence 184 

number: 6) and Cholame-Shandon ground motion (earthquake name: Parkfield; record 185 

sequence number: 28) were selected from the PEER NGA-West2 database 186 

(https://ngawest2.berkeley.edu/) as natural waveforms excitation. Artificial waveform 187 

was generated through software based on the target response spectrum [31-32]. The 188 

shapes and response spectrum of the input motions are shown in Figures 9 and 10 189 

respectively. 190 
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Fig. 9.  Time histories of three waveforms Fig. 10.  Earthquake response spectrum  

3.3. Experimental procedure 191 

For the BVMT system is situated in a seismic fortification intensity zone of 192 

degree 8, the peak ground accelerations (PGA) for Frequent Earthquake (63% 193 

probability of exceedance in 50 years), Design Basis Earthquake (10% probability of 194 

exceedance in 50 years), and Maximum Considered Earthquake (2% probability of 195 

exceedance in 50 years) earthquakes are 0.07, 0.20, and 0.40 g respectively. The 196 

model was excited sequentially using ground motion inputs scaled to the peak 197 

accelerations corresponding to different seismic intensity levels in order to evaluate 198 

the dynamic response of the model under varying loading conditions. After the 199 

completion of the aforementioned loading protocol, the decision to apply an 200 

additional Strong Earthquake (PGA = 0.62 g) was made based on the observed 201 

damage characteristics of the model. To identify and monitor the dynamic behavior of 202 
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the experimental specimen and to evaluate the progression of structural damage, a 203 

150-second white noise excitation covering a frequency range of 0.5 - 50 Hz was 204 

applied between successive earthquake excitations [33]. The overall test procedure is 205 

summarized in Table 3. 206 

Table 3 Test procedure 207 

Case# Input ground motion 
PGA (g) 

X- Dir. Y- Dir. 

2 Frequent 

Earthquake 

(FE) 

El Centro 

0.07 0.07 

3 0.07 — 

4 — 0.07 

6 

Design Basis 

Earthquake 

(DBE) 

El Centro 

0.20 0.20 

7 0.20 — 

8 — 0.20 

10 
Cholame-

Shandon 

0.20 0.20 

11 0.20 — 

12 — 0.20 

14 

Maximum 

Considered 

Earthquake 

(MCE) 

El Centro 

0.40 0.40 

15 0.40 — 

16 — 0.40 

18 
Cholame-

Shandon 

0.40 0.40 

19 0.40 — 

20 — 0.40 

22 

Artificial 

0.40 0.40 

23 0.40 — 

24 — 0.40 

26 Strong 

Earthquake 

(SE) 

El Centro 

0.62 — 

27 — 0.62 

28 0.62 0.62 

(1/5/9/13/17/21/25/29) White noise Wi 0.05 0.05 

4. Experimental phenomenon 208 

With the increase in seismic excitation intensity, the BVMT system demonstrates 209 

diverse damage patterns across its four sides, which are classified into two primary 210 

categories: localized failure and overall failure, depending on the severity of the 211 

damage. Each category is further divided into several subcategories, which will be 212 

detailed in the following sections. For clarity in describing the damage locations, 213 

representative points on the four sides are labeled from "a" to "m", as illustrated in 214 

Figure 11. 215 

    

Fig. 11. Location marking of four-sided BVMT system damage 
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4.1. local failures of  BVMT system 216 

4.1.1 The crack and detachment of mortar 217 

Under the FE excitation level, no obvious cracks were observed in the mortar of 218 

the four-sided BVMT system. Under the DBE excitation level, minor cracks with 219 

widths of 0.2 mm and 0.3 mm were observed at position "b" on the S side and 220 

position "g" on the N side, respectively, caused by the compressive stress from 221 

adjacent bricks. Under the MCE excitation, the crack widths increased further. Under 222 

the SE excitation level, the crack widths at position "g" on the N side expanded to 1.8 223 

mm and 2.3 mm, respectively. The evolution of cracks in the mortar is illustrated in 224 

