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Seismic analysis method of unreinforced
masonry structures subjected to mainshock-
aftershock sequences

Yongqun Zhang', Zhuolin Wang!, Lixue Jiang!", Konstantinos Skalomenos?,
and Dongbo Zhang!

Abstract

Aftershocks have the potential to further aggravate the damage of masonry structures caused
by mainshock. To quantitatively analyze the effect of aftershocks, this paper investigates the
seismic response of unreinforced masonry structures subjected to mainshock-aftershock (M-
A) sequences. Firstly, an analytical method for estimating the maximum storey drift of masonry
structures subjected to M-A sequences is proposed, which is based on the non-iterative
equivalent linearization method and the soft-storey failure mechanism of multi-storey masonry
structures. Then, a finite element method is employed to verify the effectiveness of the
proposed method. Finally, a parametric analysis is performed to evaluate the effects of
aftershock intensity, anti-seismic wall area ratio, site classes, number of storeys, and mortar
strength on the seismic responses of masonry structures subjected to M-A sequences,
respectively. The results indicate that an excellent agreement for the maximum storey drift
(Omax) between analytical and numerical results. The effect of aftershocks on masonry
structures in plastic phase is more distinct than that in elastic phase. Furthermore, the effect of
aftershocks on the Omax of masonry structures can be ignored when the relative intensity of
aftershock is less than 0.5, and the Omax can increase by approximately 19.0% when the relative
intensity of aftershock is equal to 1.0. Additionally, for the masonry structures subjected to M-
A sequences, the effects of site classes on the fnax cannot be ignored, the Omax can decrease
with increasing anti-seismic wall area ratio and mortar strength, and increases with increasing

number of storeys.

Lixue Jiang
jkyjgs2020@163.com

1 Shanghai Key Laboratory of Engineering Structure Safety, Shanghai Research Institute of Building Sciences Co. Ltd,
Shanghai, China.
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1. Introduction

Earthquakes are not single events. It is common for a major earthquake (mainshock) to be
followed by many earthquakes (aftershocks) with lower magnitude which usually originated
at or near the rupture zone of the mainshock. Within 3 days after the Mw7.9 earthquake in
Wenchuan on May 12, 2008, approximately 3 aftershocks with magnitudes greater than 6.0
occurred (Wang et al. 2020). For the Mw8.8 Chile earthquake on February 27, 2010, about 90
aftershocks with magnitudes larger than 5.0 were recorded (USGS 2010). In the Mw7.8 Nepal
earthquake on April 25, 2015, 3 aftershocks with magnitudes larger than 6.0 were recorded
within 15 days after the mainshock (Apil et al. 2015). Generally, there is no enough time to
repair structures effectively due to the short interval between the mainshock and the aftershock
(Yeo et al. 2009). Therefore, aftershocks have the potential to further increase damages
significantly in the already damaged structures cuaused by the mainshock, resulting in
aggravation of economic losses and casualties. For the Turkey Van earthquake sequences,
28,000 buildings were damaged in the Mw7.1 mainshock on October 23, 2011, while 35,000
buildings were damaged after the Mw5.6 aftershock on November 9, 2011 (Ates et al. 2013).
For the New Zealand earthquake sequences, 100 people were injured in the Mw7.1 mainshock
on September 4, 2010, but 185 people were killed in the Mw6.3 aftershock on February 22,
2011 (Gledhill et al. 2011). Thus, the effect of aftershock should be considered for the seismic

performance assessment of building structures.

Several studies have focused on the effect of mainshock-aftershock (M-A) sequences on
the seismic response of building structures. Among them, the nonlinear dynamic analysis
method was usually employed to evaluate the structural behavior (e.g., displacement, storey
drift, damage index) under artificial or recorded M-A sequences (Hatzigeorgiou and Liolios
2010; Goda and Salami 2014; Shen et al. 2019; Zhang et al. 2020; Shen et al. 2020; Wang et
al. 2020). Noteworthily, the conclusions reached by different researchers diverged obviously.
Li and Ellingwood (Li and Ellingwood 2010) found that aftershocks had a significant effect on
structural damage, while Tesfamariam and Goda (2015) revealed that aftershocks had a
relatively minor effect. The reason is that factors such as site conditions and aftershock

intensity have a great influence on the results. To fully understand the effect of M-A sequences,
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incremental dynamic analysis (IDA) and Monte Carlo simulation have been applied to attain
the structural vulnerability curve and study the effect of different aftershock intensities and

earthquake regions (Raghunandan et al. 2015; Li et al. 2020).

The main focus in seismic assessment of masonry structures has been on mainshock
analysis. Researchers carried out many quasi-static tests and shaking table tests to investigate
the failure pattern, bearing capacity, deformation capacity, and energy dissipation capacity of
masonry structures. A series of research results have provided a theoretical basis for the
performance assessment of masonry structures subjected to single earthquakes (Tomazevi¢
2007; Mendes and Loureno 2014; Graziotti et al. 2017; Guerrini et al. 2017; Nakamura et al.
2017; Azizi-Bondarabadi et al. 2019; Tomi¢ et al. 2021). Rinaldin and Amadio (2018)
investigated the seismic behaviour of masonry structures under repeated earthquakes, a series
of non-linear dynamic analyses were employed to estimate the cumulative damage occurred
during the seismic sequence. The investigation has focused on the seismic response of masonry
structures subjected to M-A sequences, including displacement and damage index. However,
the peak ground acceleration (PGA) of the selected aftershocks in previous studies were equal
or similar to that of mainshock, which was impractical to quantitatively analyze the effect of
different aftershock intensities on the structural response. In addition, there is a lack of analysis
on the effect of masonry structure characteristics, such as material strength, number of storeys

and site conditions, to the structural response under M-A sequences.

