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Purlin roof structure houses, which have the advantages of readily accessible materials and
simple construction, are widely used in rural areas of China. However, during earthquakes,
the wooden purlins tend to fall off and the walls crack. Therefore, it is necessary to monitor
the structural parameters of and strengthen the anti-seismic capacity of these structures.
To compensate for the seismic deficiencies of the purlin roof structure, a novel damping-
limit device installed at the connection position of the gable and the wooden purlin was
proposed. In this study, the seismic performance and reinforcement effect of the brick-
wood structure with the purlin roof were analyzed through numerical simulation. The
research results indicate that the novel damping-limit device proposed in this study can
significantly reduce the local stress concentration and the seismic response of the
structure, and thereby rectifying the seismic defect of faling purlin. Moreover,
compared with the traditional strengthening method, the novel device is more
convenient to install and the reinforcement quality is easier to ensure.

Keywords: purlin roof, brick-wood structure, seismic performance, seismic strengthening, damping-limit, numerical
simulation

INTRODUCTION

China’s rural traditional residential buildings have distinctive regional characteristics and are a
precious part of the country’s material cultural heritage. Due to the geographical and regional
cultural differences, there are variations in the structural forms of China’s rural houses. In rural areas
of southern China, especially Jiangxi, Anhui, Hunan, Hubei, and other provinces, the brick-wood
structure house with purlin roof is a popular residential form. With this structural form, the bearing
wall is built into a triangle of single or double slope based on the needs of the roof. The wooden
purlins are directly lapped on and supported by the gable. The wooden rafters are laid on the purlins,
then the tiles are laid on the wooden rafters. The weight of the roof can be transmitted by the purlins
to the gable to bear, and then support the entire weight of the roof. With their simple construction,
readily available material, and low cost, these buildings are widespread in the rural areas of southern
China.

Nevertheless, studies have found that the purlin roof structure is vulnerable to severe damage
from earthquakes. The authors visited hundreds of villages in Jiangxi Province and found that purlin
roof structure houses are widespread. Most of them predate the 1980s and lack seismic structural
measures, so their seismic resistance is clearly insufficient. A survey (Zhu et al., 2016) on the safety of
more than 500 brick-wood structure houses in Hunan Province, China, found that 53% of the houses

Frontiers in Materials | www.frontiersin.org

1 August 2021 | Volume 8 | Article 722018


http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2021.722018&domain=pdf&date_stamp=2021-08-13
https://www.frontiersin.org/articles/10.3389/fmats.2021.722018/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.722018/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.722018/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.722018/full
http://creativecommons.org/licenses/by/4.0/
mailto:wmnpu@163.com
https://doi.org/10.3389/fmats.2021.722018
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2021.722018

Chen et al.

had unsafe individual components, and 12% were partly or
completely dilapidated. The roof and the bearing walls are
overlapped only by the wooden purlins through the wall, and
the purlins are not constrained. As a result, during an earthquake,
the seismic inertia force is transmitted to the purlins, resulting in
excessive displacement that knocks them off. In addition, stress
concentration occurs at the top of the gable, resulting in the wall’s
partial or even total collapse. Moreover, most of these buildings
were built in the 1970s and 1980s, and have been in disrepair for
years. The walls are row-lock cavity walls and made of mixed-use
brick and adobe masonry. These defects compromise the global
stability of the walls. Consequently, there is an urgent need to
enhance the earthquake resistance of this type of house, which
can not only protect the safety of the lives and property of rural
residents but also help maintain the traditional architectural style
of the countryside.

In the past decade, many scholars have researched the seismic
performance and failure mechanism of unreinforced masonry
(URM) structures (Park et al, 2009; Mendes et al., 2014;
Derakhshan et al, 2020). An and Li (2020) analyzed the
seismic damage of brick-wood structure buildings in the Mg
6.5 Ludian earthquake in Yunnan, China, and found that
under the action of seismic load, vertical cracks first appeared
at the junction of vertical and horizontal walls and under beams
and purlins. Masonry at the junctions and corners of longitudinal
and cross walls are prone to break away, leading to partial or
complete collapse. Korkmaz et al. (2010) studied the seismic
performance and damage characteristics of traditional Turkish
houses. They found that the causes of widespread damage of
masonry buildings in the recent earthquakes in Turkey are low
tensile and shear strength of masonry, inferior mortar, the
haphazard layout of openings which led to stress
concentration, and construction defects such as using
substandard materials and leaving unfilled joints in the
masonry. Varum et al. (2018) studied the seismic performance
of buildings after the My, 7.8 Gorkha earthquake in Nepal in
2015. They found that, in most URM buildings, the orthogonal
walls showed incompatible deformations due to a lack of proper
connection between them, evidence of poor integrity.
Furthermore, due to an absence of integration among
structural components, out-of-plane failures were more serious
than any other type of failure.

