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At present, the concrete-flled steel tube structure has been widely used in various practical projects. Due to the low tensile strength
of the core concrete of round steel tube concrete (CFST) specimens, the axial tensile performance of CFST specimens is far from
superior to its compressive performance. However, in practical projects, the concrete-flled steel tube members bearing tensile
load often appear. In order to study the axial tensile properties of CFSTspecimens, the axial tensile tests of 5 CFSTspecimens and 1
pure steel tube specimen were carried out with steel tube diameter and concrete strength as variation parameters.Te results show
that the bearing capacity of CFSTspecimens is increased by 7.5%–16.3% compared with that of pure steel tube specimens with the
same cross-sectional area, mainly because the core concrete limits the circumferential shrinkage of the outer steel tube. Te larger
the cross-sectional area of CFSTspecimens is, the higher the bearing capacity is. In this paper, the stress-strain relationship and the
overall failure mode of CFSTmembers under tensile force are studied, and the deformation characteristics and stress of steel pipe
and core concrete are analyzed, which is expected to provide a reference for the application of CFST specimens in practical
engineering.

1. Introduction

Te essence of the concrete-flled steel tube (CFST) com-
ponent is the restraining efect of the outer steel tube on the
core concrete, which produces an excellent combination
efect between the two materials, thus showing many ad-
vantages. Because the compressive capacity of concrete
materials is much higher than its tensile capacity, it is mainly
used as compression members in actual projects, it is rarely
used in tension members, and there are relatively few related
studies. However, when it is used as the bottom side column
of high-rise building under wind load or earthquake load,
the base and bracket of a large structure under horizontal
wind load, and the tie rod in a truss structure, the member is
in the tension state. At the same time, the stress mode of

concrete-flled steel tubular members in eccentric tension is
similar to that of compression bending members. Te study
on the tensile bending performance of CFST members has
certain reference signifcance for us to understand the
compression bending performance of concrete-flled steel
tubular members. Te axial tensile and eccentric tensile
properties of concrete-flled steel tubular (CFST) are one of
the most basic mechanical properties. Since the research
team will also carry out the tensile performance test of CFRP
concrete-flled steel tubular (CFST) in the later stage, the
research on the axial tensile properties of ordinary CFST is
also to lay a foundation for the later research on a series of
related properties of CFRP concrete-flled steel tubular
(CFST). Terefore, it is very important to study the me-
chanical properties of CFST components under tensile load.
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Compared with previous studies, this paper fnds that the
bearing capacity of CFSTwill be improved, and the ductility
will be reduced.

Han [1] made a systematic study about the concrete-
flled steel tubular structures theory. Some scholars have
studied the axial tensile properties of concrete-flled steel
tubular specimens, and the authors of [2] conducted an
experimental study on the tensile properties of concrete-
flled square steel tubular and proposed that the improve-
ment of tensile stifness was the comprehensive result of
fnite stifness efect and tensile stifness efect. Te design
formula and analysis were a model of circular CFST under
axial tension put forward by Xu et al. [3]. Hua et al. [4], Ying
[5], Wang et al. [6], Han et al. [7] conducted detailed re-
search and analysis on the axial tensile properties of
concrete-flled steel tube members through experimental
research and fnite element analysis. Te efects of material
properties, steel content, cross-sectional form, concrete
shrinkage, and carbon fbre reinforced plastics (CFRP) re-
inforcement on the axial tensile properties of the specimens
were discussed. Li et al. [8] have studied the performance of
concrete-flled steel tubes subjected to eccentric tension.
Wang et al. [9] did some research on the behavior of CFRP
externally reinforced circular CFST members under com-
bined tension and bending. Experimental research and fnite
element analysis were carried out on the axial tension and
tension-bending performance of hollow sandwich steel tube
concrete and reinforced steel tube concrete, and the cor-
responding calculation methods of bearing capacity and
stifness were proposed [10, 11]. Ye et al. [12] evaluated the
variation of tensile strength and studied the tensile prop-
erties of circular CFSTmembers with small gaps. Han et al.
[13] and Zhou et al. [2] studied the mechanical behavior of
concrete-flled steel tubes (CFST) under axial tension,
established the fnite element model of axial tension of
concrete-flled steel tubular, and carried out mechanical
analysis and parameter research. Chen et al. [14] carried out
a series of axial tensile tests on concrete-flled steel tubular
with reinforcement or angle steel. Te properties and
strength of concrete-flled steel tubular with reinforcement
or angle steel under axial tension were studied. Zhou et al.
[15] studied the mechanical behavior of circular concrete-
flled steel tubular (CCFTS) under axial tension. Te test
results showed that the tensile strength of CCFTS was ap-
proximately 10.2% larger than that of hollow tubes. Tis
stifness and strength enhancement should be considered in
typical static and dynamic analyses of structures using CCFT
members subjected to tension to provide more accurate
results. Qiao et al. [16] studied the seismic behavior of
specially shaped concrete-flled tube (CFT) columns with
multiple cavities under axial tension or axial compression.
Te results showed that the compression-fexure test spec-
imen showed lower yield damage, higher bearing capacity,
and superior seismic performance relative to the tension-
fexure test specimen. Han et al. [13] carried out the axial
tension test study of 18 concrete-flled steel tube specimens,
established the relevant fnite element analysis model, then
deeply analyzed the axial tension force mechanism of the
concrete-flled steel tube member, and summarized the

formula for calculating the bearing capacity of the shaft in
relation to the steel rate.

Nu � (1.1 − 0.4α)fyAs, (1)

where Nu is the axial tension capacity, α is the steel content,
fy is the yield strength of steel tube, and As is the cross-
sectional area of steel tube.

Trough the above literature research, compared with
the mechanical properties of other CFSTmembers, there are
few studies on its axial tensile properties, and the consti-
tutive relationship curve of the steel used in the fnite ele-
ment simulation is diferent from the relationship curve
obtained by the actual tension of the steel pipe. Te cal-
culation of steel content in formula (1) is complicated.
Terefore, on the basis of the existing research, this paper
analyzes in detail the deformation and stress characteristics
of the outer steel pipe and the core concrete during the test,
and adjusts the existing steel constitutive relationship on the
basis of the actual tensile curve of the steel pipe, and adopts
fnite element method for parameter analysis. Finally,
a simplifed calculation formula for the axial tension bearing
capacity related to the wall thickness and outer diameter
ratio is proposed. It is expected to provide a reference for
quickly calculating the bearing capacity of this type of
member in engineering practice.

2. Test Overview

2.1. SpecimenDesign. In this experiment, a total of 1 pure steel
tube and 5 circular steel tube concrete members was designed
and manufactured. Te detailed parameters of the test piece are
shown in Table 1, where α is the steel content, which can be
calculated according to formula (2).Te length of the test piece is
460mm.Tedetailed dimensions of the end plates and stifeners
of the test piece are shown in Figure 1. Te front number in the
serial number is the outer diameter of the steel tube, the back
number represents the strength grades of the core concrete of the
specimen as C30, C40, and C50, and the number 0 represents
that the specimen is a pure steel pipe specimen.

α �
As

Ac

, (2)

where As is the cross-sectional area of the steel, and Ac is the
cross-sectional area of the concrete.

2.2. Material Properties Experiment

2.2.1. Steel Performance. Te model of the steel used in the
production of the test piece is Q235 according to the relevant
regulations in “Tensile Test of Metallic Materials Part 1:
Room Temperature Test Method” GB/T 228.1 [17]. Tree
test specimens are cut out from the steel used in the test
piece. Tensile specimens were tested for the material
properties of the steel, and the relevant material properties of
the steel are measured in Table 2. In the table, fy is the yield
strength, fu is the ultimate strength, Es is the modulus of
elasticity, vs is the Poisson’s ratio, and δ′ is the elongation.
Te tensile specimen is shown in Figures 2(a) and 2(b).
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According to the relevant regulations in the “Stan-
dard for Test Methods for Physical and Mechanical
Properties of Concrete” GB/T50081 [18], the compres-
sive strength test of standard concrete test blocks is
carried out, and the compressive strength of three
strength concretes is measured. Te elastic modulus Ec
can be calculated by formula (3), and Poisson’s ratio vc is
0.2. Te relevant material properties of concrete can be
gotten from Table 3.

Ec � 4700
��

fc
′



, (3)

where fc is the standard value of the compressive strength of
the concrete cylinder, which can be taken according to the
literature.

2.2.2. Concrete Performance. In order to prevent the internal
strain gauge from falling of, the method of manual mixing is
used in the mixing process, that is, placing a vibrator inside
while pouring concrete, and hammering it outside the steel
pipe with a leather hammer, and the mix proportion is
shown in Table 4. In the table, C is grade 42.5 ordinary
Portland cement, G is natural medium sand, the fneness
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Figure 1: Sizes of specimens (unit: mm): (a) upper end plate, (b) lower end plate, and (c) stifener.

Table 2: Properties of steel tube.

fy (MPa) fu (MPa) Es (GPa) vs δ′(%)

305.6 447 199.67 0.29 29.7

Table 1: Specimen parameter.

Number Diameter (mm) Tube thickness (mm) α fcu·k (MPa)
1 89 3.5 0.178 40
2 114 3.5 0.135 40
3 139 3.5 0.109 40
4 114 3.5 0.135 30
5 114 3.5 0.135 50
6 114 3.5 — —

r=25

50 50

10 l0=110

l=l0+b0=130

70

10

20

25 25

(a)

A

B

C

(b)

Figure 2: Steel tensile test piece production: (a) tensile specimen size and (b) tensile specimen.
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modulus is 2.5, S is gravel coarse aggregate with the max-
imum particle size of 25mm, W is tap water, and SP is
hydroxy acid water reducing agent. Te water-cement ratio
of three strength concrete is 0.487, 0.395, and 0.349,
respectively.

In this paper, a total of 10 standard concrete test blocks
are made, 3 test blocks are confgured for each strength of
concrete, and another test block with a strength grade of C40
is made. Te confguration of test block is shown in
Figure 3(a). After the test block is demoulded, the test block
is placed in the same environment as the concrete-flled steel
tube, that is, the test block is watered, and the same watering
frequency is used for curing until the test is carried out, and
the press is used to test each test block.

Te concrete test blocks were tested for compressive
strength, as shown in Figure 3(b). Now, the compressive
strength of each test block is listed in Table 5. Since the test
was carried out immediately after the 28 d curing period of
concrete, the concrete strength before the test was not
measured. Te relevant data of 28 d concrete in Table 5 can
be used directly.

2.3. Test Piece Production. Cut the steel tube, end plate, and
stifener according to the design size of the test piece. First,
complete the welding of the steel pipe and the lower end
plate, and paste the horizontal and vertical strain gauges on
the inner wall of the steel pipe at a position 1/3L from the
upper port. Drill a 5mm hole between the ribs to connect the
strain gauge. Connect the wires throughout. Te internal
strain gauge treatment is shown in Figure 4. After the
concrete is poured, the port is ground fat, and the upper-end
plate and the stifener are welded. A small hole with a radius
of 15mm is reserved at the center of the upper-end plate for
water injection curing of the concrete.

After the test piece is made, in order to prevent the
corrosion of the steel pipe, the outside of the test piece shall
be painted. Before the test, in order to solve the void phe-
nomenon of the end plate caused by the shrinkage of the
concrete, after the concrete curing period, epoxy is injected
into the water injection hole of the upper-end plate resin flls
the gap between the concrete shrinkage and the end plate.
Te sample before loading is shown in Figure 5.

2.4. Test Device and Measurement. Te test was carried out
on a 3000 kN electro-hydraulic servo short column eccentric
compression testing machine in the structural engineering
laboratory of University of Science and Technology
Liaoning, and the manufacturer of the equipment is Jilin
Jinli Test Technology Co., LTD. During the test, place the test
piece on the operating platform of the testing machine, and
align the centers of the upper and lower end plates with the
centroids of the test device base and the force sensor, and

place them vertically to ensure that the bolt holes are aligned.
Te upper and lower end plates are connected with the
testing machine through 8∗12.9 grade high-strength bolts.
Te boundary conditions are approximately completely
fxed, and the test loading device is shown in Figure 6.

In order to accurately measure the deformation of the
test specimen, 3 measuring points are arranged at the mid-
span section with an interval of 120°. Each measuring point
is pasted with two strain gauges in the horizontal and vertical
directions. Te steel pipe is at a position 1/3L from the upper
and lower end plates. Two measuring points are set on the
outer wall, and each measuring point is pasted with two
horizontal and vertical strain gauges to measure the strain at
1/3L of the test piece. In order to study the diference in
strain at the same point on the inner and outer surfaces of
the steel pipe, paste two horizontal and vertical strain gauges
on the inner wall of the 1/3L section. Finally, paste two
horizontal and vertical strain gauges on the stifeners at both
ends to study the strain at the stifener. Te layout of the
strain gauges is shown in Figure 7.

Axial force is measured by a spoke force sensor. Te
overall displacement of the test piece is measured by
a 100mm range thimble displacement meter at the loading
end plate. Two sizes are spot welded at the upper and lower
1/3L of the test piece before the test. It is a steel sheet of
20mm× 40mm (spot welding is only for fxing the steel
sheet, and the infuence on the steel pipe is negligible), and
two thimble type displacementmeters with a range of 50mm
are arranged on the two steel sheets, respectively, and the
measurement is on the middle 1/3L of the test piece. Te
layout of the displacement meter is shown in Figure 8(a).