Figure 12. 225 

   
(a) Minor crack (b) Obvious crack (c) Severe crack 

Fig. 12. Mortar crack 

Under the FE excitation, no mortar detachment was detected in the BV panels. 226 

Under the DBE excitation, due to the relatively lower IP stiffness of the perforated 227 

panel compared to the solid panel, the mortar was subjected to compression from 228 

adjacent bricks under IP deformation, resulting in the initial formation of minor 229 

mortar detachment at location "e" on the N side. Under the MCE excitation, 230 

significant mortar detachment was first observed at location "h" on solid panel of the 231 

W side due to similar IP compressive deformation. Under the SE excitation, the 232 

combined effects of increased IP compressive deformation and OP inertial forces 233 

resulted in mortar detachment accompanied by exposure of a vertical steel bar at 234 

location "f" on the BV panel of N side. The progression of mortar detachment is 235 

illustrated in Figure 13. 236 

   
(a) Minor detachment (b) Obvious detachment (c) Severe detachment 

Fig. 13. Mortar detachment 

4.1.2 Crushing and spalling of brick 237 

Prior to the application of the MCE excitation, no obvious damage was observed 238 

on the BV panel. Under the MCE excitation, due to compressive forces between the 239 

top transom and the bricks, corner crushing of the bricks was detected at location "c" 240 

on the N side (Figure 14a). Under the SE excitation, OP inertial forces induced 241 

compression between the vertical steel bar at the upper transom and the inner walls of 242 
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the brick holes, leading to surface spalling at location "j" on the E side (Figure 14b). 243 

Therefore, in the design of BVMT systems, it is essential to consider the thickness of 244 

the hole bricks to prevent damage caused by compressive stress.  245 

The analysis of brick damage locations within the BVMT system clearly 246 

demonstrates that bricks positioned beneath the transoms are more susceptible to 247 

damage. This phenomenon is primarily attributed to the stiffness discrepancy between 248 

the structural components. Therefore, appropriate design modifications should be 249 

incorporated in future iterations to effectively address this issue. 250 

  
(a) Brick corner crushing (b) Brick spalling 

Fig.14. Damage of brick 

4.1.3 Out-of-plane rotation of brick 251 

Under the DBE excitation, the mortar bond at the lower end of the transom 252 

beneath the top of the BV panel of N side failed due to IP deformation, leading to 253 

loosening of the brick at location "d". Under the MCE excitation, a minor OP rotation 254 

of the loosened brick around the vertical steel bar was observed at location "d". This 255 

phenomenon occurred attributed to the presence of only one vertical steel bar 256 

embedded in the brick, which lacked additional vertical steel bar to restrict rotational 257 

freedom, thereby allowing the loosened brick to rotate OP under inertial forces. Under 258 

the SE excitation, the OP inertial forces became more pronounced, resulting in 259 

significant OP rotation of the brick. The progression of OP rotation of brick is 260 

illustrated in Figure 15. 261 

 
  

(a) Bricks are loose (b) Slightly OP rotation of brick 
(c) Significant OP rotation of 

brick 

Fig. 15. Out-of-plane rotation of brick 

4.1.4 Failures of tie 262 

Due to the substantial self-weight of the brick panels, relative displacement 263 

occurred between the mullions and the BV panels under OP inertial forces, resulting 264 

in considerable stress being imposed on the tie connectors. No damage to the ties was 265 

observed during frequent, basic, or MCE excitations. Under the SE excitation, the tie 266 

connectors were exposed to excessive tensile forces, leading to weld failure at 267 

location "l" between the mullion and the tie connector on the BV panel of E side 268 

(Figure 16a). Furthermore, the tie connector at location "m" fractured as a result of 269 

increased tensile stress (Figure 16b). Therefore, it is imperative to improve the 270 



12 

 

structural strength of the tie connectors in future design iterations and to ensure 271 

adequate welding strength and construction quality during implementation. 272 

  
(a) Welding failure (b) Tie rupture 

Fig. 16. Failures of tie 

4.2. Overall failure of BVMT system 273 

4.2.1 In-plane panel sliding 274 

Under the MCE excitation, the BV panel of W side was subjected to IP shear 275 

forces due to inter-story drift in the RC frame. A noticeable back-and-forth 276 

displacement was observed between the upper and lower panels, with the boundary 277 

defined by the bottom of the vertically suspended row of bricks (Figure 17). Under the 278 