To solve the problem of insufficient seismic capacity of URM
structures, many mature seismic consolidation technologies have
been used around the world. Common seismic strengthening
measures include adding cement mortar surface reinforced with
steel mesh, adding ring beams and constructional columns (Xuan
etal., 2016), and fiber reinforced polymer (FRP) (ElGawady et al.,
20065 Saleem et al., 2016). Moreover, the high ductile concrete
(HDC) developed by Deng et al. (2020a), Deng et al. (2020b)
based on the engineered cementitious composite design principle
is durable, strong, and resistant to cracks. Many experimental
studies have shown that plastering HDC on masonry walls can
significantly improve a structure’s bearing capacity, ductility, and
crack resistance. Shabdin et al. (2018), Basili et al. (2019) carried
out a diagonal compression test and tension test, respectively, on
the response of masonry walls strengthened with textile
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reinforced mortar (TRM). The tests found that the shear
strength, diagonal load carrying capacity, and deformation
capacity of the wall were significantly improved after the TRM
was applied to the surface of the masonry wall, and the
improvement was even greater with double-sided plastering.
Borri et al. (2011) conducted an experimental study on
masonry panels to investigate the effectiveness of an
alternative shear reinforcement technique, based on the use of
high-strength steel cords embedded in a cementitious matrix.
Their results revealed a significant increase in shear strength and
stiffness, so the technique is more effective in low shear strength
masonry.

The consolidation measures mentioned above are aimed at the
reinforcement of load-bearing walls; there has been little research
on the improvement of the walls at the peak of the gables and the
wooden roof truss systems. The gable peak and the purlin roof are
easily damaged by earthquakes, so protecting them will improve
the safety of building residents, and of their property. There is an
urgent need to enhance the research on the retrofitting of gable
peaks and the purlin roof system in the hope of preventing their
collapse.

The seismic strengthening of traditional rural houses in
southern China was investigated. It was found that most of
the purlin roof structures “wear coats and hats:” cement
mortar layer is used to strengthen the wall, and the roof
materials are replaced with more durable glazed tiles and resin
tiles. However, this approach is time-consuming and expensive,
and is mostly done by unskilled construction teams. The
construction quality is difficult to guarantee, and it fails to
strengthen the weak connection between the wooden purlins
and the gables, and the stress concentration at the joint. Aiming at
the hidden dangers of seismic safety of the purlin roof structures,
this paper proposes a novel damping-limit device, which is
installed where the wooden purlin overlaps with the load-
bearing wall. The device can not only limit the displacement
between the wood purlin and the wall, prevent the purlin from
falling, but also improve the toughness, and seismic capacity of
the house. The laminated rubber material can significantly reduce
the response of the house under the longitudinal seismic load and
weaken the stress concentration at the joint. In addition,
compared with the traditional strengthening method, the
device’s quality is easy to control because it can be mass-
produced in a factory. The installation process is also simple,
so the quality of the reinforcement quality can be guaranteed.

ENGINEERING EXAMPLE

In this study, a typical brick-wood structure house with purlin
roof in Jiangxi Province, China, (Figure 1) was taken as an
engineering example. The two-story purlin roof structure house
was built in the 1980s. The height of the first floor, the second
floor, and the gable are 3, 2.4, and 2 m respectively; the walls are
240 mm thick. There is no floor between the first and the second
floor, only simple boards for stacking grain or sundries. The
house opens on three sides and has a double slope roof structure.
The walls are built with ordinary clay bricks and adobe masonry
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FIGURE 1 | A brick-wood structure house with purlin roof in Jiangxi, China (Unit: mm) (A) Facade photo (B) Plan view (C) Side elevation.

