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Abstract

Ceramsite aerated concrete blocks (CACB) are widely used in reinforced concrete frame infill walls due to their green,
energy-saving, waste utilization, and thermal insulation characteristics. Investigations into building projects in areas
with low seismic intensity and frequent typhoons have found that the cracking of CACB infill walls is severe, which
hinders the use of this material. This article was dedicated to studying the reasons and development process of cracks
in CACB infill walls, and proposing solutions. First, a 13 story framework building was analyzed using PKPM software
to study the inter-story drift ratio under local reference wind pressure and gust wind pressure. Then, three full-scale
models were made for quasi-static tests under horizontal loads to study the correlation between inter-story drift

ratio and infill wall cracking. Experimental studies have shown that the inter-story drift ratio was 1/2149 and 1/2347
for infill wall frames with and without windows, respectively, when CACB infill walls cracked. Comparing PKPM analysis
and experimental results, it could be seen that when the building was subjected to local reference wind pressure,

the inter-story drift ratio was 1/2433, which was smaller than the cracking inter-story drift ratio. When subjected

to the wind pressure corresponding to the gust wind, the structural deformation was much greater than the crack-
ing inter-story drift ratio. Therefore, it could be concluded that the main reason for diagonal cracks in CACB infill walls
was the unreasonable use of reference wind pressure in current design. To avoid the diagonal cracks, gust wind pres-
sure should be used as the horizontal load instead of reference wind pressure in design. Simultaneously to improve
both structural construction measures and material crack resistance to avoid cracking of CACB infill walls.
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1 Introduction

Ceramsite aerated concrete is regarded as green build-
ing material in structural engineering, owing to its
eco-friendliness, energy efficiency, waste management
capabilities, and insulation properties (Bernhardt et al.,
2014; Cheng et al., 2018; Fan et al,, 2021; Li et al., 2023a,
2023b). In the southeast coastal region of Zhejiang Prov-
ince, China, the foundation predominantly comprises
thick mucky silty clay (Lu et al,, 2021; Xu et al., 2022c¢).
Lots of it is dug up every year as construction waste.
These wastes can be used as the main raw materials for
sintering ceramsite (He et al., 2015; Hong et al., 2013;
Ma et al, 2021a). Ceramsite concrete is composed of
ceramsite instead of coarse aggregate (Chen et al., 2020;
Li et al,, 2021; Xu et al., 2022b). The application of cer-
amsite concrete can effectively utilize construction
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waste and reduce environmental pollution (Wang et al.,
2022; Shang et al., 2022; Xu et al.,, 2022a; Liu et al., 2012)
Ceramic aerated concrete block (CACB) was a light-
weight and thermally insulating wall material that was
commonly employed in construction engineering (Ma
et al,, 2021b, 2021c; Zhang et al., 2020). However, numer-
ous cracks have been observed in CACB infill walls of
buildings, thereby hindering its extensive use in south-
east coast of Zhejiang Province, China (Zhang et al.,
2024; Liu et al., 2024). From June 2018 to August 2021,
more than 50 buildings in Taizhou and adjacent urban
areas of Zhejiang province were investigated for exter-
nal CACB infill wall cracks. The study revealed that the
CACB walls exhibited numerous inclined cracks, which
often traversed the entire thickness of the wall and
appeared mostly at the bottom and middle floors of the
building, with fewer occurrences at the top. These cracks
typically manifested during the final stages of construc-
tion or within 1-2 years following completion.

The mechanical and physical properties of CACB are
different from those of ordinary concrete block (Li et al.,
2023a, 2023b; Tan et al., 2018; Zhai et al,, 2017). CACB
not only has the advantages of light weight and good heat
insulation, but also has the drawbacks of low strength
(Guo et al., 2011; Li et al,, 2022). In structural designs,
infill walls, as unstructured components, are usually not
considered for their contribution to the overall strength
of the building, but only act as a constant load on the
structure (Pankaj et al., 2005). In fact, research has shown
that if there are infill walls, the overall stress performance
of the frame structure is significantly different compared
to when there are no infill walls (Jonathan et al., 2024;
Arton et al, 2018; Ning et al., 2019). In addition, differ-
ent materials of filling wall contribute differently to the
stiffness and seismic resistance of buildings (Wijaya et al.,
2020; Niu et al., 2024). The interaction between infill
walls and structures can alter the seismic response of
structures and consequently affect the destructive char-
acteristics (Lu et al., 2024). Whether there are windows
in the infill wall has a significant different impact on
the mechanical performance of the frame structure too
(Laura et al., 2020). The reports on the mechanical prop-
erties and vulnerability of CACB as infill wall are very
limited, leading to the lack of evidence for its applicabil-
ity in engineering and also lack of solutions to the wide-
spread engineering quality problems of CACB infill walls.