MCE excitation, video recordings captured a maximum displacement Δ₁ of 3 mm 279 

during the loading phase. 280 

4.2.2 Out-of-plane panel rocking 281 

Under the MCE excitation, the mortar within the brick holes containing vertical 282 

steel bar spalled due to compressive stress between the steel bar and the brick hole 283 

walls, resulting in a gap between the vertical steel bar and the inner surfaces of the 284 

brick holes. Consequently, relative displacement occurred under OP inertial forces, 285 

leading to a back-and-forth rocking behavior during the loading phase. Figure 18 286 

illustrates the maximum relative rocking displacement Δ₂ of 5 mm observed on the E 287 

side between the BV panel and the upper transom Under the SE excitation. 288 

  

Fig. 17. IP BV panel sliding  Fig. 18. OP BV panel rocking 

5. Experimental results 289 

5.1. Inter-story displacement response  290 

The time-history curves of inter-story displacements in the X and Y directions on 291 

the second story of the RC frame represent the displacements imposed on the four 292 

BVMT systems in the plane. The maximum story displacements obtained from the El-293 

Centro, Cholame-Shandon, and artificial earthquake excitations were compared to 294 

determine the final maximum values. Figure 19 shows the envelope curves of the 295 
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story drifts ratio for each story of the RC frame, with the maximum inter-story 296 

displacement (Δu) and drift ratio values summarized in Table 4. 297 
Table 4 Measured Inter-story displacement  

and drift ratio of second story  

Input 

motion 
Direction 𝛥𝑢 (mm) 

Drift 

ratio (%) 

FE 
X 1.35 0.04 

Y 1.50 0.05 

DBE 
X 5.29 0.18 

Y 4.29 0.14 

MCE 
X 13.39 0.45 

Y 14.02 0.47 

SE 
X 23.08 0.77 

Y 25.42 0.85 
 

 
Fig. 19. Drift ratio of second story 

As illustrated in Figure 19, the following analytical conclusions can be drawn: (1) 298 

The drift responses in the X and Y directions are nearly identical, with peak values 299 

reaching 0.77% and 0.85%, respectively. This similarity is attributed to the symmetric 300 

configuration of the RC frame and the application of identical seismic excitations in 301 

both directions; (2) The maximum inter-story drifts in both directions exceed the 302 

allowable limits specified in GB/T 18250-2015 [34] (0.54%) and EC 8 [35] (0.75%), 303 

confirming that the BVMT system satisfies the seismic performance requirements 304 

under these design standards. However, due to deformation constraints imposed by 305 

the primary structural system, the second story did not achieve the drift capacities 306 

defined in CSA S832-2014 [36] (2.0%) or ASCE 7-10 [37] (2.25%). Therefore, 307 

additional experimental testing is necessary to evaluate whether the BVMT system 308 

sustains significant damage when subjected to inter-story drift ratios of 2.0% and 309 

2.25%, respectively, thereby assessing its compliance with the large-deformation 310 

performance criteria stipulated in CSA S832-2014 and ASCE 7-10. 311 

5.2. Out-of-plane displacement response 312 

The OP displacements of the BVMT system on the E side, measured relative to 313 

its base along the height under varying seismic excitation levels, were analyzed, with 314 

results presented in Figure 20. The following conclusions can be drawn: (1) The 315 

relative displacements exhibit asymmetry in both positive and negative loading 316 

directions, and this asymmetry becomes increasingly pronounced with rising 317 

excitation intensity. This behavior is likely attributable to the inherent randomness of 318 

seismic input and the influence of elastic-plastic damage progression in the RC frame 319 

on the stress state at the connection nodes of the BVMT system; (2) Under FE 320 

excitation conditions, the BVMT system does not exhibit a significant bending 321 

deformation pattern along its height. However, as the peak ground acceleration (PGA) 322 

increases, the overall deformation gradually evolves into a "C"-shaped distribution. 323 
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This deformation mode is primarily attributed to the relatively low lateral stiffness of 324 

the OP BVMT system and the modification of boundary conditions induced by 325 

accumulated inelastic deformation in the RC frame. Notably, the maximum deflection 326 

of the BVMT system is 9.76 mm, occurring at a height of 1.625 m, which is below the 327 

allowable deflection limit of L/250 = 3000/250 = 12 mm specified in GB∕T 21086-328 

2007 [38], thus confirming compliance with the design requirements. 329 

 
Fig. 20. The variability of relative displacement along 

the height of the E-side BVMT system. 

