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Abstract: The research work herein presented is aimed at investigating the effects of different influ-
encing factors on the in-plane failure mode of unreinforced masonry (URM) structures. Firstly, the
in-plane stress failure criterion cited in this paper was introduced, and the corresponding judgment
procedure was demonstrated. Then, various finite element models considering different influencing
factors were established, which included the aspect ratio of pier (1), stiffness ratio of pier to span-
drel (p) and vertical load (¢). Furthermore, the in-plane stress failure criterion that we introduced
was used to evaluate the failure modes of each model. The main findings of the simulations were
as follows: under the condition of ( < 1.0), three failure modes emerged in all models, which
included pier, mixed and spandrel failure modes, with the gradual increase in p. Once the value of i
exceeded 1.0, all models exhibited the pier failure mode regardless of whether the value of p increased
or decreased. Moreover, under the identical aspect ratio (7 = 1.0), the failure modes of the models
altered regularly with the increase in the value of o (from 0.3 MPa to 0.6 MPa), which transferred
from pier failure to mixed failure, and from mixed failure to spandrel failure. The research results
not only provide theoretical reference for the design of new masonry buildings, but also provide
technical guidance for the judgement and prediction of failure modes of existing masonry buildings.

Keywords: URM structures; failure mode; in-plane stress failure criterion; numerical simulation

1. Introduction

As one of the common structural types in the field of civil engineering, unreinforced
masonry (URM) structure has the characteristics of high occupancy rate, diverse construc-
tion styles and convenient construction, which leads to the prevalence of building URM
buildings in developing countries and remote towns [1,2]. However, some URM buildings
with poor seismic performance experience and cause serious damage, even if they are
subjected to small and moderate seismic action [3,4].

During an earthquake, due to the gravity load, URM walls are often subjected to
out-of-plane action, in-plane action and combined action of out-of-plane and in-plane [5-7].
The post-earthquake surveys display that the out-of-plane collapse of URM infill walls
is critical even for new buildings designed to resist earthquakes, resulting in casualties
and economic losses. Review and experimental study on the out-of-plane response and
influence parameters of URM filled walls have been carried out in the literature [8,9],
in order to evaluate the contribution of various parameters to the out-of-plane behavior
of URM walls. Usually, URM walls are mainly subjected to in-plane action, which is
characterized by the combination of gravity and horizontal loads (wind or earthquake) [10].
Moreover, masonry is regarded as a typical brittle anisotropic material that displays obvious
directional properties [11], such as composite structure and the inherent weak direction [10].

At present, theoretical and experimental research on the anisotropic behavior of ma-
sonry remain to be carried out, resulting in insufficient knowledge on the mechanical
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properties of masonry. Furthermore, the inherent anisotropy characteristics lead to the re-
search under bi-axial stress of masonry being more complex and uncontrollable. Generally,
the failure of masonry walls may emerge alone in the joints or simultaneously in the joints
and blocks according to the direction of the joints in relation to the stress directions [11].

Considering the complexity and uncertainty of masonry anisotropic, the calculation
model describing the failure surface of masonry is regarded as one of the effective methods
to investigate the mechanical behavior of masonry [11]. On this foundation, partial criteria
for masonry structures have been proposed [12-15], and corresponding experimental
investigations have been performed [16-21]. This kind of test is mainly carried out on the
disc device, and the vertical load applied by the disc on the masonry produces the tensile
stress of the mortar joints [11]. In order to master the mechanical behavior of masonry
under both compressive stress and tensile stress, an improved device to test the tensile
performance of masonry is proposed, which simplifies various complex stress into the
mechanical response between the angle of mortar joints and the ratio of bi-axial principal
stress. By combining 58 bi-axial stress (tensile and compressive) findings with previous
research results, the in-plane stress failure criterion of masonry was established [22].