and are mostly row-lock cavity walls. Furthermore, the house
does not set ground beams, ring beams, and constructional
columns, so the structural integrity is not good. Considering
that the house has been used for a long time, mortar, and masonry
have substantial aging and strength reduction, so enhancing the
stability of the house wall is the key content of reinforcement and
transformation. Besides, the roof system is to put wooden purlins
with a diameter of 200 mm and a length of more than 4 m on the
gable wall, and then the slats and tiles are laid on the purlins.
Some of the tiles have been damaged. In the subsequent
retrofitting process, the roof system needs to be carefully
inspected. For problems such as the unreliable overlap or
docking of the wooden purlins in the house, additional iron
parts such as nails are used for reinforcement, and the damaged
roof tiles are replaced.

NUMERICAL SIMULATION
Simulation Method

Masonry structure research is based on experimental research
and numerical simulation; the latter has the advantages of high
efficiency, low cost, and is suitable for repeated tests and
optimization analysis. Therefore, numerical simulation is used
in many fields of earthquake engineering research (Masi et al.,
2013; Wang et al., 2020; Chen et al., 2021). ADINA, a well-known
finite element analysis software program, has powerful functions
such as the stable solution of nonlinear analysis, and multi-
physics simulation, so it can quickly solve complex nonlinear
problems with almost absolute convergence. Accordingly, this
paper adopted ADINA to carry out finite element numerical
simulation on the purlin roof structure and established three
types of working condition models: 1) the unreinforced original
structure; 2) the traditional strengthening model reinforced with
steel mesh cement mortar layer and reinforced mortar belt; and 3)
the new strengthening model reinforced with the damping-limit
device. Through modal analysis and seismic response analysis,
the seismic performance, and damage characteristics of brick-
wood structures were analyzed, the seismic responses of the
structure before and after consolidation were compared, and
the effects of traditional and new strengthening methods were
discussed.

In general, there are two kinds of masonry wall simulation:
integral modeling and separate modeling (Ma et al., 2001).
Integral modeling simplifies the entire masonry wall, treats the
masonry and mortar as the same material, ignores the interaction
between them, and simulates it as a whole, which is suitable for
the finite element analysis of large-scale structures. Separate
modeling models the brick and mortar separately, considering
the interaction between them. It is suitable for small-scale finite
element analysis considering masonry failure mechanism, such as
a single wall. Due to the complexity of the row-lock cavity wall
and the large scale of the structure, this paper used integral
modeling to establish the finite element model of the brick-wood
structure. In addition, through the equivalent method, the wall
thickness of the model was adjusted to 190 mm to improve the
rationality of the row-lock cavity wall modeling and give the
model the same dynamic characteristics as the actual structure.

Traditional Strengthening Model

The external walls of this kind of structure are composed of a
mixture of brick masonry and adobe masonry. In this model, the
brick masonry is reinforced with the outer steel mesh cement
mortar surface layer. The vertical and horizontal steel wire
diameter is 3 mm, and the spacing is 150 mm (Figure 2A).
The hook screw is used for the steel mesh anchorage, and the
spacing is not more than 300 mm. The adobe masonry part is
enhanced by a double-sided steel mesh cement mortar surface.
The vertical and horizontal steel wire diameter of the steel wire is
also 3 mm, and the spacing is 120 mm. The mesh is anchored by
steel wire with a diameter of 4 mm through the wall, and the
spacing is not more than 500 mm. After the steel mesh is bound,
cement mortar with a thickness of 20-30 mm and a strength
grade of M10 is sprayed on or pressed into it.

Moreover, in the traditional strengthening method of this kind
of structure, the horizontal reinforced mortar belts are arranged
around the walls at the height of the cornice, and the vertical
reinforced mortar belts are arranged at the corners of the walls
and the junctions of the vertical and horizontal walls. This
arrangement is similar to that of ring beams and structural
columns, which can enhance the integrity and seismic
performance of the house. Their layout positions are shown in
Figures 2B,C. The height of the reinforced mortar belt is 240 mm
and the thickness is 50 mm. Detailed drawings of two types of
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FIGURE 2 | Traditional strengthening method (Unit: mm) (A) Steel wire mesh layout (B) Front elevation layout of mortar belt (C) Side elevation layout of mortar belt
(D) Detail drawing of horizontal mortar belt (E) Detail drawing of L-shaped vertical mortar belt (F) Detail drawing of T-shaped vertical mortar belt.

reinforced mortar belts are shown in Figures 2D-F, in which the
vertical reinforced mortar belt is divided into “L” and “T” shapes.