In the southeast coast of China, typhoon makes land-
fall frequently and causes much damage on buildings and
other properties (Huang et al., 2020, 2024). The southeast
coast of China experiences more than three typhoons
each year in average from 1951 to 2022, during which a
total of 243 typhoons was recorded. The maximum wind
speed near the center of Typhoon Lekima in August 2019
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was over 60 m/s (Typhoon Webpage in National Meteoro-
logical Centre of China, 2023), which corresponded to a
wind pressure of about 2.34 kN/m? In the city, the wind
load has a great influence on tall and multi-story build-
ings (Gu et al.,, 2023). The impact of extreme typhoon
loads on a multi-story frame structure can result in sig-
nificant inter-story drift, which is an important per-
formance index in the wind-resistant building design.
Typhoons and torrential rains frequently land, then the
cracks of the external CACB infill wall are easy to cause
rainwater leakage, which seriously affects the service-
ability and normal functions of buildings. It caused many
engineering disputes between developers and users.

To explore whether the severe cracking of CACB filled
walls in the southeastern coastal areas of China was
related to the frequent typhoons in this region, a PKPM
calculation and analysis was performed on a 13-story res-
idential structure. Horizontal seismic loads, horizontal
loads of the reference wind speed, and horizontal loads of
the gust wind speed provided by the local meteorological
department were applied on the model, respectively. The
inter-story drift ratio of the house under various hori-
zontal loads was calculated by PKPM building structural
analysis software. At the same time, three frame models
were made for quasi-static tests. Data such as lateral dis-
placement, crack development, and crack distribution of
the test model under the action of horizontal forces were
collected. The PKPM calculation results were compared
with the model test results to analyze the causes of wall
cracking and propose solutions.

2 Calculation and analysis of building
2.1 Model overview
The project was a 13 story frame structure residential
building located in Taizhou, Zhejiang Province, China
(Li et al., 2024a). The standard floor structure layout
plan is shown in Fig. 1. The C40 concrete was used for
columns on the first and the 2nd floor, C30 concrete
was used for columns on the 5th floor and above, and
C35 concrete was used for columns on other floors. The
main cross-sectional dimensions of the column were
800 mm x 850 mm and 600 mm X 650 mm. The concrete
strength grade of beams and slabs was the same as that of
columns, and the cross-sectional dimensions of horizon-
tal and vertical frame beams were 300 mm X 700 mm. The
finite element model of the structure is shown in Fig. 2.
The dead load was the self-weight of the structure, and
the vertical live load was analyzed based on the residen-
tial floor value of 2.0 kN/m? and the live load on the roof
was 2.0 kN/m? according to the load code for the design
of building structures (GB 50009-2012). The horizontal
load was input in the four cases. Case 1: the horizontal
load was the seismic fortification intensity of 6 degrees
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Fig. 2 Finite-element model of structure

(considering accidental eccentricity). Case 2: the horizon-
tal load was the local reference wind pressure of 0.7 kN/
m?. Case 3: the horizontal load wind pressure value was
1.0 kN/m% Case 4: the horizontal load wind pressure
value was 1.27 kN/m?

2.2 PKPM calculation principle

PKPM structural analysis software was used to analyze
the inter-story drift of the 13 story frame structure resi-
dential building. PKPM is a series of building engineering
design software primarily used for structural analysis and
design based on the finite element method (FEM) (Wang
et al., 2013). The basic principle is to discretize the struc-
ture into a finite number of elements, which are inter-
connected by nodes. For this frame structure, beams,
columns, and walls are decomposed into different ele-
ments. Each element has its own stiffness matrix, which
describes the deformation characteristics of the element
under loads (Wang et al., 2016). During the calculation
process, the first step is to establish a structural calcu-
lation model by inputting the geometric information,
material properties, and load information. The software
then calculates the stiffness matrix for each element and
assembles these individual element stiffness matrices to
form the overall stiffness matrix for the entire structure
(Li et al., 2015). When a load is applied to the structure,
the equilibrium equations are established based on the
principles of force balance and deformation compatibil-
ity. The software solves this system of equations to obtain
the nodal displacements. Once the nodal displacements
are obtained, the internal forces (including axial forces,
shear forces, bending moments, etc.) for each element
can be calculated based on the material’s constitutive
relationship. These internal forces are serving as the basis
for determining whether the structural components meet
the requirements for strength, stability, and deformation
(Ou et al.,, 2012).
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2.3 Calculation results
In the four cases horizontal load, the maximum inter-
story drift ratio of the structure appeared at the
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Table 1 Mechanical properties of steel bars