2.5. Acquisition System and Loading System.
Displacement loading was adopted in the test with a loading
rate of 1mm/min. During the test, the tension was measured
by a spokes force sensor with a range of 3000 kN, and the
stress, strain, and displacement were simultaneously col-
lected by the DH3816H static stress and strain tester pro-
duced by Donghua Testing Company, as shown in
Figure 8(b). Using the same acquisition device to collect
experimental data can ensure that diferent data are collected
at the same time and maintain a one-to-one correspondence
relationship. Te data acquisition frequency is set to 1Hz.

3. Analysis of Test Results

3.1. Test Phenomenon and FailureMode. At the beginning of
loading, the specimen is the elastic range, and the de-
formation of the specimen is small, so the experimental

Table 3: Properties of concrete.

Strength level C30 C40 C50
fcu·k (MPa) 31.3 39.6 52.0
Ec (GPa) 23.50 26.96 30.28

Table 4: Concrete material consumption table.

Strength grade
Material consumption per cubic meter

(kg/m3)
C S G W SP

C30 380 1198 648 185 3.9
C40 460 1210 590 182 4.2
C50 510 1220 545 178 4.5
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phenomenon is not obvious. As the axial force increases, the
specimen has a slight “snapping” sound, and the spray paint
on some areas of the outer surface is torn. When the axial
tensile force reaches about 80% of the ultimate bearing
capacity of the specimen (the 114-40 specimen reaches 37.1 t
at this time, and the ultimate bearing capacity of the
specimen is 47.6 T), the growth rate of specimen displace-
ment is accelerated, and the specimen enters the elastic-
plastic stage.Te accelerated deformation results in cracks of
AB glue attached to the outer surface of strain gauge. As the
load increases, the test piece enters the strengthening stage,
and the longitudinal deformation of the test piece is large,
and the outer steel pipe shrinks laterally, causing some strain
gauges to fall of. When the specimen is damaged, cracks
appear at one point of the outer steel pipe, and the bearing
capacity decreases, and the cracks gradually extend along the

circumferential direction. Finally, the specimen fractures
and the test end.Te damage of the specimen after the test is
shown in Figure 9.

Trough comparative analysis, it is concluded that
there are three types of failures of the specimen: 1. the
midspan section damages (114-0). Due to the absence of
the restraint efect of the core concrete, the midspan
section of the specimen exhibits obvious diameter
shrinkage, and then damage occurs. 2. Te junction be-
tween the top of the stifener and the steel pipe is damaged
(139-40). Due to the increase in pipe diameter but the
same wall thickness, the stress concentration at this po-
sition is more obvious, and the steel pipe outside the
section is weaker due to welding, so damage occurs. 3.
Damage section is near to the 1/3L section (89-40, 114-30,
114-40, 114-50). Since the transverse deformation of the

strain gauges

(a) (b)

Figure 4: Sticking of strain gauges on inner wall: (a) arrangement of inner strain gauges and (b) wire handling method.

Table 5: Test block compressive strength measured table.

Confguration grade
fcu (MPa)

Block 1 Block 2 Block 3 Average value
C30 34 31 29 31.3
C40 42 39 38 39.6
C50 49 52 55 52.0

(a) (b)

Figure 3: Concrete test block confguration diagram: (a) block confguration and (b) compression test.
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specimen is constrained by the core concrete, the fracture
position should be related to the damage position of the
concrete, and the concrete appears after the crack, and the

position of the crack no longer provides hoop restraint,
resulting in stress concentration of the outer steel pipe at
this position and subsequent failure.

N

Connecting bolt

Jack

Force sensor

Strain gauges

Strain gauges
Specimen

Equipment base

Displacement meter

Displacement meter

Figure 6: Experimental setup.

(a) (b) (c)

Figure 7: Distribution of strain gauge: (a) 1/2L section, (b) 1/3L section, and (c) stifener.

Figure 5: Specimens before loading.
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(a) (b) (c)

(d) (e) (f )

Figure 9: Damage of specimens: (a) 114-0, (b) 114-40, (c) 114-30, (d) 114-50, (e) 89-40, and (f) 139-40.

(a) (b)

Figure 8: Displacement meter layout and data acquisition device: (a) displacement gauge layout drawing and (b) data acquisition unit.
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3.2. Analysis of Measured Curves

3.2.1. Load-Displacement Curve. Figure 10 shows the load-
overall displacement curves of specimens 114-0 and 114-
40. It can be seen from the fgure that, due to the existence
of core concrete, the CFST specimen has an increased
bearing capacity compared with the pure steel pipe spec-
imen of the same cross-sectional size, and the initial
stifness is greater. However, the overall ductility of the
specimen is lower than that of the pure steel pipe specimen.
Tis is because under the action of core concrete, the
necking behavior of steel pipe is delayed, which leads to the
decrease of ductility.

Figure 11 shows the comparison of load-relative dis-
placement curves of concrete-flled steel tube specimens
with diferent outer diameters and concrete strengths. It
can be seen from the fgure that the larger the outer di-
ameter, the higher the bearing capacity of the specimen,
and the greater the initial stifness. With the change of
concrete strength, the curves basically coincide. It can be
seen that the concrete strength has a small infuence on the
axial tensile performance of the specimen and can be
ignored.

3.2.2. Assumption of Flat Section. Figure 12 is the re-
lationship curve between the transverse and longitudinal
strain values (εx and εy) and the axial force (N) at diferent
measuring points at the midspan section of the test piece. It
can be seen from the fgure that the longitudinal strain value
is positive and the transverse strain value is negative. Te
strain-load curves in the same direction at diferent mea-
suring points basically coincide, indicating that the de-
formation of the specimen conforms to the assumption of
a fat section, and the deformation at each point of the
specimen on the same cross section is consistent. And it can
be seen from the fgure that after adding concrete, under the
same axial force, the lateral deformation of the specimen is
much smaller than the longitudinal deformation. It can be
seen that the concrete hinders the circumferential de-
formation of the outer steel pipe.

3.2.3. Strain Comparison of Inner and Outer Walls of Steel
Pipe. Figure 13 shows the strain comparison between the
inner and outer walls of the steel pipe of the typical specimen
139-40. As can be seen from the fgure, the strain value on
the inner wall of the steel pipe 1/3L away from the upper
plate of the specimen is slightly smaller than that on the
outer surface of the specimen. Te reason is that the outer
diameter of the steel pipe is larger than the inner diameter of
the steel pipe, resulting in larger strain on the outer
steel pipe.

3.2.4. Comparison of Deformation of Middle Section and 1/3L
Section. Figure 14 shows the relationship between the ratio
of the longitudinal strain (εy) of the middle section of the
typical specimen 114-0 and 114-30 to the longitudinal strain

(εUy and εDy) at the upper and lower 1/3L sections of the
coaxial load (N) curve. It can be seen from Figure 14(a) that
the shapes of the two curves are basically the same, and the
abscissa values of most areas are greater than 1, indicating
that the deformation at the upper and lower 1/3L sections of
the test piece is basically the same. Te longitudinal strain is
large, so the specimen is broken in the middle section. As
shown in Figure 14(b), the ratio of the longitudinal strain at
the middle section to the longitudinal strain at the upper 1/
3L is greater than 1, and the ratio of the longitudinal strain at
the lower 1/3L section is less than 1, indicating that the
specimen at the upper 1/3L deforms greatly, so the specimen
failure occurred near the upper 1/3L section. Te rest of the
test pieces will not be repeated.

3.2.5. Deformation of Stifener. Figure 15 shows the re-
lationship curve between longitudinal strain and load on
the stifener of some specimens. Due to the large stifness at
the position of the stifener, the deformation is small,
resulting in irregular strain data of some specimens.
Terefore, only the relationship curve of the regular
specimen is listed in the fgure. It can be seen that the
maximum longitudinal strain of the stifener is only 400 με,
which is much smaller than the overall longitudinal strain
value of the test piece, so the deformation of the stifener is
basically negligible.

3.3. Analysis of Bearing Capacity. Yao [19], Han [1], and Li
et al. [8] have defned the method for calculating the axial
tensile bearing capacity of concrete-flled steel tube
specimens. Te axial tensile load Nu10000 of the concrete-
flled steel tube specimen when the longitudinal strain
reaches 10000 με is used as the axial tensile bearing ca-
pacity of the specimen. At the same time, according to the
calculation formula (1) of the CFST member axial tensile
bearing capacity in the literature [7], the bearing capacity
of this test specimen is calculated, and the measured
bearing capacity and the formula calculated bearing ca-
pacity are listed in Table 6 and analyzed the error between
the two methods.

It can be seen from the table that the measured bearing
capacity is greater than the value calculated by the formula,
and the error is between 14.9%–33%. It can be seen that the
calculation result of formula (1) has a high safety reserve
value. And it can be seen from the table that the smaller the
outer diameter, the greater the error between the measured
bearing capacity and the calculated bearing capacity, and
with the change of concrete strength, the bearing capacity
error is basically stable at about 17%.

4. Finite Element Analysis

4.1. Choice of Constitutive Relationship. Te constitutive
relationship of steel is mostly defned by the fve-segment
secondary plastic fowmodel proposed by Han [1]. However,
it can be seen from the related test curves in the journal
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papers Ying [5] and Xu [20] as well as the load-displacement
curve of the specimen 114-0 in Figure 8 of this paper, that the
tensile stress-strain curve of steel pipe is not a clear yielding
platform appears, and the material directly enters the
strengthening stage after the elastic stage ends. Terefore, in
order to be closer to the real material properties of the steel
pipe, the secondary plastic fow model curve is adjusted
accordingly as shown in Figure 16.

After removing the yield stage (bc) in the fgure, the
curve directly enters the strengthening stage (cd). After the
modifcation, the constitutive relationship curve becomes
a four-segment line (0abde), which is more in line with the
axial tensile material properties of the pipe. Te expression
of the four-segment constitutive relation of steel is shown in
formula (4). Among them, εe � 0.8fy/Es, εe1 � 1.5εe, and
εe2 �100εe1, and other parameters are consistent with the

calculation method in the steel secondary plastic fowmodel,
refer to references for values.

σ �

Esε, ε≤ εe( ,

−Aε2 + Bε + C, εe < ε≤ εe1( ,

1 + 0.6
ε − εe1

εe2 − εe1
 , εe1 < ε≤ εe2( ,

1.6fy, ε> εe2( .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

Concrete is divided into two kinds of constitutive re-
lations of compression and tension. Compression consti-
tutive relations are defned by the constitutive relationmodel
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Figure 10: Load-overall displacement curve.
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Figure 11: Load-relative displacement curve: (a) diferent outer diameter and (b) diferent concrete grades.
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proposed by Han [1], and tension constitutive is defned by
the fracture energy (GFI) module by Wang [21]. In this way,
the infuence of core concrete on the tensile properties of

CFSTmembers is not ignored, and the model is not prone to
calculation errors due to convergence problems during the
calculation process.
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Figure 12: Flat section assumption: (a) 89-40, (b) 114-0, (c) 114-30, (d) 114-40, (e) 114-50, and (f) 139-40.
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4.2. Model Establishment. In order to improve the calcu-
lation accuracy and make the calculation results closer to the
test results, in this paper, the fnite element software
ABAQUS is used to simulate the test specimen, and all
components are modeled by C3D8R units. And use sweep
method to mesh each part. In order to avoid distortion of the
unit grid during the calculation process, the grids of all

components are divided into hexahedral units, and the
necessary parts are partitioned.

Te choice of contact method refers to the related
method in journal written by Han [1] where the contact
between steel pipe and concrete is defned by surface-to-
surface contact. Te normal direction is “hard contact,” the
tangential direction is defned as “penalty,” and the friction
coefcient μ is 0.6. Te remaining contacts are all connected
by “Tie.”Te reference point and the end plate are connected
together by coupling.

Te choice of boundary conditions is consistent with the
actual boundary conditions of the experiment; that is, one
end is completely fxed, and the other end is loaded with
displacement. Te boundary conditions are shown in
Figure 17.

4.3. Model Verifcation. Using the above modeling method
and constitutive relationship, simulation calculations were
carried out on 6 test specimens. Figure 18 shows the
comparison of the test correlation curve of each specimen
with the simulated curve. It can be seen from the fgure that
the curves are in good agreement. Te results indicated that
the model calculation results can accurately refect the actual
failure of the specimen and can be used for further failure
mechanisms.

4.4. Parameter Analysis. In order to deeply understand the
infuence of various parameters on the axial tensile per-
formance of CFST components, on the basis of the verif-
cation of the fnite element model, the CFST axial tensile
specimen was simulated with variable parameters. A total of
7 axial tension fnite element models have been established.
Te basic parameters of the models are shown in Table 7.Te
external diameter of all models in Table 7 is 120mm, and the
length of the test piece is 460mm. In the simulation process,
the end plate is set as a rigid plate, and the size is
200mm× 200mm× 25mm. In order to simplify the cal-
culation, the model is not provided with stifeners.
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Figure 14: εy/εUy and εy/εDy with N curve: (a) 114-0 and (b) 114-30.
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Table 6: Bearing capacity comparison table.