Novel Strengthening Model

In the previous surveys and earthquake damage analysis of rural
residences, it was found that the triangular wall at the top of the
brick-wood structure lacks a reliable tie, and the wooden purlins
provide only limited longitudinal rigidity. In an earthquake, the
wooden purlins are prone to slip or even fall off, and the walls
collapse out of the plane. Finite element numerical simulation
found a serious stress concentration between the wood purlin and
the wall under the seismic load, leading to the partial or even
complete failure of the gable peak. The seismic performance of
the building is greatly reduced.

This study proposes a new type of damping-limit device for
the seismic safety of the purlin roof structure. In the new
strengthening model, 38 damping-limit devices were installed
at the overlap joint of gables and wooden purlins on both sides of
the original structure. The device is composed of a rubber
partition layer and two identical steel gaskets with thicknesses
of 20 and 10 mm, respectively. The rubber partition layer is
square and steel gaskets with the same cross-section shape are
connected on both sides of the rubber partition layer. The
wooden purlin is passed through the rubber vibration isolation
pad, and the purlin, rubber, and steel plate are bolted together, so
that the purlin and the rubber vibration isolation pad are under
the same force. When the seismic wave energy is transmitted to
the wooden purlin, it will be dissipated through the rubber
partition layer. The acceleration of the purlins and the
structure on them is greatly reduced, so when the compression

and impact on the wall are relieved, the stress concentration
phenomenon at the contact part and the cracking of the wall are
also significantly alleviated. Figure 3 shows the specific structure
and installation diagram of the device.

Material Properties

In this study, the masonry was regarded as homogeneous and
isotropic material, and the influence of the mortar joint was
considered only from the average, but the interface behavior
between masonry and mortar was not considered. The stress-
strain relationship of masonry under uniaxial compression
proposed by Liu (2005) was adopted as the constitutive
relationship of masonry:

2
€ € €
=196 — | -096[ — ) ,0<| — <1
) ) €
o € €
—=12-02(—),1<|{— <16
fm €0 €o

Where ¢ and ¢ are the stress and strain of the masonry under
compression, f,, is the average value of the axial compressive strength
of the masonry, and ¢ is the maximum strain corresponding to the
maximum compressive stress, that is, the peak strain. Table 1 shows
some main parameters of masonry materials.

As a natural growth material, wood’s mechanical properties
show obvious anisotropy. At the same time, it is affected by
factors such as the growth environment, so the performance
varies greatly. Therefore, this paper adopted the mechanical
properties of the wood under the general ideal state, and
referred to the literature (Ding, 2015) to obtain the parameters

o
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FIGURE 3 | Novel damping-limit device (A) Structural figure (B) Installation diagram.

TABLE 1 | Masonry material parameters.

Compressive strength Tensile strength Peak strain Young’s modulus Poisson ratio Density (kg/m?)
(MPa) (MPa) (MPa)
3.33 0.315 0.003 2,400 0.15 2000
TABLE 2 | Wooden purlin material parameters. TABLE 3 | Rubber material stress-strain data.
EL Er Er HrL HRT HLR GLr Ggrr G Stress -2385 -1035 -275 O 111 280 409 51.6 61.0
(MPa)
9,702 1955 19565 0.52 0.352 0.106 971 218 609
Strain -0.5 -0.3 -01 0 01 0.3 0.5 0.7 0.9

of the purlin (Table 2). In the table, E;, Eg, and Er are the along-
grain, transverse-grain tangential, and transverse-grain radial
modulus of elasticity (MPa), respectively. prr, prr, and g are
the along-grain radial, transverse-grain radial, and transverse-
grain tangential Poisson ratio of the purlin, respectively. Gy,
Grr, and Grp, are the longitudinal and tangential, radial and
longitudinal, tangential and radial shear modulus (MPa) of the
purlin, respectively.