5.3. Acceleration response  330 

Due to the robust and slip-resistant connection between the BV panels and the 331 

transoms and mullions, no relative displacement occurred during testing. The 332 

acceleration responses of the BVMT system were therefore measured using 333 

accelerometers mounted on selected mullions. Acceleration magnitudes increased 334 

with height, indicating higher dynamic demand at upper levels. Consequently, only 335 

the acceleration responses of the topmost BVMT system on each side were analyzed 336 

in this section. 337 

The peak accelerations of the OP and IP BVMT systems are plotted on the same 338 

scale, as shown in Figure 21. The peak acceleration is defined as the maximum 339 

absolute acceleration recorded along the height of the BV panel during a given 340 

excitation event. The OP BVMT system exhibited a pronounced dynamic response 341 

under seismic loading. Despite the high acceleration levels in the OP direction and the 342 

occurrence of tie failure (Figure 16) between the BV panel and the mullion on the E 343 

side, the OP BVMT system remained securely attached to the frame, and the 344 

connections between transoms and mullions remained intact. 345 
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Fig. 21. Acceleration responses of BVMT system under PGA excitation 

5.4. Component acceleration amplification (CAA) factor 346 

The CAA factor is a key parameter for evaluating the dynamic response behavior 347 

of the BVMT system [33,39]. Given that the BVMT system is connected to the 348 

primary structure at both its top and bottom ends, its CAA response is complex and 349 

cannot be accurately represented by simply taking the ratio of the component’s peak 350 

acceleration to the peak floor acceleration at its location. In this study, the CAA factor 351 

is defined as the ratio of the peak acceleration response of the BVMT system to that 352 

of the RC frame at the same elevation and corresponding lateral position. When 353 

measured acceleration data from the RC frame are unavailable at a specific height, the 354 

peak floor acceleration at that level is determined through linear interpolation using 355 

data from adjacent measurement levels. A schematic illustration of the calculation 356 

procedure is provided in Figure 22. 357 

The CAA of the BVMT system is defined as: 358 

𝐶𝐴𝐴 = 𝐴ℎ/(𝐴𝑏 + (𝐴𝑡 − 𝐴𝑏) × ℎ/𝐻)                            (1) 359 

where ℎ is the vertical distance from the acceleration measurement point to the first 360 

floor level, 𝐻 is the total story height, 𝐴𝑡 and 𝐴𝑏 are the peak acceleration responses 361 

at the top and bottom floor levels of the same story, respectively, 𝐴ℎ  is the peak 362 

acceleration response recorded by the BVMT system's sensor located at a height ℎ 363 

above the first floor level. 364 

The maximum recommended CAA values specified in GB 50011-2010 [30], 365 

UBC 1997 [40], and ASCE 7-16 [37] are 2.0, 2.5, and 1.0, respectively. In this study, 366 

the peak acceleration responses of the BVMT system at various heights were obtained 367 

using accelerometers mounted on mullions of the E side. Concurrently, the peak 368 

acceleration responses at the bottom and top floor levels of the RC frame 369 

corresponding to the BVMT system were extracted. The CAA values were then 370 

calculated according to Equation (1). The computed OP CAA values for the BVMT 371 

system on E side along the height are presented in Figure 23. 372 

The following conclusions can be drawn from Figure 23: (1) The CAA factor 373 

exhibits a distribution pattern that gradually increases from both ends toward the mid-374 

height of the story, with maximum values predominantly concentrated in the central 375 

region. This indicates a more pronounced dynamic amplification effect and stronger 376 
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self-vibration characteristics in this zone; (2) Statistical analysis of data from the 377 

central region yields an average CAA value of 1.39 and a standard deviation σ of 0.51. 378 

Compared to the lower and upper regions, the higher data dispersion suggests that the 379 

mid-height response is significantly influenced by local dynamic properties and 380 

exhibits greater variability; (3) Based on the experimental results of the E-side BVMT 381 

system in this study, adopting the CAA limit of 2.0 specified in GB 50011-2010 382 

ensures structural safety under at least 68.27% of loading conditions. When applying 383 

the UBC 1997 limit of 2.5, the probability of safety assurance increases to no less than 384 