Number Nu10000 (kN) Nu (kN) |Nu10000 − Nu|/Nu10000

89-40 393.45 295.78 33.0%
114-30 449.17 388.69 15.5%
114-40 455.76 388.69 17.2%
114-50 465.58 388.69 19.7%
139-40 553.35 481.29 14.9%
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Figure 19(a) is the N-ε curve of the specimens with
diferent steel content. It can be seen that with the increase of
the steel content, the load-bearing capacity of the compo-
nent and the slope of the elastic phase are signifcantly
increased, and the early stifness of the specimen is im-
proved. Figure 19(b) shows the comparison between the load
Nu10000 and the yield load Nsy of the steel pipe with the same
section size when the nominal tensile strain of the specimens
with diferent α is 10000 με. It can be seen that when α is 0.07,
the bearing capacity is increased by 24.6%, and when the
steel content is 0.19, the bearing capacity is increased by
20.9%. It can be seen that the smaller the steel content, the
thinner the steel pipe wall, the more obvious the restraint
efect of concrete, and the better the combination efect. In
the table, A, B, and C in the number are used to distinguish
the fcu·k value, the second Arabic numerals 1, 2, and 3 are
used to distinguish the fy value, and the last number is the
wall thickness ts of the steel pipe.

Figure 20(a) shows the N-ε curve of diferent steel
strength specimens. It can be seen that the higher the steel fy
value, the greater the bearing capacity of the specimen. Te
curves in the early stage of the test basically coincide, in-
dicating that changing the fy value of the steel does not afect
the early stifness of the specimen. Te fy value increased
from 234MPa to 420MPa, and the componentNu10000 value

increased from 369.2 kN to 627.9 kN, an increase of 70.07%.
Figure 20(b) shows the N-ε curves of diferent concrete
strength specimens. It can be seen that the simulation results
are the same as the test results; that is, the three curves
basically overlap. It shows that concrete is not the main
factor afecting the axial tensile performance of CFST
members.

4.5. Simplifed Calculation of Bearing Capacity. At present,
the calculation formulas in domestic and foreign codes do
not consider the infuence of concrete and only introduce
correlation coefcients based on the tensile strength of steel
sections. Foreign standards reduce the tensile strength of
steel sections, while domestic standards increase the co-
efcient of improvement by 1.1 times. Formula (1) essen-
tially increases the improvement factor related to the steel
content. In this paper, a total of 25 axial tension specimens
including the test specimens are simulated and calculated.
Te relevant parameters of all specimens are shown in
Table 8.

On the basis of a large number of fnite element cal-
culations, a formula for calculating the axial tensile bearing
capacity related to the ratio of the wall thickness to the
diameter of the steel pipe (ts/D) is proposed, and ts/D is
defned as “λ,” and the formula is obtained by referring to
formula (5) as follows:

Nu � (1 + Bλ)Asfy. (5)

It can be seen that the bearing capacity Nu and “λ” are
linear functions. By shifting the terms of the above formula,
the formula (6) is obtained as follows:

Nu − Asfy � B · Asfyλ, (6)

where Nu is the axial tension capacity, As is the cross-
sectional area of the steel tube, fy is the yield strength of
steel tube, B is the slope of the frst order function, and λ is
the ratio of steel tube wall thickness to diameter.

After ftting the bearing capacity, as shown in Figure 21,
the slope and intercept values are 8.09 and 5.549, re-
spectively. From a safety point of view, the intercept can be
omitted, and the fnal bearing capacity calculation formula is
as follows:

Nu � (1 + 8.09λ)Asfy. (7)

Since the steel content of the fnite element specimen
used for ftting is between 0.041 and 0.19, this formula is only
applicable to CFST members with steel content between
0.041 and 0.19.

4.6. Verifcation of theAxial Tension Formula. Formula (7) is
used to calculate the bearing capacity of 5 concrete-flled
steel tube specimens in this test. Figures 22(a) and 22(b)
show the comparison of the bearing capacity of the two. Te
calculation shows that the calculation result of the formula is
10000 με. Te error of the bearing capacity is between 1.3%–
3.8%, and the error of the ultimate bearing capacity mea-
sured in the test is between 15.1% and 24.7%. Terefore, the
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Figure 16: Adjustment of steel constitutive relationship.
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Table 7: Simulation test piece parameters.

Number Serial number ts (mm) α fy (MPa) fcu·k (MPa)
1 A1-3.5 3.5 0.13 235 30
2 B1-3.5 3.5 0.13 235 40
3 C1-3.5 3.5 0.13 235 50
4 A1-2 2 0.07 235 30
5 A1-5 5 0.19 235 30
6 A2-3.5 3.5 0.13 345 30
7 A3-3.5 3.5 0.13 420 30
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Figure 19: Te infuence of α on the axial tensile properties: (a) N-ε curve of specimen under diferent α and (b) comparison of Nu10000 and
Nsy under diferent α.
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calculation accuracy of the formula is high, and it has a high
safety reserve value.

Compare the Nu10000 test values of 6 typical CFST
axial tensile test specimens with the calculated results of
the formula in documents Wang [21], Han [1], Wang
[22], Hua et al. [4]. Te comparison is shown in Fig-
ure 23. It can be seen that the two values are basically the

same. Te smaller the outer diameter of the steel pipe, the
smaller the error. And the bearing capacity value cal-
culated by the formula is slightly smaller than the value of
Nu10000 measured in the experiment, and the error is
between 9.1%–13.1%. It can be seen that the bearing
capacity calculated by formula (6) is accurate and
reliable.

Table 8: Simulation model summary.

Number Number ts ×D (mm) α fy (MPa) fcu·k (MPa)
1 89-40 3.5× 89 0.178 306 40
2 114-40 3.5×114 0.135 306 40
3 139-40 3.5×139 0.109 306 40
4 114-30 3.5×114 0.135 306 30
5 114-50 3.5×114 0.135 306 50
6 A1-3.5 3.5×120 0.13 235 30
7 B1-3.5 3.5×120 0.13 235 40
8 C1-3.5 3.5×120 0.13 235 50
9 A1-2 2×120 0.07 235 30
10 A1-5 5×120 0.19 235 30
11 A2-3.5 3.5×120 0.13 345 30
12 A3-3.5 3.5×120 0.13 420 30
13 235-40-1 1× 40 0.108 235 30
14 235-50-1 1× 50 0.085 235 30
15 235-60-1 1× 60 0.07 235 30
16 235-50-0.5 0.5× 50 0.041 235 30
17 235-50-1.5 1.5× 50 0.132 235 30
18 345-50-1 1× 50 0.085 345 30
19 420-50-1 1× 50 0.085 420 30
20 235-220-4 4× 220 0.077 235 30
21 235-220-5 5× 220 0.097 235 30
22 235-220-6 6× 220 0.119 235 30
23 235-200-5 5× 200 0.108 235 30
24 235-240-5 5× 240 0.089 235 30

Intercept = 5.54852, Slope = 8.09391
X Intercept = -0.68552
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Figure 21: Axial pull formula ftting curve.
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5. Conclusions

(i) Te failure section of the pure steel pipe specimen
appears at the midspan section position, while the
failure position of the CFST specimen occurs near
the 1/3L section and where the top of the stifener
contacts the steel pipe.

(ii) Te reason for the increase in the bearing capacity
of the CFST specimen is that the core concrete
limits the circumferential shrinkage of the outer
steel pipe, and the increase is between 7.5% and
16.3%. However, the ductility of CFSTspecimens is
slightly worse than that of pure steel pipe
specimens.

(iii) Compared with the tensile stress-strain curve of
steel pipe and steel plate, there is no yield platform,

so the fve-segment secondary plastic fow model is
adjusted. Te simulated calculation results of the
adjusted steel constitutive relationship are in good
agreement with the test results.

(iv) Trough the analysis of the test and fnite element
method parameters, the higher the steel content,
the greater the early stifness of the specimen, and
the higher the bearing capacity, but the worse the
efect of the combination of steel pipe and con-
crete. Te increase in steel strength does not
change the specimen. Te initial stifness can ef-
fectively improve the bearing capacity; concrete is
not the main factor that afects the axial tensile
performance of CFST specimens.

(v) A simplifed calculation formula for the axial
tension bearing capacity related to ts/D is
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Figure 22: Comparison of measured bearing capacity and calculated bearing capacity: (a)Nu10000 test value and calculated value comparison
and (b) comparison of test ultimate bearing capacity and calculated value.
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suggested. Te error between the calculated result
of the formula and the measured value ofNu10000 is
between 1.3% and 3.8%, which is 15.1%–24.7
compared with the measured ultimate bearing
capacity. Te safety reserve value can provide
a reference for quickly calculating the bearing
capacity of this type of member in actual
engineering.

(vi) When the connection between the concrete and
the steel wall is failed, the friction between the
concrete and the outer steel pipe will be generated
when under tension, and the axial tension will be
transmitted to the core concrete through the
friction. When the concrete reaches the ultimate
tensile stress, the concrete is pulled of (at 1/3L),
the friction between the two at the pull of position
disappears, the radial support efect of the core
concrete on the steel pipe disappears, and the steel
pipe necks here until it is damaged. However, there
is still friction between the outer steel pipe and the
core concrete at the unbroken position, and the
concrete still plays the role of internal support.

(vii) For various reasons, this paper only carried out the
axial tension test of CFST specimens, but the ec-
centric tension test of CFST members was not
carried out. Terefore, it is suggested to carry out
the eccentric tension test and compare the test
results with the theoretical results. At present,
there are relatively few experimental studies on
eccentrically tensioned concrete-flled steel tubular
members, and the system is still not perfect.
Terefore, it is necessary to carry out relevant
eccentric tension experimental studies.

(viii) In harsh environment, it will also cause corrosion
of steel pipes outside CFST members, so it is
necessary to study the tensile properties of cor-
roded CFSTmembers. At the same time, in order
to study the tensile properties of strengthened
CFST members, it is recommended to study the
tensile properties of CFST specimens under dif-
ferent reinforcement methods, such as CFRP re-
inforcement and steel clad reinforcement.

(ix) In order to better solve the problem of separation
from the outer steel tube during concrete curing, it
is suggested to use microexpansive concrete, such
as adding magnesium oxide powder expansion
agent, to study the infuence of the bonding force
between steel tube and concrete on the axial tensile
properties of CFST specimens.
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is paper aimed to improve the thermal and waterproof properties of foamed concrete through the synergic work of nano SiO2
aerogel powder (NSAP) and organosilicon waterproo�ng agent (OWA). Hence, several series of foamed concrete with a 0–3.0% of
OWA and with 1–4% of NSAP addition were developed. e results show that OWA can decrease the dry bulk density,
compressive strength, water absorption rate, and thermal conductivity. With the addition of NSAP, the water absorption rate
reached a minimum value of 9.2% at 3.0% NSAP, while the thermal conductivity continued decreasing. rough the microscopic
pore size distribution, XRD, and SEM, it was found that the addition of NSAP had no e�ect on the type of hydration product, but it
can increase the average pore size and the amount of macropore and weaken the interfacial adhesion between hydration products.
Comparing the heat transmission model, the presence of NSAP increased the heat transmission pathway and resistance, resulting
in lower thermal conductivity.

1. Introduction

Foamed concrete is a lightweight porous material prepared
by introducing premanufactured aqueous foam into the
cement or mortar paste [1], with light weight, good thermal
insulation and sound insulation performance, �re resistance,
low cost, and recycling waste [2, 3]. However, the foamed
concretes generally show a poor thermal conductivity, low
mechanical strength, and high water absorption rate, which
greatly restricts its application in construction industries;
thus, a low-density foamed concrete with excellent prop-
erties is di¢cult to prepare [4, 5]. As foamed concrete or
other porous materials are easily damaged by water hy-
drolysis, it can be blended with nanoaerogel or nano-
materials to solve the problem [6–8].

Kistler discovered aerogels 80 years ago [9] by complex
synthesis in supercritical drying conditions. Depending on
the silica source and the preparation process, aerogels have
signi�cant physical, thermal, optical, and acoustic properties
[10]. To overcome the problems of foamed concrete, some

experiments [11, 12] were attempted to enhance the thermal
transfer and moisture resistances of foamed concrete by
merging with aerogel technologies.e thermal conductivity
of foam concrete with hydrophobic aerogel is 0.08W/m·K
approximately, which corresponds to be 30–50% for con-
ventional foam concrete [13]. And the waterproof capacity of
foam concrete with hydrophobic aerogel was signi�cantly
improved, resulting in exhibiting 75% lower water ab-
sorption at an age of 24 hours when compared with the
conventional foam concrete [13].

Nano SiO2 aerogel is a porous and solid material with the
lowest thermal conductivity and density. It is widely used in
heat insulation, aerospace, environmental protection, new
energy, and other �elds [14]. In recent years, it has been
found that adding nano SiO2 aerogel powder (NSAP) into
the foamed concrete can e�ectively reduce the bulk density
and thermal conductivity of foamed concrete [15]. e
aerogel foamed concrete (AFC) presented a lower thermal
conductivity and bulk density than normal foamed concrete.
However, the waterproo�ng properties of AFC have not
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been significantly improved with the addition of NSAP,
which can damage its thermal insulation performance when
the AFC was contacted with water or in a humid envi-
ronment. Moreover, when the AFC was used in cold or
severe cold areas, the strength was hugely reduced due to the
alternate freezing and thawing cycles [16], resulting in the
damage of the foamed concrete structure.

From the literature, it was concluded that the addition of
supplementary cementitious materials and fibers could
significantly improve the mechanical properties. +e wa-
terproofing agents can improve the water resistance, and the
NSAP can reduce its bulk density. However, the addition of
NSAP fillers simultaneously with waterproofing agents in
foamed concrete to reduce their thermal conductivity and
improve their water resistance has not been engaging in the
literature, which restricts its application in the construction
industry. +erefore, more attention should be paid to de-
termine the synergic work between NSAP and waterproof
materials on the thermal insulation performance and water
resistance of foamed concrete. In this study, the influence of
NSAP and organosilicon waterproofing agents on the
thermal and waterproofing properties of AFC was studied.