Rubber is a hyperelastic material that 1is, almost
incompressible, with a Poisson ratio close to 0.5. The elastic
modulus of this kind of material changes constantly in the process
of loading, so the error of using elastic modulus and Poisson’s
ratio to describe its mechanical properties is large, especially
when it has obvious deformation. Accordingly, its mechanical
properties need to be described by strain energy function, and the
constitutive relation of each material is a special form of strain
energy density function. To define this kind of material model, it
is necessary to obtain the material stress-strain data or model
material constants. The rubber material used in this study
adopted the Ogden constitutive model (Basa and Itskov, 1998;
Beda, 2005; Kim et al., 2012), which is a rubber material model
whose strain energy density is represented by the principal
elongation. Eq. 3 is the expression of its strain energy density.

9
Wo = Z{H" (N + A3+ - 3)} 3)

n=1 n

where a,, and y, are the material constants of the Ogden model,
and A;, A,, and A; are the principal elongations in the three
directions. Table 3 shows the stress-strain data fitted by the
uniaxial tensile and plane shear test of rubber materials.

Seismic Wave Selection

In this study, three seismic waves were selected for time history
analysis of the model: EL-Centro, Taft, and Tianjin. The duration
of EL-Centro wave and Taft wave is 40 s and that of Tianjin wave
is 20 s. The acceleration time history curves of the three seismic
waves in the east-west and north-south directions are shown in
Figure 4. According to the Chinese code for seismic design of
buildings (GB 50011-2010), the seismic fortification intensity of
the main distribution areas of this structure is mostly 6 and 7
degrees, and the design basic seismic acceleration is not more
than 0.1 g. Consequently, this research only modulated the peak
amplitude of each seismic wave to 2.2 m/s’, which is the peak
acceleration of a rare earthquake of 7 degrees.

ANALYSIS OF CALCULATION RESULTS
Modal Analysis

Modal is the inherent and integral characteristic of the elastic
structure. Through the modal analysis method to analyze the
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FIGURE 4 | Time history curves of seismic wave acceleration (A) EL-Centro (B) Taft (C) Tianjin.
TABLE 4 | Natural period and modal participation coefficient of the original model.
Modal Frequency (Hz) Period (s) Participation coefficient
X-direction Y-direction Z-direction
1 6.62 0.151 213.6 0.1 0.077
2 7.74 0.129 -56.3 -0.43 -0.48
3 7.99 0.125 -1.58 5.84 43.2
4 8.08 0.124 -2.75 1.64 -37
5 8.16 0.123 2.88 1.56 5.19
6 8.21 0.122 -9.19 -2.86 -2.3

features of the main modes of the structure in a certain susceptible
frequency range, the actual vibration response generated by
external or internal vibration sources in this frequency band
can be inferred (Qu et al., 2017; Qu et al,, 2018). In ADINA, by
calculating the participating coefficients of each mode in the X, Y,
and Z directions, the size relation of the influence coefficient of
each mode in each direction is judged. Based on the modal
frequency response theory, the dynamic stiffness of the
response point is the superposition and coupling of the
displacement of each mode to the point. The contribution of
the modal to the displacement of the point is the modal
participation factor. Through the frequency response analysis,
we can find out the peak of some frequencies. Modal participation
factor analysis can identify which main modal responses are
superimposed at the peak frequency, and output several modes
with large modal contribution according to the requirements, and

optimize the design according to the modal shapes. Tables 4-6
respectively show the natural vibration period and modal
participation coefficient of the first six modes of the three
types of working condition models.

Yang et al. (1982) present the following empirical formula for
the natural period of masonry structure:

T, = 0.0168 (Hy + 1.2) (4)

Where T is the basic period and Hy is the height of the structure.
According to the formula, T; = 0.0168 x (7.4 + 1.2) = 0.144 s, which is
close to the numerical simulation result of 0.151 s with an error of less
than 5%, proving that the numerical simulation model is reasonable
to a certain extent. Unlike other structures, the shaking table tests of
the brick-wood structure are rare, and the numerical results in this
study are only compared with the theoretical solution of the basic
period of the masonry structure to verify the model.
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TABLE 5 | Natural period and modal participation coefficient of the traditional strengthening model.