The cracking time of masonry walls under various stress states can be determined by
means of in-plane stress failure criterion. The stress state of any part in the wall can be
simulated by the equivalent stress element, and the stress value of the main stress element
at different parts and the angle of mortar joints (between the principal stress and the normal
stress) are closely related. Once the in-plane stress value of a certain part exceeds the
corresponding limit value, the wall will reach the cracking state [23].

In recent years, the mechanical response of URM walls has been gradually simulated
and analyzed with the help of various finite element software [24-26]. In view of the
complexity of masonry mechanics, different methods, characterization scales and analy-
sis strategies of masonry mechanical behavior have been proposed. Popular modeling
strategies are divided into four categories: the block-based model, the continuous-medium
model, the geometry-based model and the macro-element model [27]. This classification
can not only reasonably rank many research results in the field of masonry structures, but
also provide guidance for scholars to select appropriate numerical models.

As we all know, the failure modes of URM walls are mainly divided into three types:
pier failure, spandrel failure and mixed failure [6,28,29]. However, in the current masonry
structures design code [30], spandrel is regarded as a continuous-wall strip and is consid-
ered not to be damaged under the seismic action; also, masonry structures are equivalent
to a frame structure composed of bar elements [31], and in the bar system only flexural
deformation occurs. These conclusions are inconsistent with the actual seismic damage
results. Three failure modes may occur once the in-plane stress value of a certain part
exceeds the corresponding limit value. Traditionally, the macro method of determining
failure modes may have some defects, such as imprecision and subjective consciousness.
After using the in-plane stress criterion, the failure mode of masonry can be determined
more accurately.

In addition, relevant conclusions have been drawn that the in-plane seismic per-
formance is closely related to the damage degree of the pier and spandrel under the
earthquake [26,28,29]. If the damage degree of pier exceeds that of spandrel, the failure
mode is regarded as “strong spandrel and weak pier”, which leads to serious damage
or even complete collapse of masonry structures. On the contrary, if the damage degree
of spandrel exceeds that of pier, the failure mode is regarded as “strong pier and weak
spandrel”, which encourages spandrel to participate in the deformation and energy dissi-
pation of masonry structures in advance [1,28]. Meanwhile, many theoretical analysis and
experimental investigation have also been carried out [32-37].

Against this background, the numerical simulation of masonry failure mode using
in-plane stress failure criterion were investigated. The paper has the following structure.
Section 2 introduces how to use in-plane stress failure criterion and exhibits specific cases.
Section 3 explains the details of the finite-element model. In Section 4, the judgment method
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in Section 2 is used to discuss the similarities and differences of failure modes of masonry
wall under the different influencing factors, including aspect ratio of pier, stiffness ratio
of pier to spandrel and vertical load of the wall. Finally, some definite conclusions were
obtained, and therefore some suggestions on the design and retrofitting of masonry wall
are proposed.

2. Judgement of Failure Mode of Masonry
2.1. Judgement Procedures of Failure Mode

In terms of the stress distribution regulation of the masonry wall, the horizontal stress
(0x) and shear stress (Txy) in the core area are always greater than those in the edge area
no matter in pier or spandrel [23]. Therefore, the core area of the pier and/or spandrel is
selected as the area to extract the stress value. The in-plane stress failure criterion proposed
in reference [22] is used to determine the failure mode of the masonry wall.

Firstly, the horizontal stress (0x), vertical stress (0y) and shear stress (Tyy) at the
required position are extracted from the finite element simulation results. Secondly, Formu-
las (1)-(3) [23] are applied to calculate the principal stress 01 and o3, and the values of 01*
and o3* are obtained after standardizing the values of o1 and 3. Finally, the values (¢1") in
different quadrants are calculated by Formulas (4)-(6) [22]; the values of ¢1* and ;" are
compared, and the position where the failure occurs first can be determined. Similarly, by
comparing the values of ¢1* and 1" in the core area of the pier and the spandrel at the
same time, the failure modes of the masonry wall can be determined; and, failure modes
are defined as the following three types: pier failure mode, spandrel failure mode and
mixed failure mode.