Type of steel Diameter Yield Ultimate Young’s
bar of rebar d strength f,  strengthf,  modulus
(mm) (N/mm?) (N/mm?) E, (x10°N/
mm?©)
HPB300 6 304.1 436.5 2.09
HRB400 20 4112 568.5 2.03

intersection of the B-axis and the 2-axis on the 6th
floor (marked in Fig. 1 by red circle and red words).
As shown in Fig. 3, the maximum inter-story drift
ratio @ in case 1, 2, 3, and 4 was 1/1081 (0.9251x1073),
1/1082 (0.925%x1073), 1/739 (1.353x107%) and 1/577
(1.733x1073), respectively.

3 Model test

3.1 Test model design and materials

The test specimen was designed to adhere to the princi-
ple of strong column and weak beam while also meeting
the necessary structural requirements. The dimensions
and reinforcement of the specimen can be seen in Figs. 4
and 5. The longitudinal reinforced bars for both the beam
and column have a strength grade of HRB400, while
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Table 2 Mix proportions of concrete and the mechanical properties
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Mix proportions of concrete

Mechanical properties of concrete

Mass per unit volume (kg/m?3)

Cement Water Sand Coarse aggregate Compressive strengthf,, . (N/  Tensile strengthf, (N/mm?)  Young’s modulus E, (x 10*N/
mm?) mm?)
487 185 533 1245 433 3.16 328

Fig. 6 Photo of CACB

the stirrups have a strength grade of HPB300 and were
deployed throughout the entire length of the beam and
column. Mechanical properties of steel bars are listed in
Table 1. The frame concrete has a design strength grade
of C40, the mix proportions of concrete and the mechan-
ical properties are given in Table 2. The frame column
has a design axial compression ratio of #=0.3 with an
axial pressure of 702 kN.

The infill walls were constructed using special
masonry mortar and CACB with dimensions of
200 mmXx240 mmx600 mm which were made in a
local factory in Taizhou, Zhejiang province (Fig. 6). The
mix proportions of CACB are shown in Table 3 and the
mechanical properties are shown in Table 4. To ensure
stability, five rows of tie bars were added based on the
number of layers of blocks, with the first, third, and fifth
layers having a tie bar length of 900 mm and the second
and fourth layers having a length of 700 mm.

The top of the infill wall was brick masonry. This brick
was a non-sintered lime sand brick cured by steam pres-
sure, with dimensions of 240 mm X 120 mm X 60 mm. The
bricks were built diagonally above the CACB. The upper
surface of the bricks was closely contact to the beam, and

Table 3 Mix proportions of CACB

its left and right sides were contact to the columns. Its
function was that when the upper beam undergoes flex-
ural deformation under vertical load, the inclined bricks
could change the inclination angle, thereby avoiding the
filling wall from being subjected to vertical pressure from
the beam.

3.2 Loading mechanism and strain gauge arrangement
The test setup and loading device is shown in Fig. 7.
Initially, a vertical load of 702 kN was applied to each
column, divided into four levels. The loading speed of
vertical load was 20 kN/min. Once the vertical load
reaches the target value, it was maintained at a constant
level, and a horizontal load was then applied. When the
horizontal load was less than 40 kN, monotonic loading
applied by speed of 16 kN/min. After exceeding 40 kN,
the load increased by 10 kN for each stage until it reaches
120 kN, after which it increased by 20 kN until it reached
220 kN. Thereafter, it increased by 30 kN until it reached
280 kN. In addition, one loop load was applied on the
structures for each level. The speed of applying the load
was 10 min for a loop. The loading protocol is shown in
Fig. 8.