95.45%. In contrast, the ASCE 7-16 prescribed CAA limit of 1.0 is substantially lower 385 

than both the measured mean and the majority of observed values, failing to reflect 386 

the actual level of dynamic response.  387 

 
 

Fig. 22. Schematic illustration of the 

calculation procedure for OP CAA factors 
Fig. 23. The variability of the OP CAA factor along 

the height of the BVMT system 

5.5 Hysteretic responses 388 

Hysteresis energy dissipation is a key indicator for assessing the extent of plastic 389 

damage and the energy absorption capacity during the inelastic deformation of 390 

structural systems [41-43]. As reported in studies [44-46], under OP seismic loading, 391 

the BV system typically develops cracking at mid-height, leading to the formation of 392 

a rocking mechanism that progresses until wall displacement reaches a critical 393 

instability threshold, ultimately resulting in collapse. According to research [8], the 394 

BV system can be modeled as a generalized SDOF system with lumped mass and 395 

equivalent stiffness. Furthermore, literature [47-48] indicates that the seismic 396 

performance of such systems is influenced not only by their intrinsic characteristics 397 

but also by the interaction between the system and the overall structural framework. 398 

In this study, the OP failure behavior of the BVMT system and its interaction with the 399 

main structure are represented through the OP boundary constraints at the bottom and 400 

top ends of the system. The connections between the BVMT system and the 401 

supporting beams are assumed to be rigid; however, under seismic excitation, 402 

measurable OP displacements occur at both ends. Given that the RC frame used in the 403 

experiment is a precast assembly, significant elastic-plastic damage developed during 404 

loading, thereby weakening the lateral restraint provided to the BVMT system. 405 

Consequently, these end displacements cannot be neglected. To account for this effect, 406 
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the OP restraints at both ends are modeled as rotational or translational springs [49-407 

50]. Considering that the BVMT system is subjected to a uniformly distributed inertial 408 

load during seismic events, the earthquake input is simplified as a uniform lateral load 409 

applied along the height of the system [14]. The BVMT system is thus idealized as a 410 

generalized SDOF system incorporating distributed mass and flexural rigidity. The 411 

final simplified analytical model is illustrated in Figure 24. 412 

The control displacement point is defined as the location of maximum OP 413 

deflection on the E-side panel. As shown in Figure 20, this maximum displacement 414 

occurs at the mid-height of the panel. For computational simplicity, the acceleration 415 

measured at the mid-height position is taken as representative of the entire BVMT 416 

system’s dynamic response. The total inertial force F acting on the system is 417 

calculated by multiplying the linear load q by the panel height. Subsequently, the mid-418 

height deflection is derived from the same linear load distribution. Based on 419 

experimental data analysis, the inertial OP force–deflection (F–δ) hysteresis loop for 420 

the BVMT system on E side is then constructed, as presented in Figure 25. 421 

Linear load 𝑞 and inertial force F are defined as follows: 422 

𝑞 = 𝑚 ∙ 𝑎                                                      (2) 423 

      𝐹 = 𝑞 ∙ 𝐻                                                      (3) 424 

where 𝑚 is the mass per unit height of the BVMT system on the E side，𝑎 is the mid-425 

height acceleration, and 𝐻 is the total story height. 426 

In the analysis of experimental data, the 𝛿 is defined as: 427 

𝛿 = 𝐷𝑐 − (𝐷𝑏 + (𝐷𝑡 − 𝐷𝑏) × ℎ/𝐻)                            (4) 428 

where 𝐷𝑐 is displacement time history at mid-height, 𝐷𝑏 is displacement time history 429 

of the first floor, 𝐷𝑡 is displacement time history of the second floor, 𝐻 is the story 430 

height, and ℎ is the distance from the mid-height of BV panel to the first floor. 431 

  
Fig. 24. Structural analysis model of the BVMT system 

Figure 25 presents the hysteretic curve of the E-side OP inertial force versus 432 

mid-height deflection (F–δ) under representative loading conditions. The red dashed 433 

line represents the initial slope of the experimentally measured hysteretic loop, 434 

reflecting the OP effective stiffness (KE) of the BVMT system [51]. Figure 26 435 

displays the hysteretic skeleton curves under four different seismic intensity levels, 436 

while Figure 27 illustrates the evolution of cumulative hysteretic energy dissipation 437 

associated with the OP BVMT system on the E side across varying seismic excitation 438 
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intensities. 439 