This study aims to analyze the seismic response of masonry structures subjected to M-A
sequences. Firstly, a seismic analysis method for determining the maximum storey drift of
masonry structures is proposed based on the non-iterative equivalent linearization method and
the soft-storey failure mechanism of multi-storey masonry structures. Then, the effectiveness
of the proposed method is verified computationally using the finite element method on the
basis of shaking table tests. Finally, the effects of aftershock intensity, anti-seismic wall area
ratio, site classes, number of storeys, and mortar strength on the structural response are studied

systematically.

2. Calculated method of masonry structures subjected to M-A sequences

2.1 Storey yield strength coefficient of masonry structures
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The equivalent base shear method is adopted for calculating the horizontal seismic load in
seismic analysis of masonry structures. It is assumed that the horizontal seismic load is
distributed in an inverted triangle along with the height of the structure. For a masonry
structure, the number of storeys is 7, the building area of each storey is Ao, and the combined
gravity load per unit building area is g.. According to the Code for seismic design of buildings
(GB50011-2010) (2010), the equivalent mass coefficient 0.85 is introduced to consider the
high mode effects of multi-storey masonry structures as in EC 8(2004). G, is a combined
gravity load, which is defined as 1.0 Dead load + 0.5 Live Load (GB50011-2010). « is the
seismic influence coefficient of sequence-type earthquake, which indicates the intensity of M-
A sequences. Since the natural period of vibration of masonry structures is generally between
0.1s and 0.5s, a is suggested to be equal to the maximum seismic influence coefficient aimax
(GB50011-2010). Thus, the total base shear force V' of the multi-storey masonry structure can

be calculated as:

Vy=a-G,, =0.85ag,n4, (1)
The seismic shear force V; of i storey can be estimated as

(nt))(n—i+1)

V.=0.85ag, 4, oD )

The plane and vertical layouts of the masonry structure of residential and office buildings
are generally regular, and these multi-storey masonry structures mostly adopt reinforced
concrete floors. The traditional method for calculating the vertical stress of the wall does not
consider the joint operation of the transverse and longitudinal walls. Therefore, the vertical
stresses of the transverse and longitudinal walls are quite different. Considering the fact that
the transverse and longitudinal walls work together, the vertical stresses of the connected
transverse and longitudinal walls tend to show a uniform distribution, and this trend is more
obvious in the lower storeys (Zheng and Jiang 2014). For the convenience of analysis, it is
assumed that the vertical stresses of the transverse and longitudinal walls in the same storey

are equal, and the floor is assumed to be rigid, thus the average ultimate shear capacity of i

storey can be estimated as

R, :AA/,iﬁ/E,miZIOiME,mi 3)
where p; is the anti-seismic wall area ratio in the calculation direction of the i storey, which

can be expressed as the ratio of wall area 4, in half-storey hight to Ao; p i is the anti-seismic

wall area ratio in the orthogonal direction of the i storey.
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The average seismic shear strength £,z of the i storey is calculated as (GB50011-2010)

fl‘)E,mi = é/Ntfv,mz (4)
Somi =0.125/ 1, (5)

1
S =Exll+o-i/fv,mi (6)

where, f,mi is the average bond-slip strength of the masonry of the i storey; f2, is the
compressive strength of mortar of the i storey; (u: is the influence coefficient of vertical
pressure of the i storey; o is the average vertical compressive stress in the i storey due to
gravity load, which be expressed as

—i+1
o = 8 & )
pitp;

(7

where p ’;is the anti-seismic wall area ratio in the orthogonal direction of the i storey.

Substitute Eq. (7) into Eq. (6), then {: can be estimated by Eq. (8).

1 8.33g,(n—i+1)
Sni \/1 8

1'20 (pi+p‘i)\,f2,i ( )
According to the Elastic-Perfectly-Plastic (EPP) model established by Tomazevic (2007)

and Magenes et al. (1997), the yield strength is 0.9 times of the average ultimate capacity, so

the storey yield strength coefficient of the i™ storey can be estimated as

_ 0'9Rui _ 0'9Aw,ifvE,mi
- - )

i i

Substitute Eq. (2) ~ Eq. (5) and Eq. (8) into Eq. (9), and the storey yield strength

S

coefficient can be further obtained by

0.11p, n+1 8.33g,(n—i+1)/f,,
é:i = . X X f2,i + B (10)
ag, (m+i)n—-i+l) PP
For the bottom storey, Eq. (10) is simplified as
8.33 N
g = 21p \/fm 18 o (11)
ag.n prtp

For single-storey masonry structures, the coefficient of 0.11 in Eq. (10) and Eq. (11)
should be changed to 0.11x0.85=0.094.

