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In the construction industry, an approach to alleviate the environmental problem is to apply ecological composite materials to the
construction field. In this paper, the authors added the recycled aggregate and the rice husks to the concrete and measured the
strengths of rich husk recycled concrete (RHRC) with different factors as well as determined the constitutive model. Subsequently,
the flexural experiment of RHRC sandwich wall was carried out and analyzed in detail, which proved that it could bear the wind
loads in normal use condition by the calculation of the experimental data. Then, the compressive experiment and analyses were
conducted similarly. Moreover, the finite element method was applied to study the influence of tie bars on the flexural bearing

capacity and to deduce the simplified calculation method of vertical bearing capacity of RHRC walls.

1. Introduction

The construction industry consumes more raw materials
than other social activities, leading to the depletion of
natural resources and the production of construction waste
[1, 2]. It is suggested that one of the most effective ways to
reduce building resource consumption and achieve sus-
tainable building practices is to use recycled materials made
from waste and renewable materials [3-5]. Among sus-
tainable materials, ecological composite materials are in-
creasingly concentrated because of their advantages, such as
reuse of waste, low overall impacts on the environment, and
biodegradability and nontoxicity [6, 7].

Nowadays, more and more scholars are committed to
the application of ecological composite materials in the field
of architecture. For example, woven fabric waste and red
mud of aluminium production waste, waste plastic, glass
waste, etc. have been studied and proved to be feasible for the

application and development of the construction materials
made from them, and the utilization of the materials can
undoubtedly reduce the consumption of resources [8-11].
Particularly for the walls, which exist in traditional buildings
abundantly, they should be advocated to use this kind of
material. Leshina et al. studied the effect of glass waste on the
properties of ceramic wall materials and demonstrated that
the domestic waste glass can be applied to the wall [12]. For
the purpose of building energy-saving, Ji et al. prepared a
novel one-piece wall ceramic board by using fly ash and
ceramic waste which indicated it could efficiently reduce the
thermal bridges and exert excellent energy conservation
effect [13]. Furthermore, the researches on the material
characteristics of lightweight concrete blocks with mis-
canthus from the perspective of compressive strength and
heat conductivity proved that it could meet the requirements
of use [14]. Hou et al. put forward a three-level mechanical
model of ecological composite walls based on their structural
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characteristics, mechanical properties, and collaborative
performance, and the results manifested that the structure
possessed several seismic defending lines and had good
seismic performance [15].

In addition to materials made from aforesaid waste, the
exploitation of building materials based on agricultural
waste has also received increasing attention, due to the
environmental problems caused by the large-scale genera-
tion of such waste and the difficulty of treatment [16]. At
present, agricultural waste could be used as building ma-
terials to achieve the cyclic utilization of resources and meet
the requirements of building functions [17]. For example,
waste from hemp production process could be used to make
high sound absorption muffling walls [18], as well as rice
straw and maize husk could be used as insulation material
for precast concrete Sandwich wall [19]. Among the various
agricultural wastes, rice husk occupies a large proportion of
agricultural waste and has a better resistance to molds in
comparison with other plant fibre composites [20]. Antonio
et al. proposed a new composite material incorporating rice
husk intended for construction applications and elaborated
an experimental study on the mechanical, thermal, and
acoustic performance of new composite boards made of rice
husk waste. The results suggested that optimized con-
struction solutions based on these composite materials could
improve the performance of thermal and sound insulation of
buildings [21]. Liu et al. used control variable method to
systematically study the concrete with different particle sizes
and different contents of rice husks to provide corre-
sponding technology for supporting the preparation of high-
performance walls [22]. Zhao studied the stressing state and
failure criterion of rice husk mortar composite wall based on
the theory of stressing state of the structure, which analyzed
the influences of loading mode and holing mode on the
stressing state and failure load of the wall [23]. The above
researches show that concrete mixed with rice husks per-
forms well in mechanical properties, thermal, and sound
insulation functions, which has positive effects on sustain-
able development and is worthy of promotion.