2. Experimental Studies

2.1. Materials. +e ordinary Portland cement (PC) used in
this study was P·O 42.5R conforming to the Chinese Standard
for ordinary Portland cement. +e fly ash (FA) used in this
study was grade Ӏ FA, which conforms to the Chinese
Standard for fly ash used for cement and concrete. +e
physical and chemical properties of PC and FA are given in
Table 1.+e density of PC and FA is 3080 kg/m3 and 2340 kg/
m3, respectively. NSAP is white and translucent produced by
Suzhou Rexiang Nano Technology Co., Ltd., with an average
particle size of 15 um, a thermal conductivity of 0.015W/
(m·K) (25°C), and a density of 0.08 g/cm3. Foaming agent is
HTQ-1 compound foaming agent produced by HenanHuatai
New Material Technology Co., Ltd. +e accelerator is a self-
made composite accelerator, and hydrox-
ypropylmethylcellulose (HPMC) is from Shandong Gomez
Chemical Co., Ltd.+ewater reducing agent is polycarboxylic
acid superplasticizer (SP) with a water reducing rate of 35%
and a solid content of 50%. Organosilicon waterproofing
agent (OWA) was from Wacker Chemical Co., Ltd.

2.2. Preparation of Specimens. First, the specimens with
OWA at 0%, 0.1%, 0.5%, 1.0%, and 3.0% of the scale
specimens were studied. +en, the specimens with OWA at
0.5% while NSAP ranging from 1.0% to 4.0% were also
studied. +e wet density of all AFC pastes was controlled
from 280 kg/m3 to 300 kg/m3. +e mix designs of AFC are
shown in Table 2. In order to ensure good performance of
aerogel foam concrete, 10wt% fly ash is added in themixture.

2.3. Mixing Procedure. +e mixing procedures of AFC were
as follows. Firstly, the PC, FA, HPMC, accelerator, OWA,
andNSAP, according to themix proportions in Table 2, were
uniformly dry-mixed for 2-3min.+en, the tap water and SP

were added to the premixed powders and mixed for 3min.
Finally, the preformed foam was added to the paste and
mixed for 3min. Additionally, the following specimens were
cast to determine the mechanical properties: the cubic
specimens 100×100×100mm3 for testing the compressive
strength and the dry bulk density. In addition, prismatic
specimen 300× 300× 30mm3 was used to test the thermal
conductivity. All the specimens were cast into molds and
covered with cling film to prevent water evaporation. After
72 h, the specimens were demolded and kept in a standard
curing room (20°C, 100% relative humidity) for 28 days.
Before tests, each specimen was dried in an oven at 60°C to a
constant weight and cooled to room temperature.

2.4. Test Procedures. +e 28 days compressive strength of the
AFC was determined by a sensitive multifunctional testing
system machine with a 200KN capacity. +e bulk density of
the AFC was calculated by dividing the dry mass of the AFC
to its volume (100×100×100mm3) at the age of 28 days.+e
water absorption rate was calculated based on the difference
in the mass before and after immersion in water for 24 h.+e
thermal conductivity (k) of AFC was measured in accor-
dance with ASTM C518 Standard Test Method for Steady-
State+ermal Transmission Properties by means of the Heat
Flow Meter Apparatus on HFM 436 by NETZSCH.

+e pore structure of the AFC was measured by the
specimen of 100mm× 100mm× 100mm cut in half, and the
section was the surface to be measured. DJCK-2 crack width
meter manufactured by Jingmao Instrument was used to
photograph the structure of the cut face. +e size of the
section was 11× 9mm, and the magnification was 60 times.
Finally, Namo Measurer software was used for statistical
analysis of pore structure parameters.

+emicromorphology of AFC was observed by scanning
electron microscope (SEM). Due to the poor conductivity of
the sample, the sample was sprayed with gold before testing.
+e phase composition of AFC was analyzed by Powder
X-ray Diffraction analyzer (XRD, Shimadzu DX-6100).

3. Results and Discussion

3.1. Influence of OWA Content on Fundamental Properties.
+e fundamental properties of the AFC with different OWA
contents are presented in Figure 1. It was observed that with

Table 1: +e chemical composition of cementitious materials
(wt%).

Chemical composition PC FA
SiO2 21.39 50.39
Al2O3 5.15 27.49
CaO 61.04 4.47
MgO 2.82 0.953
Na2O 0.638 1.41
K2O 0.615 2.03
P2O5 0.095 0.357
Fe2O3 3.86 8.47
TiO2 0.848 2.92
SO3 3.10 1.16
Others 0.444 0.35
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the increasing dosage of OWA from 0.1% to 3.0%, the dry
bulk density and compressive strength were significantly
decreased. +is is because the hydrophobic cement particles
adsorb on the gas-liquid interface of the bubble, which could
prevent the bubble from further growing and merging [17]
and delay the hydration reaction, resulting in reduced
compressive strength of specimens [18, 19].

3.2. Influence of OWAContent onWater Absorption Rate and
2ermal Conductivity. As shown in Figure 2(a), with the
increase in OWA content from 0.1% to 3%, the water ab-
sorption rate of AFC was significantly decreased from 16.9%
to 9.2%. As shown in Figure 2(b), the thermal conductivity of
AFC was obviously reduced from 0.104W/(m·k) to 0.073W/
(m·k). It was seen that with the content of OWA more than
0.5%, the decline tendency of water absorption rate and
thermal conductivity became much less obvious. +e results
indicated that the optimum content of OWA is 0.5% for
improving the waterproofing properties of AFC. According
to the result of Hai-li [20], the aerogel is effective in en-
hancing the moisture resistance of foam concrete and
forming hydrophobicity on the interfacial substrate of air
pores.

When OWA content was kept as 0.5%, the bulk density,
compressive strength, water absorption rate, and thermal
conductivity of the AFC were 300 kg/m3, 0.6MPa, 12%, and

0.08W/(m·k), respectively. +e OWA content was kept
constant as 0.5% in the following mix proportion.

3.3. Influence of NSAPContent onWater Absorption Rate and
2ermal Conductivity. Figure 3 presents the influence of
NSAP content on water absorption rate and thermal insulation
of AFC. It can be seen fromFigure 3(a) that with the addition of
NSAP from 0% to 4.0%, the water absorption rate first slightly
decreased and then significantly increased, reaching a mini-
mum value of 9.2% at 3.0% NSAP. +is is because with the
increase in the content of small particle NSAP, the consistency
and viscosity of foamed concrete slurry increase, resulting in a
decrease in the number of connected pores. On the other hand,
the microaggregate effect of NSAP reduces the number of
capillary pores in the cement paste of foamed concrete [21, 22].
Once when the content of NSAP exceeded 3.0%, the reduction
of C-S-H amount in hydration products led to an increase in a
number of connected pores. As shown in Figure 3(b), with the
increasing content of NSAP from 0% to 4.0%, the thermal
conductivity was decreased from 0.074W/(m·K) to 0.055W/
(m·K).+e reasons for the decrease in thermal conductivity are
as follows. Firstly, the NSAP with high void fraction decreased
the heat transmission route in AFC. Secondly, the thermal
conductivity of NSAP is 0.019W/(m·K), which is lower than
the thermal conductivity of air (0.024W/(m·K)) [23]. +irdly,
concrete materials will become rougher, more loose, and

Table 2: +e mix designs of AFC (kg/m3).

Mix PC FA Water SP HPMC Accelerator OWA (wt%) NSAP (wt%)
AFC-0 225 25 62.5 1.5 0.075 30 0 0
AFC-1 225 25 62.5 1.5 0.075 30 0.1 0
AFC-2 225 25 62.5 1.5 0.075 30 0.5 0
AFC-3 225 25 62.5 1.5 0.075 30 1.0 0
AFC-4 225 25 62.5 1.5 0.075 30 3.0 0
AFC-5 225 25 62.5 1.5 0.075 30 0.5 1.0
AFC-6 225 25 62.5 1.5 0.075 30 0.5 2.0
AFC-7 225 25 62.5 1.5 0.075 30 0.5 3.0
AFC-8 225 25 62.5 1.5 0.075 30 0.5 4.0
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Figure 1: Effect of different OWA content on (a) dry bulk density and (b) compressive strength.
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porous when NSAP particles are used [24]. +us, the thermal
conductivity was decreased.

4. Microstructure and Hydration
Products Analysis

4.1. Pore Structure Analysis. +e microstructure photo-
graphs and pore size distribution of AFC-2 and AFC-7 cross
section are shown in Figure 4. It was seen that the AFC-2
sample has a small pore size and thick pore wall, while the
AFC-7 has a larger average pore size and more macropore
amount. It indicated that the addition of NSAP could sig-
nificantly increase the average pore size and macropore
amount of specimens due to the poor combination of NSAP
and cement pastes. +e results also can explain why the
thermal conductivity was decreased [25].

4.2. XRD. +e X-ray diffraction analysis (Figure 5) proved
that the CH (PDF 84-1269) and ettringite (PDF 72-1907) are
the main crystalline compounds in all the specimens with or

without NSAP. It was also seen that at the peak of 29 degree,
C-S-H existed in both AFC-2 and AFC-7. +ese results
indicated that the main hydration products of AFC are CH,
C-S-H, and ettringite. Moreover, the addition of NSAP
almost had no effect on the hydration products of foamed
concrete.

4.3. SEM. +e SEM images and EDS results of the specimens
are shown in Figure 6. As shown in Figures 6(a) and 6(b), the
hydration products of AFC-2 and AFC-7 were CH, C-S-H,
and ettringite, which further proved the results of XRD. It is
seen from Figure 6(b) that there are a large number of NSAP
on the surface of AFC hydration product. +e EDS results
(Figure 7 and the detection position is marked with the red
box in Figure 6) of AFC-2 andAFC-7 samples also proved
that the particles covering the surface of the hydration
product were NSAP. By comparing the SEM images of AFC-
2 and AFC-7, it was obvious that the presence of NSAP on
the hydration products can weaken the interfacial adhesion
between hydration products [26].
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Figure 3: Effect of different NASP content on (a) water absorption rate and (b) thermal conductivity.
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4.4. Heat TransmissionModel. +e heat transmission model
of foamed concrete with or without NSAP is presented in
Figure 8. It was observed that due to the presence of NSAP,
the heat transmission pathway was significantly increased,

resulting in more time to complete the heat transfer process
[27, 28]. According to equation (1) [29], under the same total
heat, material thickness, temperature difference, and heat
transmission area, the longer the heat transmission time, the

(a) (b)

Figure 6: SEM images of (a) AFC-2 (without NSAP) and (b) AFC-7 (with NSAP) sample cross section.
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lower the thermal conductivity. Furthermore, as reported in
the literature, the thermal conductivity of gas is much lower
than that of solid [28]. When the heat was transferred to the
surface of the NSAP, the resistance transmitted through the
pores of NSAP increased sharply owing to the NSAP being
filled with medium gas. +erefore, the AFC has a lower
thermal conductivity compared with ordinary foamed
concrete.

λ �
Qa

At T2 − T1(  
, (1)

where λ is the thermal conductivity, Q is the total heat, a is
the material thickness, A is the heat transmission area,
T2 −T1 is the temperature difference, and t is the heat
transmission time.

5. Conclusion

(1) As OWA content increased, the dry bulk density,
compressive strength, water absorption rate, and
thermal conductivity of the foamed concrete were
decreased. +e foam concrete with 3.0% OWA has
the best waterproof and thermal insulation
performance.

(2) As NSAP content increased, the water absorption
rate firstly decreased and then increased while the
thermal conductivity was decreased. +e AFC with
3.0% NASP not only has low thermal conductivity
but also has the lowest water absorption.

(3) +e hydration product of AFC was CH, C-S-H, and
ettringite. Moreover, the addition of NSAP almost
had no effect on the type of hydration product.
However, the average pore size and the amount of
macropore were significantly increased, and the
interfacial adhesion between hydration products was
weakened.

(4) In comparison to the heat transmission model, the
presence of NSAP could significantly increase the
heat transmission pathway and resistance, resulting
in the reduction of thermal conductivity.
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�e present paper investigates the relationship between pressure (bond stress) and displacement at the failure load for di�erent
materials through testing and modeling. First, single-end tests were conducted on prebonded stressed and perforated concrete
specimens with corrugated plastic, metal, and rubber extractive pipes.�ese tests reveal that corrugated plastic pipes provide good
bonding performance with concrete and grout. Hence, they can be applied in the hole-forming process of posttensioned
prestressed bonded structures, along with corrugated metal pipes and rubber extractive pipes. Based on the experimental
observations and results, a theoretical approach for applying corrugated plastic pipes in projects such as China’s high-speed rail
has �nally been demonstrated.

1. Introduction

In recent years, �eld investigations of posttensioned pre-
stressed bonded concrete box girders in China have revealed
some quality issues, such as the durability of prestressed
bonded systems, which is identi�ed as a signi�cant problem.
Applying prestressed bonding �rst requires forming holes
using pipe materials for the most widely used post-tensioned
prestressed bonded concrete structures. �erefore, hole-
forming materials have become indispensable for post-
tensioned prestressed bonded systems. �ree main types of
hole-forming materials used in posttensioning are nowadays
used: corrugated metal pipes, corrugated plastic pipes, and
rubber extractive pipes. Among these types, rubber ex-
tractive pipes are the most commonly used materials, fol-
lowed by corrugated metal pipes and corrugated plastic
pipes.