For masonry structures, the strength reduction factor is calculated as

R = l/gi,min (12)
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where & min 1s the minimum yield strength coefficient of each storey.
If the bottom storey is the soft-storey, the strength reduction factor can be estimated as

1 ang,

R:—:
0_11pl\/f2+8.33ng6\/72 (13)
Pt P

where f is the compressive strength of mortar of the bottom storey.
2.2 The yield displacement demand of the equivalent single-degree-of-freedom

Based on the roof displacement method for calculating the natural period of the structure
and the displacement calculation method for the multi-limb wall and wall frame, and
considering the influence of the bending deformation, shear deformation and coupling of the
wall limbs, Jiang et al. (2018) proposed the calculation formula for the natural period 7o, of

masonry structures, which can be calculated as

T,, =(0.132+0.050£j e (14)
’ BIN T hp

Where, H and B are the total height and width of masonry structure, respectively; 4 is the soft-

storey height; f, is the compressive strength of masonry.

The elastic spectral displacement Sq. of the equivalent single-degree-of-freedom (SDOF)
system is computed as (Fajfar 1999).

S % .ag (15)
r

Sdfziz R (16)

Eq. (13) is substituted into Eq. (16) to obtain the yield spectral displacement demand Sy,
(Eq. (17)).

8.33
Sd‘,=0.027.T028.A\/f2+L\’/f a7
' Cong o+ P

e

2.3 The inelastic displacement demand of the equivalent SDOF

The equivalent linearization method can be used to estimate the inelastic displacement

demand of existing structures subjected to earthquakes. It was adopted in the capacity spectrum
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method of ATC-40. In this method, the displacement demand of a structure can be determined
by the displacement demand of an equivalent linear system with an equivalent period and
equivalent damping. The evaluation targets including equivalent period and equivalent
damping are functions of the ductility coefficient, so an iterative process is employed to
determine the displacement demand of existing structures. Meanwhile, an underestimate of
displacement demand of existing structures may result from the equivalent damping which is
independent of the natural period in the capacity spectrum method of ATC-40. To solve the
above problems, an equivalent linear system based on the secant period was proposed by Lin
and Lin (2009). In this method, the equivalent period and equivalent damping of the equivalent
linear system are functions of the strength reduction factor. Since the strength reduction factor

is known, iteration in determining the response of structures can be avoided effectively.

When the secant stiffness of the maximum displacement point is taken as the equivalent

stiffness of the elastic-plastic model, the equivalent elastic period T, is calculated as (Borzi et

al. 2001)
/ Y7,
T =T |——— 18
eq 0,e 1+aS (lu_l) ( )

where ay is the post-yield stiffness; u is the ductility factor which is the ratio of the maximum

displacement to the yield displacement.

Base on the R-u-T relationship, the x in Eq. (18) can be replaced by the strength reduction
factor R. According to the R-u-T relationship proposed by Newmark and Hall (1973),
u=(R*+1)/2 can be substituted into Eq. (18) in short period region, while 4=R can be substituted
into Eq. (18) in long period region. For M-A sequences, Zhai et al. (2015) and Zhang et al.
(2017; 2020) express the ductility factor x4 with strength reduction factor R through the R-u-T
relationship, these expressions clearly indicate the influence of different aftershock intensity.
In this manuscript, the strength reduction factor R is computed by Eq. (19).

ao(cleMJrTOi,)(cz4 + ) 1 (19)

R=1+
(1+a,T,, + a,77, )(1+ a;u) 0.87 +0.08¢"

where y is the relative intensity of aftershock defined as the ratio of the peak ground
acceleration of the aftershock (PGA.s) to that of the mainshock (PGAms); ao, a1, a2, a3, as and
as are regression parameters depending on the site classes as listed in Table 1. The site classes

are classified according to V2o referring to Code for seismic design of buildings (GB50011—



197  2010), and the corresponding V30 ranges are also listed in Table 1. x can be calculated according
198  to the inverse function of Eq. (19).
199  Table 1. The value of ap~as
Parameter V2o V30 ao a a as as as
Site class | V20> 500m/s V30> 596m/s 0.86 10.83 9.68 0.57 -0.79 0.02
Site class I~ 250m/s < Vo < 500m/s  278m/s < V3 < 596m/s 0.71 13.21 9.97 0.98 -0.84 0.01
Site class Il 150m/s < V30 < 250m/s  158m/s < V3 < 278m/s 1.03 1093 11.49 0.77 -0.95 0.04
Site class IV Va0 < 150m/s V30 <158m/s 0.66 1325 995 055 -0.81 0.01
200
201 Considering the effect of M-A sequences on elastic spectra, the maximum seismic
202  influence coefficient amax of M-A sequences can be expressed as amax=2.25-PGAms:(1+0.03-y)
203  (Zhang 2020).
204 The equivalent damping (., of the EPP model is calculated as (Lin and Lin 2009)
205 ¢, =< t0.0797, VR -1 (20)
206  where (p is the inherent damping.
207 According to the General rule for performance-based seismic design of buildings (CECS
208  160:2004) (2004), the damping reduction factor of the EPP model can be obtained by Eq. (21).
L, 0.05-4, T <T)
209 0.06+1.4¢,, @)
B= 004205y
( 0.05-¢, J ( T J 05+,
2| e (T, >T,)
0.06+14¢, | | T, e
210  where Ty is the characteristic period of ground motion.
211 The inelastic spectral displacement Sq, of the SDOF system is calculated as (Fajfar 1999)
212 Ty 5
Sdp:4:zz-ag~C:4ﬂq2-ag~B (22)
213 where, C is the inelastic displacement amplification factor, which can be estimated as
214

c :(Tij y (23)