Although the above researches have discussed many
properties and applications of the ecological composite
walls, almost all about heat and sound insulation, there are
few researches on the mechanical properties of them. This is
not conducive to determine the bearing capacity of the
ecological composite walls and to promote them as load-
bearing components widely, resulting in its narrow appli-
cation. The restrictions to the development and application
of the ecological composite wall are because of not only the
insufficient researches on the wall itself but also its basic
component materials. There is still a lack of further and more
comprehensive research on mechanical properties and its
influence factors of ecological composite materials. These
problems indicate that the mechanical properties of eco-
logical composite materials and the wall need further re-
search to develop its potential for application and
promotion.

This paper makes efforts to study the mechanical
properties of ecological composite material, rice husk
recycled concrete (RHRC), and RHRC walls. The

Advances in Civil Engineering

compressive strength of different rice husk content and
recycled aggregate replacement rate were tested. Meanwhile,
the constitutive curves and its model of RHRC were de-
termined, according to the mechanical property tests of
RHRC. In order to ensure the wind load resistance of the
sandwich walls made of RHRC, the flexural experiment of it
was carried out, and the cracking load, bearing capacity, and
flexural deformation of it were recorded and analyzed.
Similarly, the compressive experiments of the wall with and
without a hole were also conducted to verify the vertical
bearing capacity. In addition, based on the finite element
method, the influence of the tie bar on the flexural bearing
capacity was studied and the simplified calculation method
of the vertical bearing capacity considering the “mid-shift”
effect was evolved.

2. Experimental Study on Mechanical
Properties of RHRC

2.1. Materials and Mix Proportions. Portland cement (P. O.
42.5) was used as the binders of RHRC, and the rebound test
strength and particle size of the recycled aggregate are,
respectively, 37.5 MPa and 5-15mm. The chemical com-
position of rice husks is listed in Table 1. In order to study the
influence of the rice husk content and recycled aggregate
replacement rate on the mechanical properties of RHRC and
to reduce the influence of other factors, this test was carried
out on nine groups of blocks with the water-cement ratio
and the content of admixture unchanged. The rice husk
contents were 0%, 20%, and 30% by mass of cement, and
recycled aggregate replacement rates were 0%, 30%, 50%,
and 100%, respectively. Furthermore, rice husks had certain
water absorption capacity, so the actual water consumption
of RHRC was composed of the net one of concrete and
additional one of rice husks. The water absorption of rice
husks was measured before the formal test. The rice husk of a
certain quality was soaked in water, and the quality of the
rice husk was weighed after water absorption and saturation.
Compare the mass values before and after soaking to cal-
culate the moisture content. The results showed that, with
the increase of 1g rice husk, the additional water con-
sumption of rice husk increased by 1.5g. According to the
preliminary test, the mixing ratio of rice husk recycled
concrete (RHRC) was determined as water: cement: sand:
stone =180:480:650:1050. In addition, the actual content
of amine superplasticizer was 1.5% of the quality of cement.
The amine superplasticizer, silica densifier, and silica fume
were mixed in ratio of 1:4:3 to improve the impermeability,
compressive, and bending resistance of concrete.

2.2. Wall Making and Reinforcement Layout. The main
materials of the wall are the RHRC, steel bars, benzene plate,
and galvanized welded mesh. Meanwhile, the size of the
specimen and the arrangement of steel bars are shown in
Figure 1. The detailed preparation method of the specimen is
as follows. First, use wood boards to support the template
outside the frame. Cover the bottom of the formwork with
galvanized wire mesh on the pad. Put the girder, column
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TaBLE 1: Chemical composition of rice husks (%).

Chemical composition Content (%)
Crude fibers 35.5-45.0
Xylogen 21.0-22.2
Poly pentosan 16.0-22.2
Ash content 13.0-22.0
Water 7.5-16.0
Crude protein 2.5-3.0
Ether extract 0.7-1.3
Top beam

Side column

Middle column

Bottom beam

Thermal insulation material Outer wall
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Figure 1: Continued.
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F1GURE 1: The structure of the RHRC Sandwich wall: (a) the composition of the wall; specimen size and reinforcement of the wall (b) without
a hole and (c) with a hole.

longitudinal bars and stirrups into the template of the inner
frame of the girder and column. Subsequently, the inner and
outer leaf wall drawing bars were arranged and the strain
gauges were pasted to lead the wire and waterproof treat-
ment was done well. The inner leaf wall would be poured

Loading
immediately after the layout was completed. When the inner beam
wall concrete had a certain strength, remove the inner frame Distribution
of the formwork and install the benzene plate. Finally, the beam

outer leaf wall was covered with galvanized welding mesh
and the outer leaf wall was poured and maintained.