However, the engineering community is still concerned
about applying corrugated plastic pipes [1]. Plastic corru-
gated pipes have a slightly lower bonding performance with
concrete and grout thanmetal corrugated pipes, and they are
prone to delamination, which causes overall structural body

peeling along the delamination surfaces or cracking prob-
lems due to concrete spalling. �is seriously a�ects the
durability of the prebonded stress structure and is crucial for
the use of corrugated plastic pipes for pre-bonded stress
concrete railway bridges.

In 1986, the Swiss company VSL [2] �rst proposed a
hole-forming material, corrugated plastic pipes, for post-
tensioned, prestressed holes and vacuum-assisted com-
pression processes. Corrugated plastic pipes are a new type
of hole-forming material based on corrugated metal pipes.
�ey possess high-density polyethylene (HDPE), the base
material [3]. Compared to corrugated metal pipes, these
pipes have good corrosion resistance and antiaging prop-
erties. �e friction coe�cient of the pipe is about 0.14, which
is a lot smaller than that of the corrugated metal pipes. �e
pipe’s strength is enough to keep the material from getting
damaged while pouring concrete. Furthermore, they are also
good in permeability and sealing performance, which makes
them suitable for vacuum grouting. �eir high fatigue re-
sistance leads to good performance and longer service life for
the whole structure. However, as reported in existing lit-
erature [4], corrugated plastic pipes have poor ductility and
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are readily bent due to their low elastic modulus and
strength [5]; thus, corrugated plastic pipes are not used in
high-speed railway projects.

An adequate bond between prestressed tendons and
concrete can be achieved by effective bonding between
prestressed tendons and grout, grout and corrugated pipes,
and corrugated pipes and concrete [1].(e bonding between
corrugated pipes and concrete has a significant impact on
the safety performance of high-speed rail. Most of the
existing studies included tests on the bond-slip of steel re-
inforcement, fiber-reinforced polymers (FRPs), and others
such as concrete and steel [5], cement grout and steel [6, 7],
FRP-reinforced concrete [6–9], different forms of steel pipes
together with concrete [10, 11], and steel plates and concrete
[12]. (e existing experiments included pull-out tests [13]
and double-lap shear tests [14]. (e tests mainly considered
the bond-slip properties between the bonded materials. In
contrast, few of them reported the bonding properties of the
inner and outer components using interface materials (such
as corrugated plastic pipes, corrugated metal pipes, and
rubber extractive pipes).

Corrugated plastic pipes were used as an intermediate
interface material to test the bonding performance of a
concrete member filled with grout. Multiple sets of single-
end compression tests were designed in this study to in-
vestigate the performance of such specimens. In addition,
pressure experiments were conducted on specimens with
corrugated metal pipes and rubber extractive pipes as the
hole-forming material to serve as comparative experi-
ments. Considering the corrugated structure of the cor-
rugated pipes and the large internal diameter, the overall
performance of the grout-filled concrete specimens may be
closer to that of concrete with steel pipes under pressure.
Referring to the bond performance test of steel pipes [15],
single-end compression tests were conducted on grout-
filled concrete members with different interface materials.
After 2–3 years of extensive experimental research sup-
ported by the China Railway Corporation, this paper re-
ports a systematic study on the compression performance
of internal grouts of structures of corrugated plastic pipes
with concrete or grout structures. In addition, freeze-thaw
cycle experiments with different cycles of −40 to 60°C were
used to explore the effect of temperature. Finally, the effects
of factors such as different contact lengths and contact
areas on bond-slip performance were explored to inves-
tigate the suitability of corrugated plastic pipes in railway
prestressed bonded concrete bridges. (is study could
significantly impact the development and application of the
corrugated plastic pipe industry in China.

2. Experimental Program

2.1. Test Specimens. (e experiments performed push-out
tests on 27 specimens, including three corrugated metal pipe
specimens, three rubber extractive pipe specimens, and 21
corrugated plastic pipe specimens with different parameters
in seven groups. (e details of the four groups of specimens
are presented in Table 1.(e length of one corrugated unit of
the corrugated material was 45mm. D represents the inner

diameter of the hole, L represents the bond length, H
represents the crest height of the corrugated pipes, and T
represents the thickness of the corrugated material.

(e cross-sectional dimensions of the corrugated plastic
pipe specimen are shown in Figure 1, where D is the inner
diameter of the pipe, and L is the bond length between the
interface material and concrete or grout. (e dimensions of
all specimens are detailed in Table 1, in which the label “P-
90-135-1” defines a grout-filled concrete member with a
corrugated plastic pipe as the interface material, with an
inner diameter of 90mm and a bond length of 135mm. “1”
represents the No. 1 specimen in each group. In other cases,
“M” means specimens with a corrugated metal pipe as the
interface material. “R” means specimens with rubber ex-
tractive pipe as the interface material. “FTC-10-1” means the
No. 1 specimen in the group of 10 times of the freeze-thaw
cycle.

Each test specimen was a cylinder with an outer diameter
of 400mm. A steel mold with an inner diameter of 400mm
and a height of 180mm was selected, and a rectangular iron
block was welded to the center of the mold bottom to locate
the pipe.(e bond lengths between the corrugated pipes and
concrete were determined for each specimen before fabri-
cating them. Specimen preparation is shown in Figure 2.(e
bond length between the corrugated pipes and concrete was
adjusted with foam blocks of different lengths at the free end.
(e concrete was selected as the C50. (e gap between the
mold and the corrugated pipe was coated with glass glue. A
nylon bag was inserted into the corrugated pipes to prevent
leakage and concrete from entering the inside of the cor-
rugated pipes, which would impact the test findings. (e
corrugated plastic pipes were fixed in the mold as required,
and lubricating oil was applied inside the steel mold for easy
demolding. (e concrete was mechanically mixed for a few
minutes, poured into the test mold, and vibrated with a
vibrator bar to ensure that the concrete was dense at the
bottom of the embedded part and the load-bearing plate of
the prestressed bonded tendon and the exposed surface was
smooth. When pouring concrete, a
150mm× 150mm× 150mm cubic standard test block was
reserved for each concrete batch to determine its mechanical
properties. After the concrete was wholly vibrated, the grout
was mixed, and the specimens were uniformly grouted. (e
test specimens and standard test blocks were maintained in a
special maintenance room to ensure the development of the
early strength of the concrete and prevent dry shrinkage
cracks. Water was poured once in the morning and once in
the afternoon for the first 14 days. Tests were performed after
28 days.

2.2. Material Properties. (e material properties of the
concrete were determined using compressive concrete cube
tests. Concrete cubes with a nominal side length of 150mm
were produced using standardmixing and curing techniques
[16, 17]. (e elastic modulus of concrete was measured
according to the specification “Test Methods of Cement and
Concrete for Highway Engineering” [18]. (e material
properties of concrete are listed in Table 2.
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(e grout met the requirements of TB/T3192 [19], and
its proportion was cement: water: admixture� 1 : 0.35 : 0.09,
where the cement was ordinary silicate cement with a
strength grade of 52.5MPa. (e grout met the following

conditions: initial setting time higher than 4 h, final setting
time less than 24 h, 30min flow rate less than or equal to 30,
and 24 h free bleeding rate of 0. According to GB/T 17671
1999 [20], the compressive strength test was conducted for

Table 1: Geometric parameters of grout-filled concrete members.

Specimen Temperature (°C) Freeze-thaw cycles D (mm) L (mm) H (mm) T (mm) D/45 L/45
P-90-135-1 90 135 5.0 2.5 2.0 3.0
P-90-135-2 90 135 5.0 2.5 2.0 3.0
P-90-135-3 90 135 5.0 2.5 2.0 3.0
M-90-135-1 90 135 2.5 0.3 2.0 3.0
M-90-135-2 90 135 2.5 0.3 2.0 3.0
M-90-135-3 90 135 2.5 0.3 2.0 3.0
R-90-135-1 90 135 2.0 3.0
R-90-135-2 90 135 2.0 3.0
R-90-135-3 90 135 2.0 3.0
P-90-135-FTC-10-1 −40∼60 10 90 135 5.0 2.5 2.0 3.0
P-90-135-FTC-10-2 −40∼60 10 90 135 5.0 2.5 2.0 3.0
P-90-135-FTC-10-3 −40∼60 10 90 135 5.0 2.5 2.0 3.0
P-90-135-FTC-20-1 −40∼60 20 90 135 5.0 2.5 2.0 3.0
P-90-135-FTC-20-2 −40∼60 20 90 135 5.0 2.5 2.0 3.0
P-90-135-FTC-20-3 −40∼60 20 90 135 5.0 2.5 2.0 3.0
P-90-90-1 90 90 5.0 2.5 2.0 2.0
P-90-90-2 90 90 5.0 2.5 2.0 2.0
P-90-90-3 90 90 5.0 2.5 2.0 2.0
P-90-180-1 90 180 5.0 2.5 2.0 4.0
P-90-180-2 90 180 5.0 2.5 2.0 4.0
P-90-180-3 90 180 5.0 2.5 2.0 4.0
P-80-120-1 80 120 5.0 2.5 1.8 2.7
P-80-120-2 80 120 5.0 2.5 1.8 2.7
P-80-120-3 80 120 5.0 2.5 1.8 2.7
P-110-165-1 110 165 5.0 2.5 2.4 3.7
P-110-165-2 110 165 5.0 2.5 2.4 3.7
P-110-165-3 110 165 5.0 2.5 2.4 3.7

D

1
2
3

400

400

L 18
0

T

H

D

Figure 1: Specimen size and pipe size (mm). 1-Grout, 2-Concrete, 3-Pipe material.

(a) (b) (c) (d)

Figure 2: Specimen preparation, (a) Pour concrete, (b) Clean inside space, (c) Un-grouted specimen, (d) Grouted specimen.
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40mm× 40mm× 160mm specimens using a compressive
strength testing machine. (e grout’s 28-day strength tests
yielded 56.5, 59.3, and 61.4MPa, with a mean of 59.07MPa
and a standard deviation of 2.007MPa, meeting the re-
quirements for strength greater than or equal to 50MPa.

(e specifications of the corrugated plastic pipes given
by the factory are φ90 with an elastic modulus of 800MPa,
tensile yield bond stress of 17MPa, a density of 900 kg/m3,
and Poisson’s ratio of 0.35. (e specification of corrugated
metal pipes is φ90 with an elastic modulus of 2.06×105MPa,
tensile yield bond stress of 260MPa, a density of 7850 kg/m3,
and Poisson’s ratio of 0.30. (e specifications of the rubber
extractive pipes are φ90 with a fixed tensile strength of
6MPa, the tensile strength of 12MPa, elongation at break of
350%, and shore A hardness of 65.

(e tensile yield bond stress and elongation at break of
corrugated plastic pipes were determined according to the
specification GB/T 8804.1 2003 [21], and the results are
shown in Table 3.

2.3.Test Setup. In this study, all tests were conducted under a
computer-controlled compression machine with a capacity
of 2000 kN. Geometric and physical alignments were con-
ducted on the machine before applying the load. During the
testing, the vertical load was applied only to the grout core,
and subsequently, the grout core was pushed downward. A
schematic of the test is shown in Figure 3. A compression
machine directly provided the displacement at the loading
end of the grout.(e displacement at the bottom of the grout
was measured using a displacement meter, which was the
free end and was fixed on the lower steel bearing. Con-
sidering that the steel bearing may cause deviations in the
test results, the steel support was loaded. When the loading
force was 200 kN, the deformation of the steel support was
approximately 0.01mm, which was much smaller than the
test value, so the influence of the steel bearing was ignored.
(e test pieces were pre-loaded before the official tests with a
loading of 20 kN. For safety reasons, the force was loaded
step-by-step. (e loading process is computer-controlled, at
a speed of 100N/s. Each 100 kN load would last for one
minute. (e load was continuously applied until the spec-
imen cracked or damaged or the displacement meter reading
suddenly increased.

2.4. Freeze-2aw Cycle. Bridges with prestressed corrugated
plastic pipes with bonds for hole-forming are influenced by
the annual spring, summer, fall, and winter temperature
cycles. As the linear expansion coefficients of corrugated
plastic pipes, concrete, and grout are very different, when the
temperature changes, there may be large relative deforma-
tion and temperature bond stress between corrugated plastic

pipes and concrete, affecting the bonding force between
them. (is test evaluated the impact of high and low tem-
perature cycles on corrugated plastic pipes and concrete
bonding performance by setting different temperature cy-
cles. (e range of temperature cycles set in this test ranged
from −40°C to 60°C. To fully consider the range of tem-
perature variation transferred from the bridge to the cor-
rugated plastic pipes, a 2 h temperature holding operation
was performed in the temperature box as the temperature
increased or decreased. (e temperature box is shown in
Figure 4. (e temperature inside the specimen was con-
sistent with that outside the specimen during the experi-
ment. As the temperature box was subjected to a limited
external load, the specimens were first removed from the
temperature box when the loading test was performed. Nine
concrete test blocks in three groups were designed for this
test. (e numbers of cycles were 0, 10, and 20.

3. Results and Discussions

3.1. Axial Load-Displacement and Axial Load-Average Bond
Stress Curves. Four sets of comparative tests were designed
to analyze the bonding performance between corrugated
plastic pipes and concrete or grout based on different test
objectives. (e experimental results are presented in Table 4.
(e ending criteria of the test were specimen failure or
sudden increase in the displacement meter readings during
the loading test. At this time, the displacement produced by
the free end of the grout was different. At this point, most of
the specimens were in the initial rise stage and reached the
peak plateau stage.