The horizontal displacement D; was measured by a
displacement meter fixed to an independent steel frame
at one end of the beam. The other displacement meter
was set in the horizontal direction of the ground beam
to measure the horizontal movement of the ground
beam D,. Two displacement meters were set in the ver-
tical direction of the two sides of the ground beam to
measure the possible warping displacement D, and D,.
The setup of the displacement meters and strain gauge
are shown in Fig. 9. The inter-story drift ratio 8 was cal-
culated according to Eq. (1) as

D3 — Dy

€=D1—D2+7L H (1)

Mass per unit volume (kg/m?3)

Cement Fly ash High strength ceramsite

Ceramsite sand

Water reducer Foaming agent Water

300 250 270 110

045 0.83 180
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Table 4 Mechanical properties of CACB

Compressive Tensile strength f;, ., Young’s modulus E,

strength f,p o (N/ (N/mm?) (x 103N/mm?)
mm?)
5.035 0.605 483

where L was the distance between the displacement
meter D; and D,, and H was the distance from the top
beam axis to the upper edge of the ground beam.

3.3 Model test results
The experimental data obtained under varying horizon-
tal loads are presented in Table 5.

3.3.1 Component to model FO

When a horizontal load of 80 kN was applied, the first
inclined cracks appeared at the right end of the beam.
These cracks were inclined down at an angle of about
60° along the direction of loading (thrust to the left).
The width of the cracks was measured to be 0.20 mm,
and there was no apparent crack at the left end of the
beam. The maximum inter-story drift ratio was calcu-
lated to be 8#=0.786x 1073(the expression of fractions
is: 0=1/1272). The initial fracture distribution is illus-
trated in Fig. 10a by red line.

As the horizontal force increased, the number and
width of cracks gradually increased. When the horizon-
tal load reached 120 kN, a larger width crack appeared
at the other end of the beam. The maximum width of
the crack was 0.41 mm, and it was inclined downwards
about 55°.

As the horizontal load was raised to 180 kN, a notice-
able increase in the crack at the end of the beam was
observed, with its maximum width measuring 0.55 mm.
Cross oblique cracks were evidenced in the core area of
beam—column joints. In addition, inclined cracks meas-
uring approximately 60° in oblique direction appear in
the upper and lower portions of the beam at 1/3 span
from the end. The lower column foot also exhibits an
oblique crack with a width of 0.1 to 0.4 mm and a hori-
zontal angle of approximately 26°.

As the horizontal load increased to 200 kN, the crack
at the end of the beam exhibits further progression, and
the core area of the beam—column joints also displayed
increased cracks, with a maximum width of 1.0 mm, as
shown in Fig. 10b. The width and number of oblique
cracks in the lower column base also continued to
increase, with the maximum width measuring approxi-
mately 0.35 mm. The maximum width of the crack at
the upper beam end was observed to be 0.55 mm. At
1/3 span from the end of the frame beam, the width
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and number of inclined cracks in the upper and lower
parts of the beam section increased, with the maximum
width reaching 0.40 mm.

As the horizontal load increased to 250 kN, the crack
in the core area of the beam—column joints underwent
a rapid increase, with the maximum width reaching
2.3 mm. Ultimately, the concrete at the bottom of the
column base was crushed, resulting in the destruction
of the specimen.

3.3.2 Component to model F1

Upon increasing the horizontal load to 60 kN (ten-
sile force), the first small cracks appeared at the lower
window corner of the infill wall, inclined at an angle

Fig. 7 Test setup
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of approximately 75° along the direction of the force.
The maximum width of these cracks was measured
at 0.22 mm. The maximum inter-story drift ratio
was 0=0.465x107% (the expression of fractions is:
0=1/2149). The distribution of these cracks is shown
in Fig. 11.

As the horizontal load was gradually increased from 60
to 80 kN, the number and width of cracks increased, as
shown in Fig. 12 with blue lines. Similarly, when the load
increased from 100 to 120 kN, the number and width of
cracks on the infill wall also increased significantly. When
the load was further increased to 140 kN, vertical cracks
emerged on the upper right side of the beam. The distri-
bution of these cracks is presented in Fig. 12 with green
lines. Subsequently, as the horizontal load increased to
180 kN, the crack width widens considerably, with the
maximum crack width reaching 0.95 mm. The distribu-
tion of these cracks is presented in Fig. 9 with yellow
lines.

When subjected to a horizontal load at 250 kN, a sig-
nificant increase in the number and width of cracks was
observed. New inclined cracks appeared in the upper two
corners of the window hole with a width of approximately
1.2 mm. During the loading process, the mortar exhibited
signs of failure, producing an audible “click click” sound.