The arrangement of steel bars for the wall is shown in the
Figures 1(b) and 1(c). The average yield strength and ulti-
mate strength of 12 mm diameter HRB400 threaded steel
bars are, respectively, 422 MPa and 610 MPa and those of
6 mm diameter HPB300 threaded steel bars are, respectively,
303 MPa and 407 MPa. The galvanized welding mesh is The sandwich
made of Q235 steel, and the yield strength and ultimate wall
strength are 214 MPa and 277 MPa. The elastic modulus of F1GURE 2: The loading device for bending performance experiment.
HPB300 steel bar is 2.1 x 10> N/mm?, the elastic modulus of
HRB400 steel bar is 2.0x10°N/mm’ and the elastic
modulus of Q235 galvanized welded mesh is 2.0x10°N/  the two groups of distribution beams are arranged longi-
mm?, tudinally at 100mm from the left and right ends of the

sandwich wall. The two distribution beams of each group are

symmetrically arranged at the positions of 1/4 and 3/4 of the
2.3. Loading Scheme and Measuring Point Layout. The large  transverse direction of the sandwich wall. The two ends of
size and the high bearing capacity outside the plane of the  the test piece in this test are directly placed on the support. In
test wall results in not being suitable to use the heavyloadsto  this bending performance test, the reaction device made of
simulate the uniform loads. Therefore, the steel beams are  four reaction frames and one steel beam is used to simulate
used to transform the loads applied by the counterforce  the uniformly distributed load through two distribution
device into four concentrated loads, as shown in Figure 2.  beams and four loading beams with two jacks. The pre-
The four distribution beams are divided into two groups,and  loading was firstly carried out to check the instrument and to

Support
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eliminate the installation gap, and then the loads were ap-
plied with 20 kN as fixed increment. The arrangements of the
strain gauges on steel reinforcements (on the left) and in
concrete (on the right) as well as of the displacement meters
are shown in Figure 3.

In this experiment, one wall has a hole of
1800 mm x 1500 mm and the other one has no hole, and the
other sizes were same as the aforesaid one. The vertical
bearing capacity was estimated to be 3200 kN, and the loads
applied by a four-axis compression machine were trans-
mitted to the top beam, as shown in Figure 4. The single jack
applied the load of 50 kN at each step and then held the load
for 5min to record the strains and vertical and lateral
displacements of the plate and to observe the development of
cracks. When the estimated failure load was about to be
reached, it was changed to 30kN each step until the ex-
perimental wall failed.

The layouts of displacement meters and the strain gauges
are shown in Figure 5. For the wall with a hole, the mea-
surements of steel and concrete are the same as those of the
wall without a hole.

During the loading process, when cracks appeared on the
surface of the inner wall and the strain values of concrete
exceeded the ultimate tensile strain, the load would be
determined to be the cracking load of the inner wall. The
bearing capacity was measured in accordance with the
provisions of “Standard Methods for Testing of Concrete
Structures” (GB/T 50152-2012) [24].

3. Result and Discussion

3.1. Research on RHRC Test Strength. All the test blocks were
maintained for 28 days under standard conditions, and the
loading device was 200 t pressure testing machine. The cubic
compressive strength test is performed on the cubic test
blocks with the size of 100 mm in accordance with GB/T
50081-2002 [25]. Strain and displacement gauges were
arranged on both sides of the test blocks to measure the
strains before and after the failure of the specimens, re-
spectively. At the initial stage of loading, steel supports were
separated from the top of the compression machine. When
the load reached about 70% of the ultimate load, the steel
supports were adjusted to make them contact with the top of
the compression machine.