(e experimental results for each group are plotted in
Figure 5, where for (a), the horizontal axis represents the
inner grout-loaded end displacement (S), and the vertical
axis represents the axial load (P). For (b), the horizontal axis
represents the inner grout-loaded end displacement (S), and
the vertical axis represents the average bond stress τ, defined
in equation (1). Pu is the peak loading force of the specimen
at the highest platform; τu is the peak average bond stress of
the specimen at the highest platform; Su is the displacement
at the loading end just at the end of the first rising section of
the bond stress curve of the specimen.

Table 2: Concrete properties.

1 2 3 4 5 6 7 Mean Standard deviation
Concrete cube strength (MPa) 61.5 62.2 63.1 59.2 58.8 60.5 59.4 60.7 1.5
Elasticity modulus (104MPa) 3.9 4.1 3.6 4.1 3.7 3.9 3.7 3.9 0.2

Table 3: Corrugated plastic pipe properties.

Specimen Tensile strength (MPa) Elongation at
break (%)

1 15.8 251.5
2 17.6 287.5
3 17.9 268.1
Mean 17.1 269.0
Standard deviation 0.9 14.7
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(e average bond stress is calculated by [22]

τ �
P

πdl
. (1)

(e initial slope is defined as the slope of the elastic stage
curve between the origin (0, 0) and the turning point [23].
(e slope consists of two types, one for the P − S curve and
the other for the τ − S curve.

1

2

3

(a) (b)

Figure 3: Test setup, (a) schematic diagram, (b) Real test setup. 1-Compression machine, 2-Specimen, 3-Displacement meter.

Figure 4: Temperature box.

Table 4: All specimens’ compression load, bond stress, and critical
displacements.

Group Test ID Pu

(kN)
τu

(MPa)
P

(kN)
τ

(MPa) kτ

1
P-90-135-1 129.0 3.4

200.7 5.3 4.0P-90-135-2 251.9 6.6
P-90-135-3 221.0 5.8

2
M-90-135-1 301.6 7.9

317.5 8.3 10.5M-90-135-2 400.0 10.5
M-90-135-3 250.8 6.6

3
R-90-135-1 138.9 3.6

133.6 3.6 9.3R-90-135-2 130.2 3.4
R-90-135-3 131.7 3.5

4

P-90-135-
FTC-10-1 142.0 3.7

184.1 4.8 5.2P-90-135-
FTC-10-2 231.7 6.1

P-90-135-
FTC-10-3 178.6 4.7

5

P-90-135-
FTC-20-1 133.6 3.5

175.6 4.6 6.3P-90-135-
FTC-20-2 204.2 5.3

P-90-135-
FTC-20-3 188.9 4.9

6
P-90-90-1 111.9 4.4

134.5 5.3 5.5P-90-90-2 139.9 5.5
P-90-90-3 151.7 5.9

7 P-90-180-1 221.4 4.4 214.3 4.2 4.0P-90-180-2 207.1 4.1

8
P-80-120-1 99.5 3.3

151.4 5.0 5.9P-80-120-2 202.9 6.7
P-80-120-3 151.7 5.0

9
P-110-165-1 294.2 5.2

294.2 5.2P-110-165-2 351.8 6.2 5.6
P-110-165-3 236.6 4.2
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Figure 5: Continued.
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kτ �
τu1

su1
,

kp �
Pu1

su1
.

(2)

(e following conclusions can be drawn from existing
studies [24]: the higher the bond stress is, the better the
overall working performance is. (e smaller the slip at the
loading end is, the better bonding performance is. (e
higher the bond stiffness is, the higher the ratio of bond
strength to bond-slip before the concrete is internally
cracked is, and the higher the ability of different materials is
to work together. In this study, the ranking of bonding
performance of different hole-forming material specimens
was evaluated by comparing different groups of specimens
on various metrics in the conclusion section.

Results with error bars are shown in Figure 6.
In the experimental results, the curves for all specimens

reached the peak plateau because the loading was inter-
rupted when the specimens failed. Typical curves are of two
types, as shown in Figure 7. (e first type of two-segment
curve shown in Figure 7(a) is the most common, in which
the first segment of the curve is roughly an exponential
distribution, and the second segment is a straight line. As for
AB1 in Figure 7(a), the axial load of the specimen remains
constant after reaching the peak. (is is because the contact
surface is rougher at this type of curve, resulting in more
interlock and adhesive forces than the initial interface
friction.(erefore, only the friction remained as the bonding
force when the axial load peaked, and the dynamic friction
remained almost constant. As for AB2 in Figure 7(a), the
axial load of the specimen increases almost linearly after the
first segment. (is is because the interlock forces still remain
in these specimens. (us with the increase of slip, the axial
load gradually increases.

In contrast, the second type of curve shown in
Figure 7(b) is fewer in number.(e axial load or stress of the
second type of specimen reached its peak with a negative
exponential distribution. It then increased linearly for a
period, after which it increased as a quadratic function to a
new peak and then remained constant. (is specimen’s
interlocking force and adhesive force are smaller than the
initial interface friction [10]. (erefore, when the axial load
peaks for the first time, the friction force peaks and the
interlocking force or adhesive force are still present at the
interface, resulting in a gradual increase in the axial load.(e
load or stress peaks again when the interlocking or adhesive
force disappears.

3.2. Influence of Materials on Bond-Slip. Corrugated plastic,
rubber extractive, and corrugated metal pipes are the three
main hole-forming materials for posttensioned prestressed
bridges with bonds [25]. (ey have the same inner diameter.
Although the parameters of the three materials themselves
are different, the working conditions of the three forming
methods are the same. (erefore, it is possible to compare
them under the same conditions.

(e bond-slip curves for the three sets of specimens
corresponding to the three different hole-forming materials
are shown in Figure 5, where (a) is the loading force-loaded
end displacement curve and (b) is the average bond stress of
the bond-loaded end displacement curve.

Of these, the specimens using rubber extractive pipes for
hole-forming only had the first type of curve. (e specimens
using corrugated metal pipes for hole-forming had both
types of curves.(e specimens using corrugated plastic pipes
for hole-forming had both types of curves.

As shown in Figure 5(b), the bond-slip for all three
materials can be roughly divided into two phases: the first
phase is roughly a linear rise, and the second phase is a peak

S (mm)

Av
er

ag
e b

on
d 

str
es

ss
 (M

Pa
)

0.0 0.2 0.4 0.6 0.8 1.2 1.41.0

1

2

7

0

3

4

5

6

P–90–180–3
P–90–90–2

P–90–90–3
P–90–180–1
P–90–180–2

P–90–135–2
P–90–135–1

P–90–135–3
P–90–90–1

(g)

S (mm)

Av
er

ag
e b

on
d 

str
es

ss
 (M

Pa
)

0.0 0.2 0.4 0.6 0.8 1.2 1.41.0
0

1

2

3

4

5

6

7

P–80–120–3

P–110–165–3
P–80–120–2

P–110–165–1
P–110–165–2

P–90–135–2
P–90–135–1

P–90–135–3
P–80–120–1

(h)

Figure 5: Bond-slip test results.
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plateau phase or a linearly rising phase. Stiffness is con-
sidered the ability of different specimens to resist slip. (us,
the higher the stiffness, the higher is the force required to
produce the same amount of slip. Comparing the slope of the
pressure curve and that of the bond stress curve, the cor-
rugated metal pipe specimen and the rubber extractive pipe
specimen curves have similar slopes (stiffness). However,
they are significantly higher than the corrugated plastic pipe
specimen.(is indicates that the corrugated metal pipes and
the rubber extractive pipe specimens produced a stronger
resistance to slip in the first stage. In contrast, the corrugated
plastic pipe specimens produced a weaker resistance to slip.
(e bonding force consists of the chemical bonding force,
mechanical bite force, and friction [27]. (e antislip forces
are mainly chemical bonding and mechanical bite forces in
the initial slip generation.

Wang. et al. [28] has achieved improved chemical
bonding by the application of two groups of accelerators,
Carbonates and bicarbonates in the concrete. (rough an-
alyzing the outcome, the implications of the two accelera-
tors, sodium carbonate (Na2CO3) and sodium bicarbonate
(NaHCO3), on the properties of OPC paste demonstrate that
both could improve the initial and final setting time of OPC
paste, but the effect of the two accelerators on compressive
strength was different. (e rapid development of ettringite
and the creation of CaCO3 through interactions between the
two with portlandite generated the enhanced strength at 1
and 7 days. Na+ reduces the adhesion between C-S-H gels by
replacing Ca+

2 , leading to a decrease in strength. NaHCO3
was found to be a better accelerator than Na2CO3.

Wang et al. [29] have discovered that with the increase of
Ca(HCO3)2 content, the final set time and extension degree
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Figure 6: Bond-slip test results with error bars.
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Advances in Materials Science and Engineering 9



of cement decrease. Furthermore, the initial formation of
ettringite and the transformation of ettringite could be
achieved by adding Ca(HCO3)2. (e CaCO3, which is the
product of the reaction of Ca(HCO3)2 and portlandite, has a
better filling effect than the limestone powders. And too
much Ca(HCO3)2 could cause harmful pores on concrete,
which will reduce the performance of concrete.

(e rubber extractive pipe has strong slip resistance.(is
is mainly because the concrete and the internal grout are in
direct contact when the rubber extractive pipe is pulled out
after the hole is formed. (us, the contact surface between
them is rougher, which produces a higher mechanical bite
force. Compared to corrugated plastic pipes, mostly made of
HDPE or polypropylene, the corrugated metal pipe speci-
mens made of soft steel strip [26] have a higher chemical
bonding force with the concrete and grout, explaining their
superior slip resistance. In addition, from Figure 5, it can be
seen that the slopes of almost all curves first increased and
then decreased. (e initial increase occurred because the
mechanical bite between the materials increased as the
loading force increased, and the friction also increased.(us,
the slope continued to increase. When the amount of slip
reached a certain level, the chemical bonding force dis-
appeared, the slip resistance decreased, and the slope of the
curve decreased accordingly. When the curve reaches the
turning point, the overall sliding between multiple materials
is produced, and the chemical bonding force andmechanical
bite force disappear entirely. (e bonding force is mainly
provided by the dynamic friction force, which remains
constant during the relative sliding of the members.

Comparing the critical displacement Su, in the initial
linear phase, the rubber extractive pipe specimens have a
critical displacement of approximately 0.33mm, followed by
corrugated metal pipe and corrugated plastic pipe specimens
with critical displacements of around 0.64mm and 0.75mm.
As a result, chemical bonding and mechanical bite force
dissipate at a much smaller slip. However, the corrugated
metal pipe between the grout and concrete is entirely in
contact with both, creating a higher total chemical bonding
and mechanical bite force. (e corresponding displacement
is high. However, the corrugated plastic pipe specimens
produced the most significant displacement. One of its
reasons is that the corrugated plastic pipe has a higher
contact area with the concrete and grout. Furthermore, the
corrugated plastic pipe is softer than the corrugated metal
pipes, thus allowing more deformation during relative slip.

Comparing the peak platform bond stress τu, we found
that the rubber extractive pipe specimens had the most
negligible forces when reaching the peak platform, followed
by corrugated plastic and corrugated metal pipes. (e
contact area between the corrugated pipes at the interface
and the concrete and grout is greater than that of the rubber
extractive pipe specimens with direct contact between the
concrete and grout, resulting in a higher chemical bonding
force. (e corrugated metal pipe is a soft steel strip with a
more rigid texture. Its chemical bonding and mechanical
bite forces are more significant than the corrugated plastic
pipe. (e plastic bellows exhibit shear failure during the
middle and late loading periods (Figure 8). (e bonding

stress of the plastic bellows specimen is higher than that of
the rubber extractive pipe specimen because of the increased
mechanical biting force between the broken bellows and
concrete.

In summary, rubber extractive pipes have a comparable
slope (slide resistance stiffness) to the corrugated metal pipe.
Both are higher than those of the corrugated plastic pipes.
Corrugated metal pipes have the highest peak bond stress,
followed by corrugated plastic pipes and rubber extractive
pipes; rubber extractive pipes have the smallest critical
displacement, followed by corrugated metal pipes. (e most
significant value is for corrugated plastic pipes.

3.3. Influence of Freeze-2aw Cycles on Bond-Slip. (e cor-
rugated plastic pipe concrete specimens did not show cracks
after 10 and 20 freeze-thaw cycles in the temperature box
without an external load.(e corrugated plastic pipe did not
detach or delaminate from the surrounding concrete or
grout.(is indicates that under a temperature cycle of −40°C
to 60°C without load, the corrugated plastic pipes and
concrete did not fail owing to the difference in deformation
along the direction of the corrugated pipes owing to the
difference in their linear expansion coefficients.

After checking the concrete specimens for cracks after
freeze-thaw cycles, the corrugated plastic pipe concrete
specimens were subjected to axial one-end compression.(e
test data were read, and the test results were processed.

From Figures 5, 9, 10 and Table 4, it can be seen that the
average peak compressive loading force (bond stress) de-
creased by 8.54% after 10 freeze-thaw cycles and by 13.28%
after 20 freeze-thaw cycles. In contrast, the average peak
compressive loading force (bond stress) decreased by 5.19%
after 20 freeze-thaw cycles compared to 10 freeze-thaw
cycles. (e data shows that the number of freeze-thaw
cycles affects the bond performance, with a higher impact
in the initial cycles and a decrease in impact strength in

P

Concrete Plastic bellowPlastic bellow Grout Concrete

Shear cracks Shear cracks
Grout deformation

direction

Prestressed steel

Figure 8: Inside pipe break.
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later cycles. According to the existing literature [30], the
length of the contact area is related to the transfer of stress
across the interface. Eventually, the peak compressive
loading force (bond stress) decreases as the number of
freeze-thaw cycles increases. (ese increases cause a de-
crease in the effective stress transfer zone, which reduces
the frictional force.