0,e
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The analysis shows that for the masonry structures built on site class III and site class IV,
the condition of 7.,<T, is generally satisfied. Therefore, the inelastic displacement
amplification factor C (Eq. (24)) is derived by substituting Eq. (18) and Eq. (21) into Eq. (23).
_RY+1 [1 0.0797, "R —1 J

2 ©0.13+0.11067, "R -1

C (24)

2.4 The storey drift demand of masonry structures

Both earthquake damage investigations and shaking table tests have shown that the most
common failure mode of masonry structures subjected to earthquakes is soft-storey failure
mechanism caused by the shear failure of the walls between windows. The deformation mainly
concentrates on a critical storey, which is generally the bottom storey, when the storey stiffness
is relatively uniform (Wang 2008; Tomazevi¢ and Weiss 2010). Therefore, the storey shear
model is adopted to determine the deformation of masonry structures, while the soft-storey

yielding mechanism is applied (Borzi et al. 2008).

Assuming that the vibration mode of masonry structures remains linear (inverted triangle)
before yielding (Borzi et al. 2008), the yield displacement demand ¢, of the soft storey is
calculated as

s h

TR (25)

where I'; is the modal height coefficient. I'; for a regular distributed mass is approximately

0.67.

For a vertically irregular masonry structure, it is assumed that its inelastic displacement is
entirely generated by the soft storey. Thus, the inelastic displacement demand J, of the soft

storey is calculated as (Priestley et al. 2007)
§p =5y+(Sdp—de) (26)

For a vertically regular masonry structure, assuming that the inelastic displacement is
mostly generated by the soft storey with a small part generated by the adjacent storeys, the

inelastic displacement demand J, of the soft storey is calculated as (Restrepo-Velez 2003)

S, —S
5,=0,+—+—4 27
7 0.8+0.1n @7



241 According to Eq. (26) and Eq. (27), the maximum storey drift fmax of masonry structures
242 can be obtained by Eq. (28).

243 B =0, [ (28)

244 The calculation flowchart of the Omax for unreinforced masonry structures subjected to M-

245 A sequences is shown in Figure 1.

4| Earthquake information | | Masonry building information li
=~ | Elastic response spectrum | | Bear capacity of masonry structures |
E
3
g Seismic shear force of i-story of Ultimate shear strength of i-story of
zg masonry structure V; masonry structure R
£ | | <
5 } 2
g . . 8
o Story yield strength coefficient of each story of masonry structure ¢ a,
& g
| Strength reduction factor R | =
=|| Ductility factor u |
| Equivalent elastic period T, I
| Equivalent damping coefficient ,, |
| Damping reduction factor B |
Inelastic spectral displacement s, = %»ag C= 4];‘5’2 ag-B
246 Inelastic displacement demand J, and storey drift 6,,,,
247  Figure 1. Calculation flowchart of the maximum storey drift Omax for masonry structures.
248
249 3. Validation of finite element model
250 The effectiveness of the method proposed in this manuscript is verified through a masonry

251  residential building. The residential building model is a 5-storey masonry structure with a
252 storey height of 3.0m, a width of 9.3m, and a length of 39.6m, as shown in Figure 2. The

253  thicknesses of all masonry walls are 240mm, and the anti-seismic wall area ratio p’ in the
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transverse direction and p in the longitudinal direction are 0.084 and 0.049 respectively. The
combined gravity load per unit building area g, is 1.0 Dead load + 0.5 Live Load = 11.0 kN/m?,
in which the dead load is the sum of the gravity load of the floor (4.0 kN/m?) and the gravity
load of the masonry walls (6.0 kN/m?), and the live load is 2.0 kN/m?. The compressive strength
of brick clay and mixed mortar adopted in the current study are 10.0MPa and 2.0MPa,

respectively. The compressive strength of masonry is 2.8 1 MPa.

Initially, a part of the structure was modelled (the shaded part of the masonry structure
shown in Figure 2). The correctness of the modeling method is verified by comparing the
simulation results with the shaking table test results. Then, the whole structure is modelled (the
whole masonry structure shown in Figure 2) to calculate the storey drift responses under M-A
sequences. Finally, the results of the proposed method are compared with those obtained from

the numerical simulations to verify the effectiveness of the proposed method.
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Figure 2. Plane of the unreinforced masonry structure model (unit: mm).