According to Chinese code-Standard for test method of
mechanical properties on ordinary concrete (GB/T
50081-2002), concrete specimens were made. Then, we put it
in a standard curing room with a temperature of 20 +2°C
and a relative humidity of 95% or more. Preliminary tests
have determined the mix ratio of RHRC to be: water: ce-
ment: sand: stone=180:480:650:1050. More information
has been provided in Table 2, including the number of
specimens, types, and detailed mixing ratio of each speci-
men. As shown in Table 2, the rice husks lowered the cubic
compressive strength of concrete, and the higher the rice
husk content was, the lower the strength was. The recycled
aggregate also affected the strength, which decreased with
the increase of the replacement rate of recycled aggregate
before 50% and then increased until 100%. However, when

the replacement rate was up to 100%, the strength was lower
than that without recycled aggregate. The changing features
of the prismatic compressive strength with the replacement
rate of recycled aggregate was similar to the cubic one, but
the critical value of the replacement rate between the re-
duction and increase of the compressive strength was 30%
instead of 50%. In addition, the recycled aggregate re-
placement rate was taken as a single variable in Groups 2, 3,
4, and 5, and the content of rice husk was taken in Groups 1,
2, and 6. By comparing the experimental data of these two
parts shown in Table 2, it can be detected that the influence
of rice husk content on concrete strength was greater than
that of replacement rate of recycled aggregate.

In addition to the strength of RHRC material, equivalent
carbon saving is another important factor affecting its
popularization and application. Using the calculation
method of carbon dioxide emission proposed by Jianzhuang
[26] and Yuxing [27] et al., the carbon dioxide emission of
producing 1 cubic meter of recycled concrete was obtained.
As the carbon emission from the production of cement is
much larger than that of recycled aggregate, the carbon
conservation generated by recycled aggregate is negligible as
a whole. Hence, the main factor affecting carbon conser-
vation is the amount of rice husk. When the content of rice
husk is 20% and 30%, carbon dioxide emissions are reduced
by 4.4% and 6.6%, respectively, which has better environ-
mental value in terms of reducing carbon dioxide emissions.
Therefore, it is of great significance to study its mechanical
properties and lay a foundation for its wide application.

3.2. Experimental Results of Stress-Strain Relationship.
The compression constitutive curve of concrete usually
consists of two parts, and there is a descending section after
the peak stress is reached. The ascending section of the
constitutive curve is directly determined by the strain col-
lected by the strain gauges, while the descending section is
calculated by the displacement values measured by the
displacement meters according to the following equation:

(1)

where o is the stress of concrete; N is the axial force applied
by pressure testing machine; A is the cross-sectional area; ¢ is
the strain of concrete; and / is a third of the length of the
prism.

In order to better study the stress-strain curve, a curve
with relatively complete shape is selected from each group of
specimens for dimensionless analysis shown in Figure 6. The
horizontal coordinate is represented by the strain divided by
the peak strain &/e, and the vertical coordinate by the stress
divided by the peak stress o/0,.

As deduced from Figure 6, the stress-strain curves of
RHRC are similar to that of ordinary concrete, which could
be divided into the following four stages:

(1) Elastic Stage. Compared with the ordinary concrete,
the addition of rice husk and recycled aggregate in
RHRC affected the bond behavior. When the stress
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FIGURE 4: The loading device of the compressive experiment.

was less than 60%-80% of the peak stress, the
constitutive curve was almost straight, which meant
that the stress increased in proportion to the strain.

(2) Fracture Development Stage. From the end of the
elastic phase to the peak stress point, RHRC began to
enter plasticity and microcracks appeared. With the
increase of stress, short and fine cracks began to
connect and expand gradually, and the plastic de-
formations increased as well.

(3) Fracture Instability Propagation Stage. When the
stress exceeded the peak stress values, the curves
began to decline. It could be seen from the di-
mensionless constitutive curves that the descending
section of RHRC was relatively gentle compared with
ordinary concrete and more gently with the increase
of rice husk content. When the loads overpassed the
failure loads, oblique cracks appeared along the
surface of the prisms in the direction close to 45°.

(4) Failure Stage. The test blocks presented shear failure
and the curves gradually flattened along with the
increase of vertical deformation.

Based on the experiment, the constitutive model of
RHRC is abstracted by comparing with the stress-strain
relationship adopted by European code [28] and with that
proposed by Guo [29].

The equation in the European code is

Kx —x

T1+(K-2)x @

y

The piecewise function proposed by Guo is as follows:
y=ax+(3—2a)x2+(a—2)x3, 0<x<l1,
. 3)

-1+ x
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TABLE 2: Size and experimental results of the specimens.