In contrast, according to the existing literature [27],
freeze-thaw cycles cause deterioration of the concrete
strength, which also leads to a decrease in the interfacial
shear force. In other words, in actual projects, as the service
life of prestressed bonded concrete railway bridges increases,
the bond stress between corrugated plastic pipes and con-
crete or grout decreases, with significant changes in the first
few years. However, the decreasing tendency decelerates as
the service life increases. We also found that the initial
stiffness continues to increase with an increase in the
number of freeze-thaw cycles.

By observing the loading force and curve stiffness of
bond stress (Figures 11 and 12), we found that the stiffness
was the highest for 0 freeze-thaw cycles when the loading
end displacement was less than approximately 0.3mm,
followed by 10 freeze-thaw cycles, and finally for specimens
with 20 freeze-thaw cycles. Again, this was due to the re-
duction in chemical bonding forces caused by the freeze-
thaw cycles. However, when the loading end displacement
was higher than 0.3mm, the slope increased the most with
20 freeze-thaw cycles, followed by specimens with 10 freeze-
thaw cycles, and finally specimens with 0 freeze-thaw cycles.

Comparing the critical displacement Su (Figure 13), we
found that 10 freeze-thaw cycles had almost no effect on the
results, with the displacement changing from 0.75mm to
0.74mm. However, the average critical displacement of the
specimens after 20 freeze-thaw cycles was 0.59mm. (is
indicates that the chemical bonding force decreases after 20
freeze-thaw cycles and that the displacement is smaller when
the chemical bonding force disappears. (is also shows a
progressively significant effect after 20 freeze-thaw cycles.

3.4. Influence of Bond Length on Bond-Slip. In this study, the
influence of the bond length on the bonding performance of
corrugated plastic pipes with concrete or grout was con-
sidered. Under the same concrete strength, grout strength,
inner diameter, and various parameters of corrugated plastic
pipes, three types of specimens with bond lengths la � d, la �

1.5d and la � 2d were used, where d is the inner diameter of
the corrugated plastic pipes (d � 90mm). (e bonding
lengths were 90, 135, and 180mm, respectively.

From Figure 5(a) and 10, it can be seen that as the bond
length increases, the peak loading force of the specimen
gradually increases. (e increase in specimens with a bond
length of 135mm relative to specimens with a bond length of
90mm was more significant than the increase in specimens
with a bond length of 180mm related to specimens with a
bond length of 135mm. (e increase in loading force was
due to the increase in bond length and the higher contact
area between the internal and external materials; hence,
there was a higher chemical bonding force, mechanical bite
force, and friction between the materials. According to
existing studies [31–34], when the bond length is less than a
specific value, the peak loading force increases rapidly with
increasing bond length; when the bond length is higher than
a specific value, the increase in the peak loading force is no
longer significant.

In addition, the intensity of the peak bond stress (Fig-
ure 9) of the specimen decreased with the increasing bond
length. First, as the bond length increases, the contact area
increases. According to formula (1), the bond stress is in-
versely proportional to the contact area; thus, the higher the
bond length, the lower the bond stress of the peak bond. It
can also be seen that the peak bond stresses for specimens
with 90mm and 135mm bond lengths were close and
significantly higher than the peak bond stress for specimens
with a bond length of 180mm. According to the conclusion
above, the increase in peak loading force from the
135–180mm bond length range was no longer significant. As
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the contact area considerably increased, the bond stress
decreased considerably. Moreover, it can be seen that the
initial stiffness decreased as the bond length increased.

Comparing the curve stiffness, we found that as the bond
length increased, the force stiffness (Figure 12) first in-
creased and then remained almost constant, whereas the
stiffness of the bond stress curve (Figure 11) increased and
then decreased. First, when the bond length changed from 90
to 135mm, the contact area increased almost linearly for the
force stiffness. (e chemical bonding force and mechanical
bite force also increase; thus, the stiffness increases. How-
ever, the stiffness remained unchanged when the bond
length changed from 135 to 180mm.(is is possible because
when the bond area increased linearly, the increase in
chemical bonding force and mechanical bite force was
comparable to the increase in force. However, observing the
stiffness of the bond stress, we found that when the bond

length changed from 90 to 135mm, the contact area in-
creased, and the chemical bonding force andmechanical bite
force also increased considerably. Although the area also
increased, the increase in the force was higher; thus, the
stiffness increased. When the bond length changed from 135
to 180mm, the area increased almost linearly and was in-
versely proportional to the bond stress. (e increase in
chemical bonding and mechanical bite forces was relatively
small; thus, the stiffness decreased.

Comparing the critical displacement (Figure 13), we found
that it gradually increased with increasing contact length, from
0.75mm to 0.84mm to 1.14mm. (is is mainly because a
larger contact area produces a higher chemical bonding force
and mechanical bite force. As a result, the chemical bonding
and mechanical bite forces disappeared only after the internal
grout displacement reached a sufficient level.

3.5. Influence of Contact Area on Bond-Slip. Formula (1)
shows that under the same loading force P, bond stress τ, and
inner diameter of the corrugated pipe d, the bond lengths of
the corrugated pipe and concrete or grout l are inversely
proportional. If the corrugated plastic pipe is assumed to be a
hollow, smooth cylinder, then π · d · l is the surface area of the
hollow cylinder. In other words, the bond stress of the bond τ
and the surface area of the hollow cylinder are inversely
proportional. It can be seen that the contact areas between the
corrugated plastic pipes and concrete or grout have a certain
impact on the bond stress of bonds between corrugated plastic
pipes and concrete or grout.

(is test analyzes the effect of different contact areas of
corrugated plastic pipes on the bond stresses, with all other
conditions being the same. According to Figures 5, 10, and
Table 4, the larger the bond area is, the greater the peak
loading force is because of the larger contact area, and the
greater the chemical bonding force, mechanical bite force,
and friction force are. (e friction force increases signifi-
cantly. (e peak bond stress (Figure 9) of specimens 80–120
was the smallest, followed by specimens 110–165 and
90–135. It is seen that the peak bond stress does not increase
or decrease in one direction with increasing contact area.
(is may be because when the area is small, the various
components of the bond force increase more as the area
increases, increasing the bond stress. When the area exceeds
a specific range, the increase in the components of the bond
force is no longer significant, and the bond stress decreases.

In addition, the initial stiffness of both curves (Figures 11
and 12) increased as the bond area increased because each
component of the bonding force increased. (e critical dis-
placement (Figure 13) also increased as the contact area
increased. A larger contact area resulted in a higher chemical
bonding force and a higher mechanical bite force.When these
two forces disappear, the internal slip is relatively higher.

4. Theoretical Modeling

Only the initial rise phase of the bond stress-slip curve was
studied because the post-ascent stage is complicated and
cannot be predicted by a uniform function.
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As the material properties of GFRP bars are similar to
those of grout-filled pipes, the bond stress-slip relationship of
GFRP bars in concrete was investigated to understand the
bond behavior of the grout-filled concrete specimens. (e
BPE model proposed by Eligehausen et al. [35] is a classical
model. (is model was applied to the bond between steel bars
and concrete and then successfully used to study the bond
behavior between FRP bars and concrete by Rossetti et al.

[36]. (e bond stress-slip curve in this model is divided into
different parts based on some representative parameters, such
as the ultimate bond stress (τs), ultimate slip (Ss), and α.

Using curve-fitting on the experimental results of dif-
ferent specimens, the parameter α in this model was de-
termined, as shown in Table 5.

(erefore, the bond stress-slip relationship in the cur-
vilinear ascending branch is proposed as follows:
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Figure 13: Critical displacement comparison.

Table 5: α values of different specimens.

Group Test ID τs Ss α

1
P-90-135-1 6.0 0.7 1.2
P-90-135-2 6.4 0.9 1.1
P-90-135-3 5.8 0.6 1.5

2
M-90-135-1 7.9 0.8 1.2
M-90-135-2 8.1 0.7 1.2
M-90-135-3 7.8 0.5 1.6

3
R-90-135-1 3.5 0.3 1.5
R-90-135-2 3.4 0.4 1.3
R-90-135-3 3.4 0.3 1.0

4
P-90-135-FTC-10-1 4.4 0.7 1.0
P-90-135-FTC-10-2 4.8 0.7 1.1
P-90-135-FTC-10-3 4.6 0.8 1.1

5
P-90-135-FTC-20-1 3.8 0.6 1.2
P-90-135-FTC-20-2 3.9 0.6 1.0
P-90-135-FTC-20-3 3.8 0.6 1.5

6
P-90-90-1 5.5 0.7 1.2
P-90-90-2 5.5 0.9 1.0
P-90-90-3 5.7 0.9 1.1

7
P-90-180-1 6.1 1.2 1.4
P-90-180-2 5.8 1.2 1.5
P-90-180-3 5.8 1.0 1.5

8
P-80-120-1 5.0 0.7 1.5
P-80-120-2 5.2 0.8 1.0
P-80-120-3 5.0 0.8 1.6

9
P-110-165-1 5.9 0.8 1.3
P-110-165-2 6.2 0.8 1.4
P-110-165-3 5.9 0.8 1.6
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τ � τs

S

Ss

 

α

, (3)

where S is the slip at the loaded end and τ is the average bond
stress. (e experimental results of the ultimate bond stress
(τs) and ultimate slip (Ss) were used in this calculation. A
comparison between the fitting data and experimental re-
sults is presented in Figure 14. A good agreement was ob-
served in the ascending branch for all the specimens.

5. Conclusions

In this study, the relationship between force (bond stress)
and displacement at the loading end was investigated using
single-end compressive tests on grout-filled concrete

components with multiple interface materials. (e stronger
the bond stress is, the greater the overall performance will be.
Before the cracking of concrete structure, the stronger the
bond stiffness is, the higher the bond strength to bond-slip
ratio is, and the greater the ability of the diverse range of
materials is to function together.

In support of the above, after experimental study, two
types of curves were obtained: the axial load or stress of the
first type of specimen reached peaks with a negative ex-
ponential distribution and then remained constant or in-
creased linearly. (e axial load or stress of the second type of
specimens reached peaks with a negative exponential dis-
tribution, then increased linearly for a period, then increased
to a new peak as a quadratic function, and finally remained
constant. (e specimens with rubber extractive pipes for
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Figure 14: Comparison of theoretical results and fitting curves. (a) Cpp-90-135, (b) CMP-90-135, (c) REP-90-135, (d) CPP-FTC-10-135,
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hole-forming included only the first type of curve. (e
specimens with corrugated metal and plastic pipes for hole-
forming included both types of curves.

During specimen failure by loading, the corrugated
metal pipe specimens were subjected to the highest
pressure (and bond stress), followed by the corrugated
plastic pipe specimens and the rubber extractive pipe
specimens. (e stiffness of the force curve (bond stress
curve) was the highest for the corrugated metal pipe
specimens, followed by the rubber extractive pipe and
corrugated plastic pipe specimens. (e critical displace-
ment was the highest for the corrugated plastic pipe
specimens, followed by the corrugated metal pipe and
rubber extractive pipe specimens.

An increase in the number of freeze-thaw cycles reduced
the load-bearing capacity of the specimen, bond stress curve,
stiffness of the force curve, and stiffness of the bond stress
curve.(e reduction in these values for 20 freeze-thaw cycles
relative to 10 freeze-thaw cycles was lower than that for 10
freeze-thaw cycles relative to 0 freeze-thaw cycles. For
critical displacement, the reduction in value for 20 freeze-
thaw cycles relative to 10 freeze-thaw cycles was higher than
that for 10 freeze-thaw cycles relative to 0 freeze-thaw cycles.

(e load-bearing capacity and bond stress increased
significantly with an increase in the bond length. (e
stiffness of the force curve first increased and then remained
almost constant, whereas the stiffness of the bond stress
curve first increased and then decreased; the critical dis-
placement increased gradually.

With an increase in bonding area, the load-bearing
capacity and bond stress increased significantly.(e stiffness
of the force and displacement curves increased gradually,
and the critical displacement increased gradually, but the
increase was not significant.

(e theoretical results are in good agreement with the
experimental curves in light of peak loading force and peak
bond stress, stiffness of loading force curve and bond stress
curve, and bonding performance on critical displacement.
From the perspective of peak loading force and peak bond
stress, the bonding performance of the three hole-forming
materials was ranked as follows: corrugated metal pipes>
corrugated plastic pipes> rubber extractive pipes. From the
perspective of the stiffness of the loading force curve and that
of the bond stress curve, the bonding performance of the
three types of hole-forming materials was as follows: corru-
gated metal pipes> rubber extractive pipes> corrugated plastic
pipes. (e bonding performance of the three materials was
ranked based on critical displacement as follows: rubber ex-
tractive pipes> corrugated metal pipes> corrugated plastic
pipes.
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(is paper studies the similarities and the differences between natural aggregate concrete (NAC) beams and recycled aggregate
concrete (RAC) beams in terms of concrete material properties, bearing capacity, and crack resistance and further proposes
correction formulas for cracking moment calculation of RAC beams that consider different recycled aggregate substitution ratios.
First, the basic mechanical properties (e.g., cube compressive strength, axial compressive strength, and elastic modulus) of RAC
blocks were tested; second, comparative bending tests of RAC beams and natural aggregate concrete beams were conducted, in
order to obtain the cracking moments, yield bending moments, ultimate bending moments, mid-span deflections and crack
development forms; finally, numerical simulations were performed to investigate the cracking performances of RAC beams.
(rough analyzing the experimental results, it is found that the crack development pattern of RAC beams resembles that of natural
aggregate concrete beams, while the cracking performance of RAC beams significantly deviates from that of NAC beams. Finally,
the correction formulas for the cracking moment calculation of RAC beams are proposed based on the numerical simulation
results and verified by data from other researchers, which can be regarded as a correction for the cracking moment calculation
formulas in the current code for RAC beams with respect to varied recycled concrete aggregate substitution ratios.