3.1 Validation of finite element model

The macro-modeling method simplifies the masonry into a homogenous material, and the
mechanical properties of the homogenous material are determined by both the bricks and the
mortar. The macro-modeling method ignores the difference of mechanical properties between
bricks and mortar, as well as their interaction. Although the local behaviors of the masonry,
such as crack localization and joint opening, are difficult to reproduce, satisfactory results can
be obtained for the global responses and damage distribution with a low computational cost.
Figure 3(a) illustrates the finite element model as a part of the whole structure as discussed in
Figure 2. The model consists of masonry walls and reinforced concrete floor slabs. Multilayer
shell elements with reduced integration were applied to simulate the nonlinear behavior of the

masonry walls and the reinforced concrete floor. For the constitutive laws, the kinematic
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hardening model of the steel and the plasticity model of masonry and concrete with damage
energy consumption were considered. The specific modeling method can be found elsewhere

(Zhang and Wang 2013).

(a) (b)

Figure 3. Plan of the masonry structure (unit: mm): (a) Finite element model, (b) Experimental model.

To ensure the effectiveness of the subpart finite element model, the natural period of the
masonry structure model is analyzed first. The seismic performance of a corresponding 1/4
scaled masonry structure was previously studied by shaking table tests. The results of this work
can be found in Jiang et al. (2021) and the overview of the experiment is shown in Figure 3(b).
The measured natural period of the scaled masonry structure model is 0.125s, and the similarity
coefficient is 3.162:1, so the natural period of the prototype is 0.397s. The comparison between
numerical and experimental results is shown in Table 2. The error between the numerical and

experimental results is 0.76%, which is in good agreement.

Table 2. The comparison between numerical and experimental results.

o Measured Analytical Numerical Analytical ~ Numerical
Direction ) ) )
natural period/s  natural period/s  natural period /s  error/% error/%
X-direction 0.397 0.395 0.394 -0.50 -0.76
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El Centro wave and Taft wave were selected to study the displacement response of masonry

structure. The comparison of roof displacement between the numerical results and the

experimental results is shown in Figure 4. The roof displacement of the numerical results has

taken the similarity coefficient 4:1 into consideration. The results show that the numerical

curves are basically consistent with the experimental curves, the maximum top displacement

of the numerical simulation is close to the maximum displacement of the experimental

measurement, and the error is within 15%. Therefore, the numerical model can be used to study

the seismic response of unreinforced masonry structures subjected to M-A sequences.
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Figure 4. Comparison of roof displacements between numerical and experimental results: (a) El Centro,
0.035g, (b) Taft, 0.035g, (c) El Centro, 0.100g, (d) Taft, 0.100g, (e) El Centro, 0.200g, (f) Taft, 0.200g.

3.2 Comparison between finite element method and the proposed method

3.2.1 Selected M-A sequences
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To accurately obtain the response of masonry structure subjected to M-A sequences, only
real earthquake records are selected. Based on the selection principles proposed in previous
research (Shen et al. 2019), 8 M-A sequence records for site class II are chosen from different

earthquake events to consider earthquake uncertainty and listed in Table 3.

The magnitude of the mainshock in the actual M-A sequence is greater than that of the
aftershock, so PGAns is generally not less than PGAs. To study the impact of the relative
intensity of aftershocks, y is set to 0, 0.5, 0.8, and 1.0, respectively (y=0 indicates mainshock

only).

Table 3. Selected ground motion record of M-A sequence

Earthquake event Seismograph station M-A Time PGA My
Mainshock  1972/12/23 06:29  0.372 6.2

Aftershock  1972/12/23 07:19  0.263 52

Mainshock  1980/05/25 16:34  0.430 6.0

Aftershock  1980/05/25 16:49  0.482 5.7

Mainshock  1986/09/13 17:25  0.235 6.2

Aftershock  1986/09/15 11:41  0.241 5.4

Mainshock  1987/10/01 14:42  0.428 6.0

Aftershock  1987/10/04 10:59  0.344 5.3

LA - Century City ~ Mainshock 1994/01/17 12:31  0.256 6.7

Managua,Nicaragua Managua ESSO

Mammoth Lakes Long Valley Dam

Kalamata, Greece Kalamata

Whittier Narrows LA - Obregon Park

Northridge

CC North Aftershock  1994/01/17 12:32  0.162 6.1
Mainshock  1999/09/20 17:47  0.277 7.6

Chichi CHY029
Aftershock  1999/09/20 17:57  0.241 5.9
Mainshock  2009/04/06 01:33  0.145 6.3

L'Aquila GRAN SASSO

Aftershock  2009/04/07 17:47  0.252 5.6
East Japan Mainshock  2011/03/11 13:46  0.180 9.0

CHBO005
Earthquake Aftershock 2011/03/11 15:15  0.175 7.7

3.2.2 The effectiveness of the proposed method

Using the validated modeling method introduced in Section 3.1, a finite element model of
the whole structure is established based on the masonry structure shown in Figure 2 to verify
the effectiveness of the proposed method. The comparison between analytical and
experimental results is shown in Table 2. The error between the analytical and experimental

results is 0.50%. The average storey drift of masonry structures under 8 M-A sequences was
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analyzed by the finite element method, and the storey drift of the masonry structure for site
class II is also calculated by the proposed method. The comparison of the results is shown in
Figure 5. For PGAns = 0.1g, the errors between the numerical results and the analytical results
are within 11.0%. For PGAms = 0.2g, the errors between the numerical results and the analytical
results are within 8.0%. It appears that the analytical results are in a good agreement with the

numerical results.