Grou Rice husk content ~ Replacement rate of recycled Size (mm) Number of Peak stress  Prismatic peak strain
(%) aggregate (%) specimens (MPa) (ue)
1 0 0 100 x 100 x 100 3 354 /
100 x 100 x 300 6 36.9 2248
) 20 0 100 x 100 x 100 3 27.3 /
100 x 100 x 300 6 20.5 2298
100 x 100 x 100 3 21.6 /
? 20 50 100 x 100 x 300 6 16.8 2368
100 x 100 x 100 3 21.5 /
4 20 >0 100 x 100 x 300 6 17.1 2529
100 x 100 x 100 3 239 /
> 20 100 100 x 100 x 300 6 217 2116
100 x 100 x 100 3 8.8 /
6 30 0 100 x 100 x 300 6 8.3 1848
100 x 100 x 100 3 7.4 /
7 30 30 100 x 100 x 300 6 5.8 1993
100 x 100 x 100 3 6.2 /
8 30 >0 100 x 100 x 300 6 61 2657
100 x 100 x 100 3 7.5 /
o 30 100 100 x 100 x 300 6 7.2 2763
The testing constitutive curve of the fifth group and the According to the comparison, the error of the

aforesaid two curves are shown in Figure 7. In the ascending ~ descending sections between European code and the test
segment, K=2.5497 and a=2.4312, and in the descending  curve is too large. But the constitutive curve proposed by
segment, K=3.7488 and b=0.5718. Guo is almost consistent with the test results, which could be
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used to describe the stress-strain curve relationship of
RHRC.

Under the condition of water-cement ratio of 0.375 in
this test, the relationship of parameter b, rice husk content
m, and recycled aggregate replacement rate p is calculated as
follows:

b = 1.523 + 2.467m + 1.873p + 19.043m” + 0.232p"
+7.355mp.

(4)

3.3. Analysis of Bending Experimental Phenomenon and
Result. The early stage of loading was the elastic working
stage while the strain and the deflection of the experimental

wall tended to be linearly growing. There were no obvious
cracking signs until the total load reached 80 kN. Thereafter,
the concrete at the bottom of the inner wall began to appear
the vertical microfracture with a width less than 0.1 mm
presenting a slow development. When the total load reached
200 kN, the wire mesh yielded under tension and the cracks
in the concrete of inner wall became longer and wider, as
shown in Figure 8(a). In addition, at the middle position of
the wall, a penetrating crack with width of 0.1 mm appeared
along the span direction shown in Figure 8(b).

In order to study the transfer and distribution of the
force in the new ecological composite sandwich wall under
the load out-of-plane, the load-strain relationships of tie bars
and the tensile bar of the inner wall are shown in Figure 9. It
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FiGure 8: The cracks in the wall during the experiment: (a) the crack in the position of the loading beam; (b) the penetrating crack in the

experimental wall.

2.50 - r 2.50

2.00 1 + 2.00

1.50 + 1.50

1.00 - + 1.00

0.50 - + 0.50

Strain of tie bars (x102 Ue)
Strain of tensile bars (x10? ue)

0.00 A + 0.00

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Load (x10% kN)

—s=— Tie bar of the column
—e— Tie bar of the wall
—— Tensile bar

FiGure 9: The strain-load curves of the bars.

could be seen that the load-strain curve of the tie bar in the
column was basically linear before the failure of the wall.
However, the strain of the tie bar at the center of the wall
barely changed from the initial loading to failure and the
stress was almost 0 MPa, which indicated that the out-plane
loads were mainly transferred to the column by the tie bars
of the column.

The strain-load curve of tensile reinforcement at the
midspan of column could be divided into three sections.
When the load was less than 80 kN, the load-strain curve of
tensile reinforcement presented a straight line. After that, the
concrete cracked in the tensile zone at the bottom of the wall,
resulting in the redistribution of stress. The tensile force
originally borne by the concrete was transferred to the steel
wire mesh and tensile reinforcement, which caused the
increase of their strain; hence, the strain-load curve showed
the first turning point. As the loads continued to increase,

the strain-load curve of the reinforcement was almost
straight until 200 kN. Thereafter, the steel wire mesh reached
the yield strain, which caused the stress redistribution once
again. Thus, part of the tensile stress borne by the steel wire
mesh was transferred to the steel reinforcement, and the
load-strain curve presented the second turning. The final
failure of the wall was due to the stress redistribution caused
by the tensile yield of steel wire mesh, which led to the yield
of steel reinforcement and the reduction of flexural capacity
fleetly. The measured cracking and failure loads of the wall
were 80 kN and 240 kN, respectively, which could be con-
verted into the uniform load of 6.67 kN/m” and 20 kN/m?.
For the case that the out-plane load in daily application is
mainly wind loads, and it could meet the requirement of
normal serviceability. In addition, the external wall bore
almost no bending moment and the distance between in-
ternal and external walls did not affect the flexural capacity,
which enlightened us on that concrete with high content of
rice husk could be used on the outer wall to take full ad-
vantage of the insulation capacity of rice husks.