Under FE excitation, the BVMT system exhibits minimal mid-height deflection, 440 

with an almost linear F–δ relationship and negligible energy dissipation, indicating 441 

that the system remains in a predominantly elastic state. The KE is determined as 6.63 442 

kN/mm. As the PGA increases, the deflection gradually increases, and the nonlinearity 443 

of the F–δ response becomes increasingly pronounced, accompanied by progressive 444 

accumulation of plastic energy dissipation. Under DBE excitation, the level of 445 

hysteretic energy dissipation remains relatively low, suggesting that energy dissipation 446 

is primarily attributed to elastic deformation. At this stage, KE decreases to 5.31 447 

kN/mm—a reduction of 19.91% from the initial value. When the excitation reaches 448 

MCE level, cumulative hysteretic energy dissipation increases significantly, reflecting 449 

intensified dynamic behavior and the onset of structural damage. The system 450 

transitions into the elastoplastic regime, characterized by enhanced energy dissipation 451 

capacity due to inelastic deformations, and the equivalent KE further degrades to 3.42 452 

kN/mm, representing a 48.42% reduction. Under SE excitation, cumulative energy 453 

dissipation rises sharply, and the KE drops to 1.47 kN/mm—a degradation of 454 

77.83%—indicating substantial loss of lateral integrity and a marked increase in the 455 

system’s energy dissipation capability. 456 

The OP stiffness of the BVMT system is primarily contributed by the mullion 457 

and transom backup, whereas the stiffness contribution from the BV panel is 458 

negligible. As seismic excitation intensifies, the overall OP stiffness of the BVMT 459 

system undergoes significant degradation, even though the mullion and transom 460 

backup components remain within the elastic range. This discrepancy can be 461 

attributed not only to localized damage within the BVMT system itself but more 462 

significantly to the inelastic behavior of the RC frame, which enters the elastoplastic 463 

stage under strong loading. Consequently, the connection between the BVMT system 464 

and the RC frame can no longer be idealized as rigid, leading to an alteration in the 465 

boundary conditions of the BVMT system. This change results in a substantial 466 

reduction in effective lateral stiffness. 467 

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

-30

-20

-10

0

10

20

30

In
er

ti
al

 f
o
rc

e 
(k

N
)

Deflection (mm)

 y = 6.63x

 (0.14, 3.14)

 (0.36, 1.45)

 (-0.28, -3.08)

 (-0.33, -2.11)

 

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

-30

-20

-10

0

10

20

30

In
er

ti
al

 f
o
rc

e 
(k

N
)

Deflection (mm)

 y = 5.31x

 (0.87, 9.60)

 (1.14, 3.57)

 (-0.86, -7.60)

 (-1.09, -6.15)

 

(a)  PGA = 0.07 g (b)  PGA = 0.20 g 



19 

 

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

-30

-20

-10

0

10

20

30

In
er

ti
al

 f
o

rc
e 

(k
N

)

Deflection (mm)

 y = 3.42x

 (1.84, 13.36)

 (3.41, 7.63)

 (-1.89, -19.04)

 (-3.16, -15.66)

 

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

-30

-20

-10

0

10

20

30

 y = 1.47x

 (6.77, 31.70)

 (9.76, 22.05)

 (-4.51, -23.31)

 (-7.29, -18.27)

In
er

ti
al

 f
o
rc

e 
(k

N
)

Deflection (mm)  
(c)  PGA = 0.40 g (d)  PGA = 0.62 g 

Fig. 25. F-𝛿 curves of E side 
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Fig. 26. Backbone curve on E side 
Fig. 27. Cumulative hysteretic energy 

dissipation curve on E side 

5.6 Comparative analysis of results 468 

The BV system [52], Enhanced PBVSS system [18], and BV with LSA [14] and 469 

BVMT system were compared in terms of performance. Due to limitations in shaking 470 

table capacity and the load-bearing capability of the main structure, the BVMT system 471 

was not subjected to loading up to its ultimate failure state. Consequently, initial 472 

stiffness and OP deflection at the onset of cracking were adopted as key evaluation 473 

parameters for comparison with data reported in the literature. Since certain studies 474 