01 = (U"eray) + \/(Ux _4%)2 +12, (1)
(o) wax )
3= 1 + Teys 2
tan2a = —72%@ , 3)
(o2 —0y)
— 36.3607 — 60.2305 + 37.410, + 21.5105 + 49.250101 = 1, (4)
0, —20.8305 = 1, ®)

o = (—7.0992 +11.1460 — 2.60) 75 + (2.18192 — 34240 + 0.864)&3 —0022, (6)

2.2. Analysis for Specific Case

The data cited in the case is shown in Table 1. The stress value of the spandrel and
the pier core areas were extracted from the numerical simulation results. In terms of the
comparison of the data in Table 1, the horizontal stress (cx) of the spandrel was significantly
higher than the vertical stress (cy) of the spandrel, the vertical stress (cy) of the pier was
obviously higher than the horizontal stress (0x) of the pier and the shear stress (7xy) of the
pier was almost equal to that of the spandrel. These conclusions were consistent with the
disaster phenomenon in the actual earthquake.

Table 1. Relevant data in reference [23] (MPa).

Loading Location of - - .
Displacement  Data Extraction X y Xy
spandrel (2nd) —0.142453 —0.030303 0.092791
4 mm

pier (1st) —0.024440 —0.318460 0.091702
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Judgement procedures of failure mode are as follows:
Step 1: principal stress values of the spandrel and pier (7 and o3) were calculated
according to Formulas (1)—(3).

Ul(spandrel) = *0.022040, US(spandrel) =0.194796

1 (pier) = —0.344716, 075 0.001816

pier) =
Step 2: normalized principal stress values of the spandrel and pier (o1* and o3*)*

were obtained.
Ul*(spandrel) = —0.001469, 0-3*(spandre1) =(.129864

1% (pier) = 0.229831, 03* pier) = —0.001210

Step 3: the values (01" (spandrel, pier)) in different quadrants were calculated by Formu-
las (4)-(6), and the corresponding stress values (01" and 01*) were compared.

UlA(spandrel) =0.221431, UlA(pier) =0.974785

o-lA(spandrel) =0.221431 > Ul*(spandrel) = —0.001469
01" (pier) = 0.974785 > 03* pier) = 0.229831

Step 4: judgement of failure mode of the masonry wall.

When the time the spandrel principal stress exceeded the corresponding envelope was
earlier than the time when the pier principal stress exceeded the corresponding envelope,
then the wall was considered to be in spandrel failure mode. In the opposite situation,
the wall was considered to be in pier failure mode. The comparison results of this case
exhibited that spandrel failure mode occurred in the masonry wall.

3. Main Factors Affecting Failure Mode: Numerical Simulation

Three main factors affecting the failure modes of masonry walls are summarized in the
literature [23], including aspect ratio of pier, stiffness ratio of pier to spandrel and vertical
load applied to wall. In this chapter, the in-plane quasi-static numerical simulation of
masonry wall was performed by using the control-variation method, in order to discuss
the influence degree and regulation of the changes of the above factors on the masonry
failure mode.

ABAQUS was used as the simulation software because of its significant advantages in
dealing with nonlinear problems, and ABAQUS/Standard was used as the solver thanks to
its high calculation accuracy. According to the test setup described in the literature [2,23], all
finite-element models (FEMs) were composed of a concrete-bottom beam, a brick-masonry
wall and a top-loading beam. The masonry elements were described in the form of three-
dimensional solid and eight-node brick elements provided in ABAQUS/Standard element
library (C3D8R type). Although there was no plastic damage model for masonry materials
in ABAQUS, the concrete plastic damage model could be used to replace the plastic damage
model of masonry. This was based on a fact that masonry belonged to brittle materials and
the damage of brittle materials could be replaced by the concrete damage model.