When the horizontal load increased to 280 kN, the
width of the inclined crack in the upper two corners of
the window hole increased to about 1.5 mm. Other exist-
ing cracks had also increased dramatically in width.
There were also wider vertical cracks in the upper part
of the beam. The cracking sound increased, and more
mortar fell from the CACB wall. The distribution of these

cracks from 200 to 280 kN is presented in Fig. 10 with
pink lines. As depicted in the figure, the cracks were all
distributed obliquely. The shape of the crack distribu-
tion in the upper part of the window hole was inverted
V-shaped, and in the lower part of the window hole, it
was V-shaped.

3.3.3 Component to model F2

When subjected to a horizontal tensile force of 90 kN,
the CACB infilled wall developed its first round of small
cracks in the middle of the wall, with a width 0.2—-0.3 mm.
The maximum inter-story drift ratio was 6=0.426x 1073
(the expression of fractions is: 6=1/2347). The cracks
were inclined down about 60° along the direction of load-
ing, which was towards the right. The distribution of
cracks is illustrated in Fig. 13.

As the horizontal load increased from 90 to 140 kN, the
number of cracks on the CACB infilled wall increased
rapidly, and the crack width expanded too, as shown in
Fig. 14 by green lines. When the horizontal load was
further increased to 180 kN, the crack width increased
significantly, with the maximum crack width reaching
0.68 mm. The crack distribution under a horizontal load
of 180 kN is shown in Fig. 14 by yellow lines.

As the horizontal load was increased to 250 kN, there
was a notable increase in both the number and width of
new cracks, with an approximate width of 1 mm as evi-
denced in Fig. 14 with pink lines.

Upon a load of 280 kN, a discernible inclined crack
appeared in the middle of the infilled wall, which
propagated through previous cracks observed at loads
of 90 kN, 140 kN, and 180 kN. This crack had a width
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(a) Distribution of the initial cracks
Fig. 10 Distribution of the cracks in model FO

Fig. 11 First cracks at 60 kN. The lake blue lines were cracks

of horizontal load 60 kN, the blue lines for 70-80 kN, the green lines
for 100-140 kN, the yellow lines for 160-180 kN and the pink lines
for 200-280 kN

of approximately 1.5 mm, while other existing cracks
exhibited significant increases in width, as shown
in Fig. 14 by red lines. During loading, the mortar of
the wall exhibited noticeable fragmentation, produc-
ing an audible “crack crack” sound. In addition, small
cracks appeared at the end of the RC beam and column.
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Fig. 12 Cracks distribution at 280 kN. The lake blue lines were cracks
of horizontal load 60 kN, the blue lines for 70-80 kN, the green lines
for 100-140 kN, the yellow lines for 160-180 kN and the pink lines
for 200-280 kN

In general, the cracks propagated obliquely, with a
V-shaped distribution. At the bottom of the infill wall,
the cracks were concentrated in the middle, while at
the top of the infill wall, the cracks extended into two
corners.
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Fig. 13 First cracks at 90 kN. The blue lines were cracks of horizontal
load at 90 kN, and light green lines at 100-140 kN, and yellow lines
at 150-180 kN, and pink lines at 200-250 kN, and red lines at 280 kN

Fig. 14 Cracks distribution at 280 kN. The blue lines were cracks

of horizontal load at 90 kN, and light green lines at 100-140 kN,

and yellow lines at 150-180 kN, and pink lines at 200-250 kN, and red
lines at 280 kN

4 Discussion

4.1 The stiffness change

Based on the horizontal load applied to the frame and the
lateral displacement recorded during the test, the lateral
stiffness of the tested components can be calculated as K:

K= ©)
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where F was the horizontal load applied to the axis of the
frame beam of the test component, and represented the
A horizontal drift test value recorded on the axis of the
frame beam.

Fig. 15 depicts the correlation between horizontal load
F and inter-story drift A. As observed from the figure,
there was discernible nonlinear correlation between the
two parameters, indicating that the lateral stiffness of
the specimens was progressively declining with the rise
in horizontal loads. Under the same lateral force, the col-
umn end displacement of bear frame was the largest, and
that of frame with windowless infill wall was the smallest.