1.0
Analytical, PGA =0.1g
0.8 - — -Numerical, PGA _=0.1g
N Analytical, PGA_=0.2¢g
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Figure 5. Comparison of analytical and numerical results.

4. Seismic analysis of unreinforced masonry structures subjected to M-A sequences

The 5-storey masonry structure shown in Figure 2 was used as a basic structure model to
study the effect of M-A sequences on the seismic response of unreinforced masonry structures.
The Omax of the masonry structure for four site classes subjected to M-A sequences with y = 0,
0.5, 0.8 and 1.0 are shown in Figure 6. As shown in Figure 6, the Omax of the masonry structure
shows the same trend of variation with increasing mainshock intensity regardless of the site

class and the aftershock intensity.

For a given site class and PGAns, the Omax of the masonry structure increases with
increasing y. For site class Il and PGAms=0.2g, the Omax of the masonry structure subjected M-
A sequences with y =0, 0.5, 0.8 and 1.0 is 0.417%, 0.448%, 0.472%, and 0.491%, respectively,

indicating that the aftershock can lead to a larger storey drift of masonry structures.

The performance level of a generic masonry structure is usually defined by roof
displacement or storey drift. According to the research on the relationship between the
performance level and the Omax of masonry structures, three performance levels, namely Light

damage limit state (LS1), Significant damage limit state (LS2), and Collapse limit state (LS3),
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are employed to describe the structural damage states. An average drift of 0.130%, 0.340%,
and 0.720% can be used to identify the LS1, LS2, and LS3 limit conditions of unreinforced

masonry structures (Borzi et al. 2008). For site class II, when the Omax of the masonry structure

reaches 0.720%, the PGAns of the M-A sequence with y =0, 0.5, 0.8, and 1.0 is 0.25g, 0.24g,

0.23g, and 0.23g, respectively, indicating that the larger the aftershock intensity is, the earlier

the masonry structure reaches the limit state.
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Figure 6. The Omax of the 5-storey masonry structure for different site classes and M-A sequences with

different y: (a) site class I, (b) site class I, (¢) site class III, (d) site class IV.

4.1 Effect of site class

To assess the effect of site classes on the seismic response of masonry structures, the Omax

of the reference structure model on different site classes is normalized by the mean fmax of all
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site classes, respectively. In this way, the error of the Omax without considering site conditions
can be studied quantitatively. The normalized Omax of the reference masonry structure model
for the different site classes and M-A sequences (y = 0.5, 0.8, and 1.0) is shown in Figure 7.
Structures founded on site class I exhibit a lower Omax value. This indicates that Omax can be
overestimated up to 19.2% for site class I if site class effect is ignored. Structures founded on
site class II and site class III exhibit a higher Omax value, indicating that site class effect can

lead to underestimation of Omax on site class II and site class III up to 4.8% and 17.6%,

respectively.
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Figure 7. The Onax/Omax.average Of S-storey masonry structure for different site class: (a) site class 1, (b)

site class 11, (c) site class 111, (d) site class I'V.

4.2 Effect of the number of storeys

In order to investigate the effect of the number of storeys, n, on the seismic response of

masonry structures, the n of the reference structure model is set to 1, 2, 3, 4, and 5 respectively,
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and other parameters of the reference structure model remain unchanged. The Omax of the
masonry structures subjected to M-A sequence with PGAns=0.2g are calculated, and the results
are shown in Figure 8. According to GB50011-2010 (2010), when PGAnys= 0.05g, 0.1g, and
0.2g, the Omax of masonry structures should not exceed the limit of Omax corresponding to LS1,
LS2, and LS3, respectively. Omax exceeding LS3 indicates the collapse of structures.
Meanwhile, the variation law of fmax for different PGAns is basically the same as the Gmax for

PGAms = 0.2. Therefore, PGAws is taken as 0.2g for structural analysis in Section 4.2 and 4.3.

0.6 - 0.6 -
05F ——-r05 0.5
------ 7=0.8
0.4} =10 0.4
" L :
\§O.3 - 0.3
B L
02 0.2
0.1 0.1
0.0 === : 0.0 == :
1 2 3 4 5 1 2 3 4 5
The number of storeys n The number of storeys n
(a) (b)
0.6 -
0.5F——-r905
------ 7=0.8
04 F =10
X X
N 503
) ) L
02
0.1+
] . . 0.0 ] . I . I . ]
1 2 3 4 5 1 2 3 4 5
The number of storeys n The number of storeys n
(c) (d)

Figure 8. The Onax of masonry structures for different number of storeys, PGAms=0.2g: (a) site class I,
(b) site class 1II, (c) site class 111, (d) site class IV.