express bearing capacity in terms of pressure (kPa), a conversion from pressure to 475 

concentrated force (kN) was performed by multiplying the pressure by the 476 

corresponding loaded area. This approach ensures dimensional consistency when 477 

comparing the load–deflection behavior of different systems across studies. The 478 

comparative results are presented in Figure 28. 479 

As shown in the figure: (1) The initial OP stiffness values for the BVMT, BV, BV 480 

with LSA, and Enhanced PBVSS systems are 6.63 kN/mm, 2.85 kN/mm, 6.40 481 

kN/mm, and 77.52 kN/mm, respectively. (2) The initial stiffness of the BVMT system 482 

is approximately 2.3 times that of the conventional BV system and comparable to that 483 

of the BV with LSA system; however, it is only about one-twelfth of the Enhanced 484 

PBVSS system’s stiffness. This discrepancy can be attributed to two primary factors: 485 

first, the Enhanced PBVSS system incorporates seven mullions on its backside, 486 
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whereas the BVMT system employs only three; second, the mullions in the Enhanced 487 

PBVSS system are made of Q345 steel with a section height of 152 mm, while those 488 

in the BVMT system are fabricated from Q235 steel with a reduced section height of 489 

80 mm—both factors contributing to the significantly lower OP stiffness of the 490 

BVMT system relative to the Enhanced PBVSS system. (3) The deflections at which 491 

initial cracking occurs are 3 mm, 0.3 mm, and 5 mm for the BV, BV with LSA, and 492 

Enhanced PBVSS systems, respectively, whereas no visible cracking is observed in 493 

the BVMT system panel even at a deflection of 9 mm. These findings demonstrate 494 

that the BVMT system effectively mitigates crack initiation under substantial OP 495 

deformation through a reduced BV panel slenderness ratio. 496 

 
Fig. 28. Comparison of the research results of the BVMT 

system with other existing systems 

6. Conclusions 497 

In this study, shaking table tests were conducted to investigate the seismic 498 

behavior of four BVMT systems. The results were evaluated in terms of failure modes, 499 

acceleration response, and displacement response. The main findings are summarized 500 

as follows: 501 

(1) As the intensity of earthquake excitation increases, damage is observed in all 502 

four BVMT systems, with distinct damage patterns across the four sides. In the 503 

perforated panel, damage is accompanied by phenomena such as the crack and 504 

detachment of mortar, the crushing and spalling of brick, and OP rotation of brick. In 505 

contrast, the solid panel exhibits detachment of mortar, failure of tie, IP panel sliding 506 

and OP panel rocking, indicating a response closer to brittle behavior. 507 

(2) Under seismic loading, the maximum IP deformation angle of the BVMT 508 

system on the E side reaches 0.87%, with a peak lateral deflection of 9.76 mm and a 509 

maximum CAA factor of 1.34. All measured parameters comply with the provisions 510 

of GB/T 21086–2007, indicating superior deformation capacity and lateral load-511 

resisting performance. 512 

(3) Under FE excitation, the BVMT system on the E side exhibits minimal lateral 513 

deformation, with an effective stiffness of 6.63 kN/mm. As the PGA increases, the 514 
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system's nonlinear behavior and energy dissipation capacity gradually intensify. 515 

Under SE excitation, energy dissipation increases significantly, and stiffness 516 

degradation reaches 77.83%. At this stage, severe damage develops at the RC frame 517 

joints, resulting in a loss of rigid connection assumption between the BVMT system 518 

and the RC frame. This induces a modification in the boundary conditions of the 519 

BVMT system, leading to a substantial reduction in its effective lateral stiffness. 520 

(4) The initial OP stiffness of the BVMT system is 2.3 times greater than that of 521 

the conventional BV system, demonstrating a substantial improvement in structural 522 

rigidity. This enhanced stiffness is attributed to the strategic integration of mullions 523 

and transoms, which effectively increase the system’s resistance to OP deformation. 524 

No visible cracks were observed even at a deflection of 9 mm, indicating high 525 

deformation tolerance. By incorporating transoms, the BVMT system reduces the 526 

panel’s slenderness ratio, thereby significantly suppressing crack initiation under large 527 

OP deformations. These results collectively highlight the superior performance of the 528 

BVMT system in both stiffness enhancement and crack resistance. 529 
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