3.4. Finite Element Analysis of Flexural Property.
ABAQUS is applied to simulate the flexural bearing capacity
test of the wall without a hole, and the steel reinforcement
and concrete are set as truss element and solid element,
namely, the C3D8R element. In this paper, the distribution
mesh seeds with a general size of 100 mm were set. Except for
the inner leaf wall, automatic mesh division was adopted for
other components. Due to the irregular shape of the inner
leaf wall, the inner leaf wall was split and then mesh division
was carried out. In order to analyse the stress distribution of
the outer vane wall in the bending test, four layers of mesh
were arranged along the thickness of the outer vane wall
because of its small thickness. The constitutive model
proposed in Section 3.2 was adopted for the compression
constitutive model. The constitutive structure of the steel
bars in the model adopted the ideal elastoplastic curve
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FiGgure 10: Comparison of the simulation results and the experimental results: the stress nephogram of (a) the four beams loading scheme
and (b) the uniformly distributed loading scheme; (c) the load-deflection curves.

constitutive, that is, the stress and strain in the elastic stage
were linearly related, and the stress in the plastic stage
remained unchanged. The specific parameters of the steel bar
are in Section 2.2, and Poisson’s ratio is 0.3. The properties of
steel bar could be defined by setting elastic modulus and
yield strength in ABAQUS. The boundary condition as-
sumed that the two ends of the specimen were hinged, i.e.,
U1=U2=U3=0.

In order to verify the feasibility of the four beams loading
scheme replacing the uniformly distributed loading scheme, the
stress condition of these two schemes was studied and is shown
in Figures 10(a) and 10(b), which reflected the reliability of this
model and analytical method. In addition, the deflection values
calculated by the finite element method was slightly lower than
that measured in the experiment shown in Figure 10(c), which
was resulted from that the concrete strength and stiffness of the
wall were lower than the design values.

Tie bars produced certain flexural deformations in the
loading process, which might react on the bending capacity
of the wall. By changing the layout density, strength, and

length of web members of tie bars, the influence of tie bar on
the flexural capacity is studied. The load-deflection curves
with different parameters of tie bar are shown in Figure 11,
where D (mm) denotes the diameter of tie bars and 4 (mm)
denotes the length of the web bars. In the experiment,
D=6mm, h=60mm, and the layout density are
400 mm x 400 mm.

The increase of D and layout density nearly did not affect
the flexural capacity of the wall. At the same time, after
adjusting the length of web members, the flexural capacity of
the wall changed few, which meant that this parameter had
hardly affected it. Therefore, the flexural capacity and the
different variables of tie bars are related to a certain extent
but not crucial, which enlightens us that tie bars only need to

meet the construction requirements in the design of this
kind of wall.

3.5. Compression Experimental Phenomena and Results of the
Wall with a Hole. Until the total load reached 1000 kN, a
crack with width less than 0.1 mm appeared at the top of the



Advances in Civil Engineering

250 1
200

150 A

Load (kN)

100 A

50

11

8 10 12 14 16

Deflection (mm)

—s— Experiment

—— h=100

—— Layout density: 500 x 500 —— h=20

—— D=10
—— h=40

—— h=80
—— h=120

FiGgure 11: The load-deflection curves of different parameters of the tie bars.