Figure 8 shows that the Omax of masonry structures with different z increase evidently with
the increase of n. For PGAms=0.2g, y=0, and site class II, the Omax of masonry structures with
n=1, 2, 3, 4, and 5 are 0.009%, 0.027%, 0.072%, 0.197%, and 0.417%, respectively. For
PGAns=0.2g, y=1.0 and site class II, the Omax of masonry structures with n=1, 2, 3,4, and 5 are
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0.010%, 0.028%, 0.084%, 0.233%, and 0.491%, respectively. The results indicate that the »
has a significant effect on the Omax of masonry structures. The smaller the », the greater the
PGAns required for the masonry structure to enter the inelastic phase. The reason is that with
the decrease of n, the anti-overturning requirements of the structure decrease, and the base
shear force of the structure also decreases, that is, the plane layout and material strength of the
1-storey masonry structure and the 1% storey of the 5-storey masonry structure are completely
consistent, both have the same seismic capacity, but the seismic shear load of the former is
significantly less than that of the latter, resulting in the high-rise masonry structure entering the
plastic phase with a smaller PGAs. It should be pointed out that the plane layout and material
strength of the masonry structures with different » in this manuscript are consistent, so as to
directly compare the effects of n. However, the anti-seismic wall area ratio p and the material
strength of the actual low-rise masonry structure is generally smaller than that of the low-rise
masonry structure in this manuscript, resulting in the seismic capacity of the former being
smaller than that of the latter, that is, the low-rise masonry structure may damage in smaller
PGAs in practice.

Earthquake damage investigations have showed that the damage degree of masonry
structures is directly proportional to the » of masonry structures in the same intensity zone
(Zhou 2011). The results of this manuscript are consistent with the earthquake damage
investigation. Therefore, for high rise masonry structures, seismic strengthening (such as RC
tie columns, ring beams etc.) and materials with higher strength must be adopted to meet the
seismic requirements (Zhang et al. 2021).

To compare the effects of M-A sequences with different y, the Omax of masonry structures
with y = 0.5, 0.8 and 1.0 is normalized by the fnax of the reference structure with y = 0, as
shown in Figure 9. Figure 9 indicates that the Omax for M-A sequences was quite close to the
Omax for mainshock for a range of PGAus less than 0.31g, 0.20g, 0.16g, 0.13g, and 0.11g when
n=1,2, 3,4, and 5, respectively. The reason is that the masonry structures behave elastically in
the PGAns range, and the structural response mainly depends on the elastic spectra, but the
difference of elastic spectra with different y is small. Therefore, the effect of aftershocks can

be ignored in elastic phase.
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Figure 9. The Omax,)/Omax,~0 of masonry structures for different y and different n, site class II:

(a)y=0.5,(b)y=0.8,(c)y=1.0.

The Omax for M-A sequences is significantly greater than that for only mainshock when
PGAns is larger than 0.31g, 0.20g, 0.16g, 0.13g, and 0.11g for n=1, 2, 3, 4, and 5, respectively.
The reason is that the masonry structures enter inelastic phase under the strong mainshock, and
the damage degree of the structure is further aggravated due to aftershock energy. For y=0.5,
the Omax of masonry structure subjected to M-A sequences increases by 7.3%, indicating that
the effect of aftershock with y less than 0.5 can be negligible. For y=0.8 and 1.0, the Omax of
masonry structure subjected to M-A sequences increases by 13.1% and 19.0%, respectively.
The result shows that the effect of aftershocks with y more than 0.8 is significant and cannot

be negligible.

The plane layout of masonry structures can be reflected by the anti-seismic wall area ratio
p, which indicates the ratio of the total anti-seismic wall area at the 1/2-storey height to the

storey area of the structure. To study the effect of p on the structural response, the p of the
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reference structure model is set to 0.021, 0.035, and 0.049, respectively. The Omax of the

masonry structures subjected to M-A sequence are calculated, and the results are shown in

Figure 10.
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Figure 10. The Omax of masonry structures for different p and different n, site class 1I: (a) y =
0, (b) y=1.0.

For PGAms=0.2g and y = 0, the Omax of the 5-storey masonry structures with p = 0.021,
0.035, and 0.049 are 0.971%, 0.536% and 0.417%, respectively. At the same seismic intensity,
the Omax of the 2-storey masonry structures with p = 0.021, 0.035, and 0.049 are 0.358%,
0.100% and 0.027%, respectively. For PGAns=0.2g and y = 1.0, the Omax of the 5-storey
masonry structures with p = 0.021, 0.035, and 0.049 are 1.142%, 0.631% and 0.491%,
respectively. At the same seismic intensity, the Omax of the 2-storey masonry structures with p
=0.021, 0.035, and 0.049 are 0.419%, 0.115% and 0.028%, respectively. By decreasing the
anti-seismic wall ratio from 0.049 to 0.035, the Omax increases to 2.60 times on average, which
shows that the Omax of the masonry structures significantly increases with the decrease of p.
The reason is that the seismic load is borne by the masonry walls along the earthquake load,
and larger area of seismic wall will lead to greater shear capacity of the structure and smaller
structural response. For 2-storey masonry structures in rural areas in China, the value of p is
generally closer to 0.021. It can be seen from Figure 10 that the 2-storey masonry structure
with p = 0.021 is seriously damaged when PGAwns = 0.2g, which is consistent with the

earthquake damage investigation.
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4.3 Effect of mortar strength

Mortar strength /> is an important factor affecting the shear capacity of masonry structures.
To study the effect of f> on the Omax of masonry structures subjected to M-A sequences, the f»
of the reference structure model is set to 1.0MPa, 2.5 MPa, 5.0 MPa, 7.5 MPa, and 10.0 MPa,
respectively, while other parameters of the reference structure model remain unchanged. The
Omax of the masonry structures with different mortar strengths for the four site classes subjected

to M-A sequences with different y are shown in Figure 11.