3.1. Model Design

In accordance with the analysis of the literature on masonry structures [1,2,7,34,38],
the stiffness ratio of pier to spandrel of design of masonry walls was in the range of
0.4-2.0. Considering the various sizes of the pier and spandrel in the existing masonry
structures, 21 models with different aspect ratio of pier and stiffness ratio of pier to spandrel
were designed. Pier dimensions of M1, M2 and M3 (width (mm) x height (mm)) were
1800 x 1500, 1500 x 1500 and 1000 x 1800, and the corresponding aspect ratios of piers
were 0.8, 1.0 and 1.8. Under the identical aspect ratio, seven models (1-7) with different
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stiffness ratios were designed. The partial design parameters of models are displayed in
Table 2, and corresponding finite element models are shown in Figure 1.

Table 2. Partial design parameters of M1, M2 and M3 (unit: mm).

Model Width x Height of Pier =~ Width x Height of Spandrel 7 p#*
Mi-1 1800 x 1500 435 x 1500 0.8 0.5
M2-1 1500 x 1500 750 x 1500 1.0 0.5
M3-1 1000 x 1800 1550 x 1200 1.8 0.5

# 11 represents aspect ratio of pier, p represents stiffness ratio of pier to spandrel.

Top loading beam

Masonry wall

Masonry wall

Concrete bottom beam

(a) (b)

Figure 1. Finite element model: (a) loads and boundaries, (b) masonry-top-loading beam and

masonry-concrete-bottom beam surfaces for the introduction of tie constraints.

3.2. Mechanical Parameters

The uniaxial compression constitutive of masonry is shown in Formula (7) [39]. o and
¢ represented the values of stress and strain of masonry, respectively; fm represented the
stress value of the compressive stress—strain relationship of masonry at the peak point and
em represented the strain value of the corresponding point; the value of ey, was 1.633. The
tensile constitutive model of concrete was used to replace the tensile constitutive model
of masonry, as shown in Formulas (8) and (9) [23,40]. fim represented the stress value of
the tensile stress—strain relationship of masonry at the peak point and etm represented the
strain value of the corresponding point.

(o &
f_ = 1 LS_' )
m —1 m
1+ -1)(&)"
o &
— = ,x <1, 8
ftm Etm ®
o &
—= Etm x> 1 )
17 7 7
fim 2(% —1) + &

The main data input into the concrete plastic damage model are as follows: 30 (ex-
pansion angle), 0.1 (eccentricity), 1.16 (fpo/f0), 0.6667 (K) and 0.005 (viscosity coefficient).
Moreover, the mean compressive strength of the bricks was obtained from compression
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tests conducted on 10 samples according to GB/T 2542-2012 [41] and the obtained value
was 17.8 MPa (the coefficient of variation (COV) = 0.29). Correspondingly, the mean
compressive strength of the mortar was determined by testing nine mortar cubes with
the dimensions of 70.7 mm on each face and the obtained value was 8.64 MPa according
to GB/T 251812019 [42] (COV = 0.14). The key parameters obtained from testing brick
masonry are as follows: 2248 kg/ m3 (density), 2400 MPa (elastic modulus) and 0.149 (Pois-
son’s ratio). The testing of mechanical properties of brick, mortar and masonry is shown
in Figure 2.

(b) (d)

Figure 2. The testing of mechanical properties of brick (a), masonry (b) and mortar (c,d).

3.3. Constraints and Interactions

The structural interaction between masonry wall and the concrete beams (bottom
and top) was achieved by means of rigid connections (surface-to-surface tie constraints),
which was able to prevent possible relative displacements and rotations between the
interested nodes [43]. The models of FEMs were rigidly restrained at the bottom posi-
tion (ux = uy = u, = 0). The loading beam was first subjected to vertical load, and then
transmitted the vertical load to the model itself.

In the damaged masonry buildings that have been investigated, the precast floor slabs
had no significant effect on the seismic performance of the integral wall [44]. Usually,
the precast floor slab and adjacent walls are subjected to the same lateral force, resulting
in the same deformation. Figure 3 exhibited the current situation of energy dissipation
and deformation of the precast floor slab and spandrel in earthquake. Therefore, the
contribution of precast floor slabs in all models was ignored, and the floor slab and spandrel
were regarded as integral components.
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Figure 3. Damaged precast floor slab and spandrel in Ya’an, Sichuan, China.