hole of the inner wall due to the ultimate tensile strain of
concrete. In addition, vertical microcracks with width less
than 0.1 mm also appeared on the top beam. At the total load
of 1400 kN, shear-compression diagonal cracks presented at
both ends of the top beam of the hole, and several diagonal
cracks appeared at the lower end of the beam of the inner
wall. As the total load reached 2000 kN, new vertical cracks
appeared in the connection between the top of the middle
column and the thin plate of the inner wall, caused by the
uncoordinated deformations of the column and the inner
wall. As well, several transverse cracks occurred in the
window lintel and cracks in the outer wall became longer
and wider. When the total load was up to 2400 kN, new
vertical cracks were generated in the thin plate among the
side and the middle columns of the inner wall, and the
vertical cracks also emerged in the edge of the right side of
the middle column. At 2600 kN, the reinforcements reached
yield tensile strain, while the concrete in the compressive
zone had not been completely crushed, which indicated that
the top beam was destroyed before the constructional col-
umn of the inner wall. At 2800kN, the transverse cracks
appeared in the middle of the right middle column and
developed rapidly until the concrete in the middle of the
span was crushed as shown in Figure 12. Finally, the lon-
gitudinal reinforcement was yielded, which resulted in the
failure of the wall. As shown in Figure 13, by comparing the
load-strain curves of concrete and steel bars in the side
column with that in the middle column, a conclusion could
be drawn that under the vertical uniformly distributed loads,
the two middle columns were subjected to more forces.
The compression performance test of the full-scale
opening was carried out. Through the observation of the
phenomena in the compressive performance test of the
specimen and the collection of deformation and strain data,
it could be concluded that the failure of the wall with a hole

was due to the excessive compressive strain of the concrete
near the window of the middle column. The concrete was
crushed, which led to the increase of steel bar stress, the yield
of steel bar, and the loss of bearing capacity of the wall.

3.6. Compression Experimental Phenomena and Results of the
Wall without a Hole. The experimental phenomenon of the
wall without a hole is basically the same as that of the wall
with a hole, but the ultimate load is 3400 kN instead of
2800 kN. With the total load reaching 3400 kN, the cracks
developed further and the sound of concrete being crushed
could also be heard. At this time, the concrete near the
central axis in the middle of the top beam continued to be
crushed; thereafter, the top beam was damaged as shown in
Figure 14.

According to Figure 15, when the wall was destroyed
under compression, the maximum tensile strain of the steel
reinforcement is about 1500 ye less than the yield tensile strain
(1700 pe). Therefore, the failure of the top beam was not the
bending failure in plane of the wall but the compression
failure of concrete due to the top beam torsion out-plane
restrained. In addition, the vertical deformations of the
middle column were greater than that of the side one, which
was caused by the flexural deformations of the top beam of the
inner wall. As well, the loads were transferred symmetrically
to the two middle columns, which was corresponding to the
symmetrical form of the structure and the loads.

According to Figure 16(a), from the beginning of loading,
the load-deflection curve was almost straight until 2000 kN,
which was an inflection point due to the development of
plastic stage in some parts of concrete. At the same time,
Figure 16(b) shows that the inner and the outer walls squeezed
each other during the loading process, and the compressive
deformation increased with the increase of the loads.
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(b)

FIGURE 12: The experimental phenomena: (a) the damage of the middle column; (b) the cracks at the top of the hole.
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FiGURE 13: The strain-load curves: (a) steel reinforcements in the inner wall; (b) concrete at the top of the columns.

The compression performance test of full-scale non-
opening was carried out, and through the observation of the
phenomena in the compressive performance test of the
specimen and the collection of deformation and strain data,
it could be concluded that the failure of the wall without a
hole was due to the fact that the loading beam limited the
torsion of the top beam caused by the flexural deformation

of the specimen, so that the concrete on the inner leaf wall of
the top beam of the specimen was crushed.

3.7. Finite Element Analysis of Compressive Property.
Finite element analysis of the compressive property for the
wall with and without a hole is also carried out by ABAQUS,
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FIGURE 14: The experimental phenomena: (a) the damage of interwall top beam; (b) the cracks in the inner wall.
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FIGURE 15: The strain-load curve of reinforcement in the top beam and concrete in the columns.
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FIGURE 17: The stress nephograms of the

and their stress nephograms are plotted in Figure 17.
Comparing experimental strain data with the simulated ones
shown in Figure 18, it could be found that the simulated
results are basically in agreement with the experimental
ones. In addition, it could be inferred from the test and
simulation results that the internal force of the middle
column was larger than that of the side column, and the load
had the phenomenon of “middle-shift” in the simplified
mechanical calculation model, that is, after the simplified
uniformly distributed load was a concentrated load, the
concentrated load at the top of the middle column was larger
than that at the top of the side column. The bearing capacity
of the side column was not fully exerted when the specimen
was destroyed, so the cross section of the side column could
be reduced appropriately in the design process. According to
this phenomenon, a simplified calculation method of
sandwich wall was given in this paper.