The lateral stiffness of the three test specimens
decreases with increasing horizontal force, as depicted
in Fig. 16. Specifically, when the horizontal load was
low (e.g., 40-60 kN), the lateral stiffness test value of the
frame with windowless infill wall (F2) decreased rapidly
with increasing load, whereas the lateral stiffness of the
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bear frame FO remains nearly constant, and that of the
frame with window-infilled wall (F1) lies between the
two. Then the frame beam and column were in the elas-
tic stage, and the change in lateral stiffness mainly results
from the change in the stiffness of the CACB infill wall in
plane. It revealed that small horizontal loads could cause
internal damage to the infill wall, even if there were no
visible cracks on the wall surface. When the horizontal
force was increased to 60—140 kN, the decline rate in
measured stiffness of F1 and F2 decreased, and the stiff-
ness contribution of infill wall to the structure declined
notably. The decline rate of stiffness of bear frame
increased slightly. At 160—-250 kN of horizontal force, the
stiffness of all three components decreased rapidly, par-
ticularly that of FO, which decreased sharply at 220 kN,
indicating that the columns and beams of FO have entered
the plastic stage.

The reduction in stiffness ratio of the three test mem-
bers with respect to their initial stiffness was decrease
as the load increased, eventually tending towards con-
sistency when they closed to failure, as demonstrated
in Fig. 17. At the beginning of loading, the stiffness
ratio of FO decreased gradually, while that of F1 and F2
declined the most rapidly. During the intermediate stage
of loading, the decrease in stiffness ratio of FO remained
approximately constant comparing to beginning, whereas
the velocity of decrease in stiffness ratio of F1 and F2
reduced significantly. Towards the later stage of loading,
the decrease in stiffness ratio of FO was markedly accel-
erated, whereas those of F1 and F2 undergo only slight
acceleration. By the end of loading, the lateral stiffness of
all three specimens was reduced to roughly 20% of their
initial lateral stiffness. Throughout the entire loading
process, the stiffness ratio of FO demonstrated a roughly
linear trend with respect to the increase in load, while
that of F1 and F2 decreased exponentially. Part of the
stiffness of F1 and F2 was provided by infilled walls, and
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infilled wall stiffness changes were extremely sensitive to
cracking. FO was a bare frame whose stiffness decreases
due to cracks in RC beams and columns. The stiffness of
RC beams and columns was not particularly sensitive to
crack propagation.

The appearance of cracks in the CACB infill wall was
closely linked to the change in the inter-story drift ratio.
The first crack in F1 appears at a horizontal load of
60 kN and an inter-story drift ratio of 0.465x107°. The
first crack in F2 appears at a horizontal load of 90 kN
and an inter-story drift ratio of 0.426x107°. It should
be noted that infill wall without window could crack at a
smaller inter-story drift ratio compared to infill wall with
window.

When cracks appear, the inter-story drift of F1 was
1.454 mm, and the measured stiffness decreased to
38.89% of its initial stiffness. In contrast, the inter-story
drift of F2 was 1.332 mm, and the stiffness decreased to
32.09% of its initial stiffness. Compared with the initial
stiffness, the stiffness of the windowed infill wall frame
decreased by 61.11% when cracks appeared, while that
of the windowless infill wall frame decreased by 67.91%.
This indicates that cracks can cause a decrease in the
stiffness of infill frame, and the stiffness of the window-
less infill wall frame decreases more than that of the
windowed infill wall frame. Figure 18 shows a graph of
stiffness degradation with inter-story drift and cracking.

According to the analysis of the experimental results,
the main reason for the stiffness change of the experi-
mental models was the softening of the infill wall after
cracking. Due to the fact that the concrete beams and
columns of the three experimental models were com-
pletely identical, and their contributions to the stiffness
of the entire model are also the same, the different stiff-
ness changes of the three models can only be caused by
changes of the infill walls stiffness. When the inter-story
drift ratio was 0.126 x 1073, the stiffness of the bare frame
decreases by 1.36%, the stiffness of the window filled wall
frame decreases by 54.12%, and the stiffness of the win-
dowless filled wall frame decreased by 67.90%. Removing
the influence of stiffness changes in reinforced concrete
beams and columns, the stiffness of infill walls with
windows decreased by 80.22%, while that of infill walls
without windows decreased by 81.21%. Therefore, in
structural design, the inter-story drift ratio had a signifi-
cant impact on the stiffness of infill walls; especially the
stiffness changes of the overall structure caused by crack-
ing of infill walls cannot be ignored.