Modal Frequency (Hz) Period (s) Participation coefficient
X-direction Y-direction Z-direction
1 6.68 0.150 0.193 1.05 174
2 6.74 0.148 -2.72 -1.44 -22.9
3 6.75 0.148 0.081 0.69 1.0
4 6.76 0.148 2.08 0.56 12.08
5 6.77 0.148 0.097 1.56 5.19
6 6.78 0.147 0.11 0.67 9.15
TABLE 6 | Natural period and modal participation coefficient of the new strengthening model.
Modal Frequency (Hz) Period (s) Participation coefficient
X-direction Y-direction Z-direction
1 8.200 0.122 0.085 37.27 1.15
2 8.230 0.122 0.95 -59.1 5.91
3 8.280 0.121 3.15 -0.92 -1.29
4 8.283 0.121 1.98 25.6 -1.60
5 8.297 0.121 -2.93 -13.8 -0.39
6 8.300 0.120 -15.8 -45.2 1.13

The modal analysis result of the original structure model
shows that it was more inclined to X-direction vibration. This
may be because the structure has fewer longitudinal walls, and the
top of the gable is constrained only by wooden purlins. Therefore,
the X-direction vibration of the structure occurred before the
Y-direction vibration, indicating that the X-direction stiffness of
the structure is less than the Y-direction stiffness.

From the modal analysis of the traditional strengthening
model, the vibration of the model was found to be more
inclined to the Z-direction. This shows that the method has
better X- and Y-direction constraints on the structure.

From the modal analysis of the new strengthening model, the
Y-direction participation coefficient was shown to be greater than
that of the X-direction, indicating that adding rubber vibration
isolation pad constraints at the junction of the wooden purlin and
gable can improve the X-direction’s stiffness. Although the new
strengthening method is not as comprehensive as the traditional
in terms of improving the seismic performance of the structure,
the installation of the damping-limit device is simpler and the
construction is more convenient.

Displacement Response Analysis
Under the action of seismic waves, the displacement
responses of the three structural models were analyzed
separately, and the effect of reinforcement was analyzed by
comparing the displacement changes with time and height.
The model showed the same rule under the action of the three
seismic waves. Due to space constraints, some of the diagrams
take only the EL-Centro wave as an example to analyze the
results.

Figure 5 shows the displacement cloud images of the three
types of models extracted from ADINA when the maximum
displacement occurred in two directions. The figure shows that

the peak values of X-direction displacement of the three
structures all appeared at the top of the gable, indicating that
the out-of-plane stiffness of the top gable is smaller than that of
the lower wall, which was most obvious in the original structure.
The displacement image of the new strengthening model was
similar to that of the original structure, but the value was much
lower than that of the original one. In general, the effect of
traditional reinforcement on displacement was the best.

Owing to the increase of the stiffness of the gable after the
traditional reinforcement and the energy dissipation effect of the
damping-limit device, the excessive displacement of the gable was
significantly improved. At the moment of peak displacement,
four nodes with larger displacements were selected: the highest
node of the left and the middle gable, the cornice node of the front
facade, and the highest node of the inner longitudinal wall. We
then study the changes in their displacement time history under
three conditions.

The displacement curves along the time of the four positions
were studied sequentially, as shown in Figure 6. In a bi-
directional earthquake, the peak of the gable of the original
structure had a large deformation. The displacement time
history image shows that the structural displacement tended to
be stable after 30 s of ground motion. The lateral displacement of
the structure tended to zero in the later stage of the time, and the
cornice part remained elastic. Nevertheless, the longitudinal
displacement was still vibrating at about 1 mm and did not
tend to zero. Compared with the original structure, the
longitudinal displacement of the traditional model was
reduced about sixfold, and that of the new model was reduced
fourfold.

The reasons for this phenomenon are as follows: The gable
wall is high, and the cross-sectional area of the wall is greatly
reduced. However, the traditional residential structure does not
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FIGURE 5 | Displacement cloud images (EL-Centro) (A) Original model (B) Traditional strengthening model (C) New strengthening model.

provide consolidation measures at the gable, rigidity is
considerably weakened. The longitudinal rigidity of the
original structure is supported only by the wooden purlins,
and the inertial force causes the gable to move too much out
of the plane. As a result, some of the walls undergo plastic
deformation at the later stage of the ground motion, and thus
cannot be restored to their initial position. After traditional
reinforcement, cement mortar surface layers are added on
both sides of the top of the gable. The cement mortar is
stronger than brick masonry, which can absorb seismic energy
well and increase the out-of-plane stiffness of the gable. In the
new strengthening model, the purlin passes through rubber and
steel plates, which can increase its contact area with the wall.
Moreover, rubber can dissipate the energy generated by seismic
inertia force, improve the stress condition of components, and
reduce the displacement of the peak of the gable.