As shown in Figure 11, the fnax of masonry structures decreases as the mortar strength
increases. For PGAms = 0.2g, y = 0, and site class II, the max of 5-storey masonry structures
with /= 1.0MPa, 2.5 MPa, 5.0 MPa, 7.5 MPa, and 10.0 MPa are 0.648%, 0.348%, 0.160%,
0.083%, and 0.044%, respectively. For PGAms = 0.2g, y = 1.0, and site class II, the Omax of 5-
storey masonry structures with /o= 1.0MPa, 2.5 MPa, 5.0 MPa, 7.5 MPa, and 10.0 MPa are
0.764%, 0.411%, 0.191%, 0.092%, and 0.046%, respectively. Overall, the Omax of the masonry
structure with /,=2.5 MPa, 5.0 MPa, 7.5 MPa, and 10.0 MPa are 0.55, 0.25, 0.11, and 0.05
times of those with f,=1.0 MPa, respectively, indicating that the mortar strength has a great
influence on the structural response of masonry structures. The reason is that with the increase
of mortar strength, the shear capacity of masonry increases, resulting in less structural damage.
Therefore, the higher the mortar strength, the smaller the Omax, and the better the seismic

performance of the structures.
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Figure 11. The Onax of masonry structures for different mortar strengths, PGAn=0.2g: (a) site class I,
(b) site class 11, (¢) site class III, (d) site class IV.

For PGAms = 0.2g, the Omax~1.0/0max,~0 of the masonry structure with /2= 1.0MPa, 2.5 MPa,
5.0 MPa, 7.5 MPa, and 10.0 MPa are 1.18, 1.18, 1.19, 1.11, and 1.04, respectively. For PGAms
= 0.1g, the Omaxy~1.0/0max,~0 of the masonry structure with f,= 1.0MPa, 2.5 MPa, 5.0 MPa, 7.5
MPa, and 10.0 MPa are 1.12, 1.06, 1.05, 1.04, and 1.04, respectively. The results show that the
Omax of masonry structures increase by 4.0% to 19.0%, which is consistent with the results of
Section 4.2. The masonry structure with /= 1.0MPa has entered the inelastic phase when
PGAms= 0.1g, and the masonry structure with = 10.0MPa behaves elastically when PGAms =
0.2g, indicating that the masonry structure tends to remain elastic for higher seismic loads with

the increase of mortar strength.

5. Summary and conclusions

The seismic response of masonry structures subjected to M-A sequences was investigated
involving various parameters such as the aftershock intensity, the anti-seismic wall area ratio,
the site classes, the number of storeys, and the mortar strength by using a simplified method

newly proposed. The main conclusions are summarized as follows:

(1) On the basis of the non-iterative equivalent linearization method and the soft-storey
failure mechanism of multi-storey masonry structures, an analytical method for the maximum
storey drift (Omax) of masonry structures subjected to M-A sequences was proposed. There was

excellent agreement between analytical and numerical results for the Omax of masonry structures
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subjected to M-A sequences. The method proposed in this manuscript avoids iterative

calculation and as a result, has a small workload and is easy to implement.

(2) The Omax of masonry structures increases with the increase of aftershock intensity. The
effect of aftershocks on masonry structures in plastic phase is more distinct than that in elastic
phase. Furthermore, the effect of aftershock on the fmax of masonry structures can be ignored
when the relative intensity of the aftershock is less than 0.5, and the Omax of masonry structures

can increase by approximately 19.0% when the relative intensity of the aftershock equals 1.0.

(3) There is a significant variance for the Omax of masonry structures subjected to M-A
sequences on different site classes. The regardless of site class will lead to overestimation on

the Omax for site class I by 19.2% and underestimation on the @max for site class 111 by 17.6%.

(4) With the increase of anti-seismic wall area ratio (indicating the ratio of the total anti-
seismic wall area at the 1/2-storey height to the storey area of the structure), the Omax of masonry
structures subjected to M-A sequences decreases drastically. By decreasing the anti-seismic

wall ratio from 0.049 to 0.035, the Omax increases to 2.60 times on average.

(5) With increasing number of storeys, the Omax of masonry structures subjected to M-A
sequences increases drastically. As the number of storeys decreases, the anti-overturning
requirements and the base shear force of the masonry structures decrease, resulting in smaller

Omax and less damage.

(6) The effect of mortar strength on the fmax of masonry structures subjected to M-A
sequences is significant. Overall, the Omax of the masonry structures with mortar strength equal
to 2.5 MPa, 5.0 MPa, 7.5 MPa and 10.0 MPa is 0.55, 0.25, 0.11, and 0.05 times of that with
mortar strength equal to 1.0 MPa, respectively.
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