4.2 The relation between wall cracking and window
opening

It can be seen from the experimental results that the

crack load of the infill wall (60 kN) with window was
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Fig. 18 Stiffness degradation with lateral drift

smaller than that of the non-window infill wall (90 kN),
but the inter-story drift ratio of the infill wall with win-
dow (0=1/2149) was larger than that of the non-win-
dow infill wall (6=1/2347). When the wall was cracked,
the inter-story drift ratio of the frame was far less than
the limit value of the elastic inter-story drift ratio of the
frame structure ([6,]=1/550) defined by the Code for
Seismic Design of Building (GB50011-2010, 2010). This
indicated that the RC frame was in the elastic stage when
the infill wall cracked, whether the infill wall with win-
dow or without window in the frame.

According to the test results, the cracking load of the
windowless filled frame was 50% greater than that of the
windowed filled frame. However, the inter-story drift
ratio of cracks in windowless infill walls was slightly
lower than that of windowed infill walls. This indicated
the horizontal load borne by windowless infill walls was
greater than that of windowed infill walls in a building.
This means that as the horizontal load and the inter-story
drift of buildings increases, the cracking of windowless
infill walls will earlier than that of windowed infill wall.

When the inter-story drift ratio of RC frame was close
to the limit value of elastic inter-story drift ratio, the

Table 6 Inter-story drift ratio of the frame (x 1073)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

A(mm)

horizontal load of windowless filled RC frame was 250—
280 kN. In addition, now there were large number of
cracks appeared on the wall, and crack width was large.
The horizontal load of infilled RC frame with window
was 160-180 kN, the cracks on the wall were less and the
crack width was smaller.

4.3 Analysis of CACB infill wall cracking in coastal area

The initial cracking of the infill wall was closely related to
the inter-story drift ratio of the frame. According to the
design and calculation results of a 13-story frame build-
ing (Li et al., 2024a) by PKPM software in Taizhou, Zheji-
ang Province, China, the maximum inter-story drift ratio
is shown in Table 6 of bear. The infill wall stiffness was
not considered in the frame design by PKPM software,
so the calculation results need to be revised according to
the test results. Based on the results of this test, when the
horizontal force acting on a frame was less than 40 kN,
the stiffness of the filled frame with window wall was
about 3 times of that to the bare frame, and the stiffness
of the filled frame with no-windows wall was about six
times of that to the bare frame. It was assumed that 50%
of the frames were filled in this 13-story building and the

Stiffness used in the calculation Seismic intensity of six Wind load of 0.70 kN/m? Wind load of 1.0 kN/m?  Wind load
degree of 1.27 kN/
m2
Bear (Lietal, 2024a) 0.925 0.925 1353 1.733
Infill wall without cracks 0411 0411 0.601 0.769
Infill wall with cracks 0.601 0.601 0.880 1.127
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ratio of infill walls with windows to without windows was
1:5. The total stiffness of this building was 2.250 times
to the PKPM calculated value. In design, the inter-story
drift ratio was inversely proportional to the stiffness of
the structure, so the maximum inter-story drift ratio of
the 13-story frame was 44.4% of the calculated value by
PKPM. When the infill wall cracked, the stiffness was
1.538 times to the PKPM calculated value. The maximum
inter-story drift ratio of the 11-story frame was 65.0% of
the calculated value by PKPM. The inter-story drift ratios
of the frame calculated by PKPM mode, infill wall with-
out crack stiffness and infill wall with crack stiffness are
shown in Table 6.

It could be seen that the maximum inter-story drift
ratio was 0.411x107® (the expression of fractions is:
0=1/2433) under the reference wind pressure by the
stiffness of infill wall without crack. According to the
test results, when the inter-story drift ratio greater than
0.426 x 1073, the infill wall without window will crack,
and when the drift ratio was greater than 0.465x 1073,
the infill wall with window would crack. This means
that when the coastal city encounters a once-in-50-year
typhoon, infill wall both with window and without win-
dow will not crack.

But the inter-story drift ratio was 0.601x 107> under
the wind pressure 1.0 kN/m? which calculated by the
stiffness of infill wall without cracks. It reached to
0.880x 1072 which calculated by the stiffness of infill wall
with cracks. All of them were greater than 0.426x 1072
(the inter-story drift ratio corresponding to the cracking
of infill wall without window) and 0.465x 1072 (the inter-
story drift ratio corresponding to the cracking of infill
wall with window). It means that both infill walls with
window and without window cracked.

The inter-story drift ratio was 1.127x 107> under the
wind pressure 1.27 kN/m? which calculated by the stiff-
ness of infill wall with cracks. This value was much
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greater than the inter-story drift ratio of cracking, indi-
cating that the infill wall was severely cracked both with
window and without window.