Extract the corresponding data to draw the displacement
envelope graph as shown in Figure 7 and the inter-story drift
angle as shown in Table 7. It was found from the figure that the
X-direction displacement of the wall below 5m of the original
structure did not change significantly along with the height, but
that of the top of the gable increased suddenly. This is because of
the substantial stiffness of the lower part of the cross wall, and the
limited displacement under the support of the longitudinal wall,
which is more resistant to seismic force. After retrofitting, the
displacement of the wall at the whole height, especially at the top,
was clearly reduced. In addition, judging by the inter-story drift
angle (Jiang et al, 2018), the original structure is close to a
moderately damaged state, and the two reinforced structures are
in good condition.

Principal Tensile Stress Analysis
To explore the mechanical characteristics of the brick-wood
structure under seismic action, the principal tensile stress

cloud image was extracted from ADINA, and the mean
principal tensile stress at the peak of the gable was calculated,
as shown in Figure 8 and Table 8.

The cloud images show that the stress concentration of the
original structure was obvious at the junction of longitudinal
and cross walls, the overlap between the purlins and the walls,
and the peak of the gable. Some of the walls had exceeded the
failure load of the material by 0.33 MPa and are in a state of
failure. Among them, the top of the right cross wall in the
middle was almost completely destroyed and there was a risk of
collapse. The stress response of the lower part of the wall was
good, and there was only slight damage at the corner of the
window. After the traditional reinforcement, the stress
concentration at the junction of the longitudinal and cross
walls was significantly improved, and only slight wrecks
occurred at the junction of the internal wall. After the
strengthening of the damping-limit devices, the stress
concentration at the top of the gable was also significantly
improved, only minor damage occurred at the overlap of the
purlins and the gable, the junction of the walls, and the
surrounding of the opening. Table 8 shows that under the
action of the three seismic waves, the mean value of the
principal tensile stress at the gable peak of the traditional
strengthening model is reduced by about 60% compared with
the original structure, while that of the new strengthening model
is reduced by about 40%. Both methods reduce the tensile stress
at the peak of the gable. Of the two, the improvement effect of
the traditional one is more significant, but considering factors
such as cost and construction period, the damping-limit device
is preferable.

Shear Stress Analysis
Figure 9 and Table 9 show the shear stress cloud images
extracted from ADINA, and the mean value of the shear
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FIGURE 6 | Displacement time history curves of four typical positions (EL-Centro) (A) X-displacement of the left gable peak (B) X-displacement of the middle gable
peak (C) Y-displacement of the front facade cornice (D) Y-displacement of the inner longitudinal wall peak.

stress at the bottom of the wall under the action of three seismic
waves, respectively. The study found that in the original
structure, the shear stress concentration at the bottom of the
walls, the junction of the longitudinal and cross walls, and the
peak of the gable was obvious, especially the peak and the
bottom of the right cross wall in the middle had been
damaged, and there was a risk of collapse. As the duration of
the seismic wave increases, the plastic development became
more obvious, and the damaged area at the junction of the walls
showed an obvious downward trend. After the traditional
reinforcement, only the junction of the internal walls and the
openings were slightly damaged, which alleviated the excessive
shear stress of the walls, and the mean value of the bottom shear
stress was reduced by about 70%. After the new reinforcement,
the top of the gable, the junction of the walls, and the openings
were slightly damaged, and there was no plastic development
phenomenon relative to the original structure. However, the
reduction in the mean value of the bottom shear stress was very
small, and the shear stress concentration had not been
significantly improved compared to the original structure,
indicating that the method has a limited effect on the lower
part of the wall.

Acceleration Response Analysis
The magnitude of the acceleration reflects the dynamic response

of the house under the action of an earthquake. The greater the
acceleration, the faster the speed change, and the more
unfavorable the structural safety. Draw the acceleration time
history curve of the three points A, B, and C, as shown in
Figure 10.