3.4. Load Actions

Based on the relevant provisions of GB 500092012 [45], the vertical load of traditional
masonry structures was calculated by considering the floor’s live load and the dead weight
of wall and floor. The vertical load of each floor was about 100 kPa (0.1 MPa). In many
remote towns and areas, low-story masonry buildings ware usually 2-3 floors, and the
minimum vertical load applied to the model was determined (o = 0.3 MPa). Moreover,
multi-story masonry buildings were usually 5-6 floors, and the maximum vertical load
applied to the model was determined (¢ = 0.6 MPa). Typical damaged masonry buildings
are exhibited in Figure 4.

(b)

Figure 4. Typical damaged masonry buildings in Ya’an, Sichuan, China: (a) masonry buildings of

2-3 floors; (b) masonry buildings of 5-6 floors.

4. Discussion of Numerical Results

The in-plane stress failure criterion in this paper has been cited in Section 2.1, and the
judgment process of specific cases has been introduced in Section 2.2. In this section, the
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location of obtaining various stress values was consistent with that described in Section 2.2,
which was the center point of the spandrel on the second floor and pier on the first floor. The
judgement procedures of failure modes were consistent with those described in Section 2.2,
which mainly included four steps. Numerical results and failure modes of all models were
discussed in Sections 4.1 and 4.2.

4.1. Effects of Aspect Ratio and Stiffness Ratio

The comparison of the simulation results of some models is shown in Figure 5. The
simulation results of M1 were not exhibited in here, because the contour plot of M1 was sim-
ilar to that of M2. Furthermore, the comparison of failure modes of all models determined
by in-plane stress failure criterion are shown in Table 3.

§,Mises (x108) §,Mises (x10°)
(Average:75%) (Average:75%)

+1.107

+1.016

+9.261

+8.358

+7.456

+6.554

+5.651

+4.749

+3.847

+2.944

+2.042

+1.140

+2.374

S,Mises (x10°) S,Mises (x10°)

(Average:75%) (Average:75%)
+1.107
+1.016

+9.261
+8.358
+7.456
+6.554
+5.651
+4.749

+3.847
+2.944
+2.042
+1.140
+2.374

S,Mises (x109)
(Average:75%)

S,Mises (x109)
(Average:75%)

(c) (f)
Figure 5. Comparison of simulation results of partial models: (a) M2-1 (y = 1.0, p = 0.5); (b) M2-4
(n =1.0, p =1.25); (¢) M2-7 (1 = 1.0, p = 2.0); (d) M3-1 (3 = 1.8, p = 0.5); (e) M3-4 ( = 1.8, p = 1.25);
(f) M3-7 (1 =18, p=2.0).
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Table 3. Comparison of failure modes of all models (o = 0.3 MPa).

Parameters p=05 p=0.75 p=10 p=125 p=15 p =175 p=20 Models
n=08 P P M M S S S* M1-1~M1-7
n=1.0 P P M M M S S M2-1~M2-7
n=18 P P P P P P P M3-1~M3-7

* o represents vertical load; 7 represents aspect ratio of pier, p represents stiffness ratio of pier to spandrel, P
represents pier failure mode; M represents mixed failure mode; S represents spandrel failure mode.

In general, the stress nephogram of the six models showed that the stress at the pier
was higher than that at the spandrel, as shown in Figure 5a—f. At the same time, the stress
value of each model gradually decreased from first floor to third floor, demonstrating the
fact that the damage degree of masonry wall gradually weakened from the bottom floor to
the top floor [2,7]. Moreover, the location of stress concentration was mainly concentrated
at the edge of the openings, manifesting that the edge of the openings was the location
where stress concentration emerged earlier. This phenomenon was consistent with the
conventional cognition that the cracks and damage of masonry walls generally formed at
the edge of the openings and further elongated and widened [1,7,23,29,46].