The horizontal wind pressure of gusts on the structure
will be greater than the reference wind pressure (Li et al.,
2024b). The Typhoon Data Records in the local weather
station in Lekima landfall 2019 and the reference wind
pressure in structure design are shown in Table 7. The
peak wind pressure of the gust wind was 1.92 kN/m? in
Wenling Shitang. The wind pressure based on the 10-min
mean maximum wind speed was 1.05 kN/m?. They were
all larger than the reference wind pressure, and lager than
the wind pressure 1.0 kN/m? too. Even several meteoro-
logical stations have gusts wind pressures far exceeding
1.27 kN/m? The inter-story drift ratio caused by this
wind pressure resulted in severe cracking of the infill
wall, according to PKPM calculations and model tests.
Therefore, in the coastal areas of Zhejiang province,
CACSB infill walls with and without windows all will crack
under gust wind load.

5 Conclusion

In building design, the function of infill walls is to enclose
and separate the building space, without considering its
load-bearing capacity, so infill wall cracking does not
affect the safety, strength, and stability of the building.
It can affect the stiffness of the building, thereby chang-
ing the dynamic performance of the building, such as
frequency. In addition, it will affect the serviceability of
the building and cause it leakage in rainstorm weather.
Therefore, sufficient attention needs to be paid to the
application research of this type of infill wall. Based on
the analysis of the PKPM finite element model and the
model test, the conclusions are as follows:

« With the local reference wind pressure, cracks have
not appeared in the CACB infill wall of the frame.

Table 7 Wind speed and pressure in Lekima landfall 2019 and the reference wind pressure

No District Weather station Average maximum Maximum wind Wind pressure Wind pressure Reference wind
wind speed of speed of gusts in correspondingto  corresponding to pressure in
10 minin Lekima/  Lekima/(m/s) average maximum maximum wind structure design/
(m/s) wind speed of speed of gusts in (kN/m?)
10 min in Lekima/  Lekima/(kN/m?)
(kN/m?)
1 Wenling  Shitang 41.1 555 1.05 1.92 0.7
2 Wenling  Wengiao 28.7 51.8 0.51 1.67 0.7
3 Jiaojiang Taizhouwan bridge 384 46.9 0.92 1.37 0.7
4 Wenling Chengbei 320 46.3 0.64 1.34 0.7
5  Wenling Functional area 284 432 0.50 1.17 0.7
of grain
6  Wenling Practice base 29.1 430 0.53 1.15 0.7
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Under the action of gust wind pressure, severe crack-
ing occurred in the CACB infill wall. In addition,
when the infill wall creak, the inter-layer drift ratio
of reinforced concrete frame is far less than the limit
value of the elastic inter-layer drift ratio defined by
the Code for Seismic Design of Building (GB50011-
2010, 2010).

+ Under horizontal load, the distribution shape of
inclined cracks in two types of infill walls is differ-
ent. The wall with window cracks beginning from
the corners of the window. The distribution shape of
the crack is V-shaped below the window hole, and
inverted V-shaped above the window hole. The non-
window infill wall cracks beginning from the middle
of the wall, the distribution shape of the cracks into
V-shape.

«+ 'The stiffness of infilled frame is much larger than that
of bare frame because of the CACB infill wall. Before
the infill wall cracks, the stiffness of infilled frame
without window is 6 times to that of bare frame, and
the stiffness of infilled frame with window is 3 times
to that of bare frame. When the infill wall begins
cracking, the stiffness of infilled frame without win-
dow is 1.926 times to that of bare frame, and the stiff-
ness of infilled frame with window is 1.176 times to
that of bare frame. Therefore, the contribution of
CACSB infill walls to the stiffness of frame structure
cannot be neglected in structural design.

+ The main reason for the cracking of CACB infill
walls in coastal areas Zhejiang province is that the
designers did not take reasonable values of wind
loads. Compared to the actual wind pressure expe-
rienced by the building, the current reference wind
pressure value is too small. In building design, it is
reasonable to replace the current reference wind
pressure with the wind pressure of gusts as the hori-
zontal load.

+ The connection method between the infill wall and
the frame should be improved, such as leaving gaps
between the frame and the infill wall, and using flex-
ible materials to fill them, so that the inter-story
drift of the infill wall does not change with the main
concrete structure. This requires efforts of engi-
neers and researchers to develop new connection
methods in the future. Improving material proper-
ties is also an effective method, such as adding fiber
materials to CACB to enhance its crack resistance
and improve the cracking of infill walls.
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