The X-direction acceleration of the original structure was
increased by about 3.6 times compared with the amplitude-
modulated seismic wave. The acceleration response was strong,
and the range of change was large, which does serious damage to
the structure. The traditional reinforcement failed to greatly
reduce the acceleration response of the structure in the
X-direction, indicating that although the displacement of the
top gable was small, the swing speed changed rapidly. The new
reinforcement significantly reduced the acceleration response of
the wall. The maximum acceleration of the wall in the
X-direction was only 1.1m/s’>, 50% lower than the
acceleration of the seismic wave after amplitude modulation,
which has a good shock absorption effect. This is because rubber
can cushion the impact and the inertial force of the purlin on the
wall. On the longitudinal wall, the acceleration response was far
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TABLE 7 | Maximum inter-story drift angle.

Model type El-centro
Original 1/518
Traditional 1/3984
New 1/2571

Taft Tianjin
1/479 1/593
1/5025 1/8065
1/1350 1/3745

less intense than that of the horizontal wall. The Y-direction
acceleration at the cornice was 1.6 m/s’, and the acceleration
response was good.

Among the three seismic waves, the EL-Centro wave had the
most violent response and the Tianjin wave had the least violent.
The X-direction accelerations of the gable peak under the action
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FIGURE 8 | Principal tensile stress cloud images (EL-Centro) (A) Original model (B) Traditional strengthening model (C) New strengthening model.
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TABLE 8 | Mean principal tensile stress of the gable peak.

Model type

Original

Traditional

New

Seismic wave

EL-Centro
Taft
Tianjin
EL-Centro
Taft
Tianjin
EL-Centro
Taft
Tianjin

Mean principal tensile
stress (MPa)

0.36
0.32
0.27
0.13
0.13
0.11
0.21
0.19
0.15

Reduction compared to
the original model

64%
59%
59%
42%
41%
44%
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FIGURE 9 | Shear stress cloud images (EL-Centro) (A) Original model (B) Traditional strengthening model (C) New strengthening model.

TABLE 9 | Mean shear stress at the bottom of the wall.

Model type Seismic wave Mean Reduction compared to
shear stress (MPa) the original model
Original EL-Centro 0.081 —
Taft 0.071 —
Tianjin 0.067 -
Traditional EL-Centro 0.027 67%
Taft 0.021 70%
Tianjin 0.015 78%
New EL-Centro 0.072 11%
Taft 0.066 7%
Tianjin 0.063 6%
A Original B — Original C 154 Original
44 —— Traditional 44 —— Traditional : —— Traditional
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FIGURE 10 | Acceleration response (EL-Centro) (A) X-acceleration at the peak of the left gable (B) X-acceleration at the peak of the middle gable (C) Y-acceleration
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of three seismic waves were 8, 4.3, and 3.1 m/s, respectively. The
magnifications were 3.64, 1.86, and 2.58, respectively.

CONCLUSION

In this study, numerical simulation was used to research the
seismic performance and reinforcement effect of the brick-wood
structure with purlin roof. Three types of models were established
by finite element analysis software ADINA: the original structure,
the strengthening model using the traditional method, and the
strengthening model using the novel damping-limit device. The
earthquake responses of the three models were compared, and the
main conclusions are as follows:

1) The novel damping-limit device proposed in this paper can
resolve the anti-seismic defects of the purlin roof structure.
First, the device can limit the displacement of the purlins and
prevent them from falling. In addition, the stress
concentration phenomenon at the connection position of
the wooden purlins and the walls was alleviated, and the
average value of the main tensile stress at the peak of the gable
was reduced by more than 40% compared with the original
structure. The displacement and cracking of the gable peak
had also been significantly improved, and the longitudinal
displacement of this part had been reduced by four times
compared with the original model.

The device has an obvious effect not only on the local but also
on the seismic response of the structure. After the new method
was used to strengthen the structure, the maximum inter-
story drift angle of the structure under the action of the three
seismic waves was only 23.8% of the original structure on
average. The maximum acceleration of the wall in the
X-direction was only 1.1 m/s>, about 50% lower than that
of the seismic wave after amplitude modulation, indicating
that the device also has a good control effect on the
acceleration response of the walls. However, it has no
obvious influence on the shear stress of the lower part of
the walls.

The study found serious defects in the seismic performance of
the unreinforced original structure. The walls, especially the
peak of the gables, are prone to excessively large out-of-plane
displacement in an earthquake. The maximum inter-story
drift angle was 1/479, which has reached a moderately
damaged state. Meanwhile, there was obvious stress
concentration at the junction of longitudinal and cross
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