Furthermore, the following conclusions can be found by comparing the models in
Figure 5. The stress of each model emerged at the edge of the bottom floor and gradually
expanded to the top floor along the diagonal direction. Although the location of the
maximum stress of each model was different, the overall developing trend of the stress
nephogram tended to be consistent, which illustrated the effectiveness of using the bottom
shear method to simulate in-plane action of masonry walls. More severe damage was
observed in pier rather than spandrel, as shown in Figure 5a,d,f. However, it was difficult
to evaluate the damage of other models because the stress values of pier and spandrel at
the bottom floor were not significantly different, as shown in Figure 5b,c,e. In order to more
accurately quantify the stress values of pier and spandrel at the specific locations, it was
necessary to judge the damage and failure mode of the model through the in-plane stress
failure criterion proposed in Section 2.

In terms of the comparison of the results in Table 3, the following regulations could be
found. In general, all models mainly showed three failure modes, named as pier failure
mode, mixed failure mode and spandrel failure mode. The failure modes of all models of
M1 and M2 were similar, which was related to the approximate aspect ratio of piers of M1
(7 =0.8) and M2 (7 = 1.0). Pier failure mode emerged in all models (M1, M2 and M3), when
the stiffness ratio of pier to spandrel was less than 1.0 (o < 1.0). Furthermore, the failure
modes of M1 and M2 transferred from pier failure mode to mixed failure mode, and from
mixed failure mode to spandrel failure mode, with the increase in the stiffness ratio of pier
to spandrel (1.0 < p <2.0). However, it is worth noting that all models of M3 only occurred
the pier failure mode, whether the stiffness ratio of pier to spandrel increased or decreased
(from 0.5 to 1.0). It can be inferred that, under the condition of larger aspect ratio of the pier
(7 = 1.8), the cracking and damage of masonry structures were mainly concentrated in the
pier, and it was unlikely to transfer from the pier to the adjacent spandrel, resulting in the
gradual aggravation of pier damage until the failure of the overall structures.

According to the research conclusions in the literature [1,2,28], pier failure mode was
viewed as “strong spandrel and weak pier”, which led to serious damage or even complete
collapse of masonry structures. Spandrel failure mode was viewed as “strong pier and
weak spandrel”, which caused spandrel to participate in the deformation and energy
dissipation of masonry structures in advance. Therefore, the aspect ratio of pier (1) and
stiffness ratio of pier to spandrel (p) should be limited in the design of masonry structures
in order to emerge a reasonable failure mechanism as much as possible. Combined with the
research findings of simulation and related literature, the aspect ratio of the pier of masonry
structures should not exceed 1.0 ( < 1.0), and the stiffness ratio of pier to spandrel should
be in the range of 1.0-2.0 (1.0 < p < 2.0).
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4.2. Effects of Vertical Load

In order to further investigate the effect of vertical load on the failure modes of masonry
structures, the simulation of M2 models (7 = 1.0) with different vertical load was carried out.
According to the statement in Section 3.4, the objective models were applied with vertical
loads of 0.3 MPa and 0.6 MPa, respectively, and the corresponding data were extracted
from the simulation results. The comparison of failure modes of all models determined by
in-plane stress failure criterion are exhibited in Table 4.

Table 4. Comparison of failure modes of all models (7 =1.0).

Models p=05 p =075 p=10 p=125 p=15 p=175 p=20
0 =03MPa P P M M M S S
o =0.6 MPa M M M S S S S

In general, two failure modes, mixed failure mode and spandrel failure mode, are
mainly presented in Table 4. Under the identical aspect ratio of pier ( = 1.0), the failure
modes of the models altered regularly with the increase in vertical load (from 0.3 MPa to
0.6 MPa), which transferred from pier failure to mixed failure, and from mixed failure to
spandrel failure. The failure modes of the two models with stiffness ratio of pier to spandrel
less than (p < 1.0) transferred from pier failure to mixed failure, with the increase in vertical
load from 0.3 MPa to 0.6 MPa. The failure mode of the two models with stiffness ratios of
pier to spandrel between (1.25 < p < 2.5) transferred from mixed failure to spandrel failure,
as the vertical load increased from 0.3 MPa to 0.6 MPa. The altering of failure mode did not
emerge in the observation of other models.