The ratio of height to thickness for the inner wall plate is
less than that of the column, hence the internal forces are
mainly borne by the four inner wall columns, meaning that
the uniformly distributed loads acting on the top of the wall
can be simplified to the vertical concentrated ones acting on
the top of the columns with flanges. When the effect of
“middle shift” is not be considered, the vertical deformations
of the wall are uniform and the distribution of vertical loads
between the side and middle columns is carried out
according to their axial stiffness (EA), respectively, just as the
following equation:

F, F, F, F, F
(EA),  (EA),, (EA), (EA), ' 3(EAY
and then the equation (5) could be converted to the fol-
lowing equation:
EA EA EA EA
- z(wz){)“ é(EX)ﬂz((Ek)F*z((Ek)F'
Subsequently, equations (7), (8), and (9) are inferred to

consider the “mid-shift “ effect of the loads, so as to make the
calculated loads closer to the actual ones:

(5)

F

(6)
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+to—— F
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where « is the ratio of the axial force to the bearing capacity
when the wall is failed, F; and F, are the concentrated loads
acted on two side columns, and F, and F; act on two middle
columns. And, the coefficient m is equal to 1 or a.

Since there is no instability failure of the wall and no
bending failure of the beam, the bearing capacity of the
ecological composite sandwich wall under axial compression
can be calculated based on the following equation [30]:

N<g ) B(feA: +f)A),

where N is the design value of the axial force of the wall; f, is
the axial compressive strength of column concrete; f, is the
design value of compressive strength of reinforcements; A is
the sectional area of the column with flange; A, is the area of
the longitudinal reinforcements of the column; and ¢ is the
stability coefficient of the wall.

Due to the complex structure of the inner wall, the
computing method of A, refers to the determination method
of flange width of shear wall with flange in GB 50010-2010
[30]. Then, the calculation results based the proposed
bearing capacity formula and the test values are listed in
Table 3. It can be seen that the calculated results of the
equation are close to the experimental results, which can be

(10)
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FIGURE 18: Comparison of the strain-load curves of experiment and of calculated by finite element method: (a) the top of the side column;

(b) the middle in the right side of the hole.

TaBLE 3: The comparison between the calculated results and the experimental results.

Experimental wall Formula value N, (kN) The test results N,, (kN) IN, - N,/N,|
The wall with a hole 3591 3400 0.056
The wall without a hole 2871 2800 0.025

used as a reference for the design of ecological composite
sandwich wall.

4. Conclusion

In this paper, the mechanical properties of RHRC were
studied and analyzed. Subsequently, the experiments and the
numerical simulations of the full-scale eco-composite
sandwich wall on the flexural behavior and two full-scale
sandwich walls on the compressive properties were carried
out, accompanied by the following conclusions:

(1) The compressive strength of RHRC reduces with the
rises of rice husk content and decreases first and then
increases with the growth of recycled aggregate re-
placement rate. The stress-strain curves of RHRC are
in agreement with the constitutive curves proposed
by Guo, and the relationship of the parameter b, rice
husk content m, and recycled aggregate substitution
rate p is established by data fitting.

(2) The flexural capacity of composite sandwich walls is
very high, and there are three stages during the whole
loading process. The reasons of ultimate failure are
mainly caused by the yield of tensile steel rein-
forcement and the excessive deflection of walls. In
addition, the bending moment of the wall is mainly
borne by the inner wall, so more thermal insulation
materials could be added into the outer wall.

Meanwhile, the simulation results show that it is
feasible to replace the uniform load with four loading
beams and that tie bars can bear part of the bending
moment but have no obvious effect on the flexural
capacity.

(3) The ecological composite sandwich walls have good
compression resistance and no instability failure. The
failure reason of the wall with a hole was that the
excessive compressive strain of concrete led to the
yield of steel reinforcements, and then the wall lost
the bearing capacity. As for the wall without a hole, it
was that the top beam torsion out-plane restrained.
Furthermore, based on the simulation results, a
simplified calculation formula of vertical bearing
capacity considering “midshift”: effect is proposed,
and the calculation results are consistent with the
experimental ones.
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