Through the analysis of the simulation results, it can be seen that vertical load has an
obvious effect on the failure mode of masonry structures. In terms of design of masonry
structures, assuming that the vertical load of each floor is 0.1 MPa, the vertical load that can
emerge the “strong pier and weak spandrel” failure mode of n-floors masonry structures
shall not be less than (0.1 x n) MPa.

In addition, the effects of openings and vertical loads on infilled frame structures were
discussed in reference [47]. The results exhibited that the influence of vertical load on the
deformation of infilled frame was significantly related to the ratio of openings. Through
the analysis in Section 4.2, it can be found that under the identical vertical load, with
the increase in the ratio of openings, the failure mode of the model transferred from pier
failure mode to spandrel failure mode. Under the different vertical loads, with the gradual
increase in the ratio of openings, the failure mode of the model was mainly characterized
by the spandrel failure mode. The above conclusions are consistent with those in the
literature [47].

5. Conclusions

The objective of this study was to evaluate the effects of aspect ratio of pier, stiffness ra-
tio of pier to spandrel and vertical load on the failure modes of unreinforced masonry (URM)
structures. A total of 21 finite element models (FEMs) with different parameters were fabri-
cated for studying the effects of the above-mentioned variables. The in-plane stress failure
criterion was introduced, and the target data in the simulation results were extracted and
substituted into the criterion to assess the failure modes of FEMs. Through numerical
simulation and criterion judgment, the findings of this study are listed below:

(1) The stress value of each model gradually decreased from first floor to third floor,
demonstrating the fact that the damage degree of masonry wall gradually weakened
from the bottom floor to the top floor.

(2) The simulation results exhibited that the cracks and damages of FEMs initially
emerged at the edge of the openings, and further elongated and widened along the ad-
jacent parts, which were consistent with the actual earthquake damage phenomenon.
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(3) The failure modes of models with smaller aspect ratio of the pier showed a similar
regulation, which was that the failure modes of models transferred from pier failure
mode to mixed failure mode and from mixed failure mode to spandrel failure mode
with the gradual increase in stiffness ratio of pier to spandrel. However, pier failure
mode occurred for all models with a larger aspect ratio of pier only, regardless of
whether the stiffness ratio of pier to spandrel increased or decreased.

(4) Under the identical aspect ratio of pier, the failure modes of the models altered
regularly with the increase in vertical load, which transferred from pier failure to
mixed failure, and from mixed failure to spandrel failure.

(5) Considering the failure mechanism of masonry structure “strong pier and weak
spandrel” rather than “strong spandrel and weak pier”, the aspect ratio of the pier of
masonry structures should not exceed 1.0, and the stiffness ratio of pier to spandrel
should be in the range of 1.0-2.0.

(6) Vertical load has a significant effect on the failure mode of masonry structures. Gen-
erally, assuming that the vertical load of each floor is 0.1 MPa, the vertical load that
can lead to the “strong pier and weak spandrel” failure mode of n-floors masonry
structures shall not be less than (0.1 x n) MPa.

(7) The numerical simulation in this paper was carried out through the overall model.
The anisotropy of brick and mortar was ignored, and the seismic action suffered by
masonry buildings was not fully considered. Thus, a separated model should be
established to obtain more reasonable simulation results.

(8) The finite element model used in this paper did not pay attention to the influence
of ring beam, structural column and floor, and so on. Therefore, the finite element
model considering various influencing factors should be established, so that the
stress mechanism and failure mode of masonry buildings can be further discussed
and analyzed.
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