1. Introduction

With the developments of urbanization and advancements
of infrastructure constructions, concrete, as the most
common engineering material in constructions, is now
experiencing a soar in its consumption. At the same time,
exploitations of tremendous nonrenewable resources and
generations of a large amount of construction wastes are
consequently unavoidable, which is, however, against the
global concept of environmental protections and sustainable
developments [1]. (erefore, many scholars have recently
focused on recycled aggregate concrete (RAC) and its
components [2–4]. Nevertheless, before actual engineering

applications, it is necessary to comprehensively evaluate the
strength, stiffness, stability, and other indicators of RAC
members, in order to make the designs and the
manufacturing to be consistent. As the most crucial me-
chanical property, the bearing capacity of RAC beams has
been extensively studied [5, 6]. Many studies show that the
bending strength of RAC beams is similar to that of natural
aggregate concrete (NAC) beams, in which the substitution
ratio of recycled concrete aggregates (NCA) has little effect
on the bending strength [7–9]. Yet, some researchers believe
that when the substitution ratio of NCA is less than 50%, the
bending strength of RAC beams is almost the same as that of
NAC beams; while when the substitution ratio reaches 100%,
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the bending strength of RAC beams can decrease signifi-
cantly [10]. As for the bending stiffness, the mainstream
viewpoint states that the influence of recycled aggregate
substitution ratio on mid-span deflection is much higher
than that of reinforcement ratio [7, 8, 11, 12], which is still
true for the case when natural fine aggregate (NFC) is
replaced by recycled fine aggregate [13, 14]. On the other
hand, to promote the applications of components made of
RAC, the serviceability limit states should also be taken into
account, in which the crack resistance is of paramount
importance. (e cracking behavior of concrete beams is
basically determined by the maximum tensile strain. Some
researchers demonstrate that, with the increase of substi-
tution ratio of NCA, the maximum tensile strain of RAC
beams goes higher than that of NAC beams, resulting in
poor tensile properties and increasing ductility [15]. When
the substitution ratio of NCA hits 100%, the cracking
moment of RAC beams decreases to a value about 25% lower
than that of NAC beams, causing a loss of stiffness, pre-
mature cracking, and early withdrawal from the working
stage [16, 17]. In addition, the crack width and crack spacing
should also be considered, which is affected by the bond-
slipping behavior between concrete and reinforcement
[9, 18]. Although the fact that the decrease of stiffness after
cracking leads to the decrease of its bond strength is
doubtless, there are few quantitative studies on the influence
of recycled aggregate substitution ratio on the crack
development.

From the above discussion, it can be concluded that
existing researches on the mechanical properties of RAC
members lack of quantitative analysis, which is insufficient
for practical engineering. To this end, taking the bending
performance of RAC beams as the research subject, this
paper studies the influence of replacement ratio and lon-
gitudinal reinforcement ratio on the bending performance of
RAC beams, whose conclusions provide practical structural
designs with useful guidance. In order to analyze the short-
term bending behaviors, four-point bending tests were
carried out on full-scale RAC beams. (e cracking moment,
yield moment, ultimate moment, and mid-span deflection
are measured and analyzed, in which the crackingmoment is
analyzed in detail.(e experimental results were analyzed by
two stages: the first stage aims to understand the influence of
NCA and longitudinal tensile reinforcement ratio on the
mechanical properties of RAC beams, and four kinds of test
beams with varied recycled aggregate substitution ratios and
three different reinforcement ratios were designed manu-
factured and tested, whose test results were compared and
analyzed; in the second stage, the practicability of the
cracking moment formulas in the current code for RAC
beams is analyzed, which compared the relative error be-
tween the test values and the corresponding values com-
puted by the code. (e results show that RAC beams and
NAC beams share similar crack development patterns, while
their cracking performances deviate from each other sig-
nificantly. (us, the current code cannot accurately describe
the cracking behaviors of recycled aggregate concrete beams,
which requires corrections. Hence, correction formulas for
the cracking moment calculation with respect to RAC beams

are proposed and verified based on a series of numerical
analyses and experimental data from different researchers.

(is paper is organized as follows: Section 2 describes the
test method and the test content; in Section 3, the test results
are presented and analyzed in detail, and the similarities and
differences between RAC beams and NAC beams are ob-
tained; the correction formulas for the cracking moment
calculation of RAC beams are proposed and verified in
Section 4.

2. Experimental Tests of RAC Beams

(is section presents the details of the experimental tests of
RAC beams in terms of material properties, specimen
configurations, and experimental schemes.

2.1. Material Properties. (e cement used in this test was
Huaxin brand pm42.5 ordinary Portland cement, and the
reducing ratio of water reducing agent was 15%. (e
natural aggregate (NA) used in the test was nature crushed
stone, and the aggregate was the continuous gradation
meeting the standard JGJ 52–2006 [19]. RCA consists of
three kinds of coarse aggregates with different particle sizes,
which were mixed into a continuous gradation of 5–25mm
that satisfying the classification standard of class II ag-
gregates in GB/T 25177–2010 [20]. (e fine aggregates used
in the test were all natural fine aggregates, and the fineness
modulus is medium coarse. (e physical properties of
various aggregates are shown in Table 1.

For C30 concrete defined by JGJ55-2011 [21], the water-
cement ratio is 0.49, and the substitution ratios of NCA are
0% (reference group), 50%, 70%, and 100%, respectively.(e
corresponding four kinds of numbers were, respectively,
NAC, RAC-50, RAC-70, and RAC-100. It can be seen from
Table 1 that the water absorption of NCA is dramatically
higher than that of natural aggregates, which is caused by the
adhesion of mortar on the surface of NCA [22]. (is
characteristic leads to greater free water absorption of NCA
in the mixing process of concrete, while the decrease of W/C
value contributes to the decrease of the cohesion of RAC. To
solve this problem, additional water was added. (e mix
proportion parameters are shown in Table 2 and additional
water consumption is shown in Table 3. (e reinforcements
in the beam body meet the relevant provisions of GB/T
50010–2010 [23]. (e stirrups and erecting reinforcements
were HPB335 with a diameter of 8mm, and the tensile
reinforcements were HRB400. According to the require-
ments for reinforcement ratio, 14mm, 16mm, and 18mm
are used, respectively. In order to obtain the mechanical
parameters (shown in Table 4), the tensile test of stressed
reinforcement is carried out using the tensile test method of
reinforcement according to GB/T 28900–2012 [24].

2.2. Specimen Configurations. A total of 7 beams were
designed and manufactured in this study, with a cross-
sectional size of 150mm× 300mm and a length of 1800mm.
(e variables considered are substitution ratio of NCA and
reinforcement ratio of longitudinal stressed reinforcements,
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which is divided into the following two groups: Group 1 has
5 beams with varied substitution ratio of NCA, the stressed
reinforcements were 2C14, the substitution ratios of NCA
are, respectively, 0%, 30%, 50%, 70%, and 100%, and the
numbers were NAC-0.77, RAC-30-0.77, RAC-50-0.77,
RAC-70-0.77, and RAC-100-0.77 respectively; Group 2 has 3
beams with varied reinforcement ratios. (e substitution
ratios of NCAwere all 100%, the load-bearing steel bars were
2 HRB400 14, 2 HRB400 16, and 2 HRB400 18; the rein-
forcement ratios were 0.77%, 1.01%, and 1.28%; and the
numbers were, namely, RAC-100-0.77, RAC-100-1.01, and
RAC-100-1.28. In order to reduce the influence of stirrups
on the mechanical analysis of the pure bending section,
neither stirrup nor erection bar was arranged at the pure
bending section at themiddle of the span.(e specific design
parameters of the test beam are shown in Table 5, and the
details of reinforcements are shown in Figure 1. (e test
beam was poured and maintained in the Structure and
Disassembly Laboratory of Wuhan University of Technol-
ogy, and the test beams of two sizes (100mm× 100mm ×

100mm and 100mm× 100mm × 300mm respectively) were
reserved for 28 days under the same conditions (shown in
Figure 2).

2.3. Experimental Schemes. (e loading mode of the test
beams was four-point bending. (e main instruments
were the reaction frame and the 500 kN electro-hydraulic

servo brake, and then, the load was evenly distributed
through the distribution beam. (e bending beam was
simply supported by a roller and a pin support both
placing at 150mm away from each end of the beam, re-
spectively. (e distribution beam was also supported on
the test beam by a roller and a pin support that were both
placed at 650mm away from each end of the beam, re-
spectively (shown in Figure 3). (e loading procedure was
strictly in accordance with GB/T 50152–2012 [25]. In
order to facilitate the observation and analysis of the crack
development pattern, a small square of 100mm × 100mm
was marked in front and at the back of the beam. Before
the formal loading, the preloading was carried out 2 times
in order to check whether the dial gauge, strain gauge, and
mechanical sensor can work normally. In the formal
loading stage, when the loading force value was close to
80% of the cracking load, yield load, and ultimate load, the
load value of each level should not exceed 5% of their
corresponding calculated values, and the stable load time
should be controlled at least 10minutes to observe the
development trend of mechanical properties.

(e deflections at the middle of the span and the strain of
the tensile reinforcement in the beam were measured by dial
indicator and DH3818 y, respectively. (e six strain gauges
were symmetrically arranged on the tensile steel bars on both
sides of the pure bending section at the middle of the span,
and the dial indicator was arranged at the bottom of the
middle of the span, as shown in Figure 3.

Table 1: Physical properties of aggregates.

Aggregate
type

Particle size range
(mm)

Apparent density
(kg/m3)

Water absorption
(%)

Water absorption and mud
content (%)

Crushing
index

Fineness
modulus

NFA ≤5 2559 2.2 1.2 - 2.8
NA 5–20 2673 0.6 0.9 11 —
RCA 5–20 2534 4.6 0.2 17 —

Table 2: Concrete consumption per unit volume.

Label Substitution ratio of RCA (%) W/C
Material consumption (kg/m3)

Cement Sand NA RCA Water reducing agent
NAC 0 0.49 367.4 686.5 1167.2 0

4.04RAC-50 50 583.6 553.3
RAC-70 70 350.2 774.6
RAC-100 100 0 1106.6

Table 3: Additional water consumption per unit volume.

Category of coarse aggregate Label Water absorption (%) Substitution ratio (%) Additional water consumption (kg)
NA NAC 0.6 0 0

RCA
RAC-50

4.6
50 23.34

RAC-70 70 32.68
RAC-100 100 46.69

Table 4: Mechanical properties of stressed reinforcement.

Diameter of reinforcement (mm) Yield strength (MPa) Ultimate strength (MPa) Elastic modulus (GPa)
14 455 627 205
16 466 635 203
18 432 607 200
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3. Test Results and Discussions

In this section, the test results are presented and investigated,
and the similarities and differences between RAC beams and
NAC beams are studied.

3.1. Material Properties of RAC. In order to obtain the
material properties of RAC, blocks of RAC with varied
recycled aggregate substitution ratios were manufactured
and tested according to GB/T 50080–2016 and GB/T
50081–2019 [26, 27]. (e slump index was used to char-
acterize its workability. (e data show that, when additional
water is considered, even with an increased substitution ratio

of NCA, the slump will not decrease significantly, whose
slump can still meet the standard of flowing concrete. On the
mechanical properties of the indicators, the cube com-
pressive strength, axial compressive strength, and elastic
modulus are mainly measured. (e test results are shown in
Table 6, from which it can be seen that the three mechanical
properties decrease with the increase of substitution ratio of
NCA.(emain reason for this phenomenon is that there are
two different interface transition zones (ITZ): one is the
interface between new and old cement mortar, and the other
is the interface between new cement mortar and recycled
aggregate. (is ITZ weakens bonds between aggregate and
cement, reducing the strength of concrete and increasing its
deformation performance [28].
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Figure 1: Reinforcement details of test beams (mm).

(a) (b)

Figure 2: Experimental specimens. (a) Curing test block under the same condition. (b) Casting and forming.

Table 5: Design parameters of test beams.

Specimen
number

Cross section
(mm×mm)

Length
(mm)

Tensile
reinforcement

Erecting
reinforcement Stirrup Reinforcement

ratio (%)

(ickness of
protective layer

(mm)
NAC-0.77

150×300 1800

2 HRB400 14

HPB300 8 HPB300@
100

0.77

20

RAC-30-0.77 2 HRB400 14 0.77
RAC-50-0.77 2 HRB400 14 0.77
RAC-70-0.77 2 HRB400 14 0.77
RAC-100-
0.77 2 HRB400 14 0.77

RAC-100-
1.01 2 HRB400 16 1.01

RAC-100-
1.28 2 HRB400 18 1.28
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3.2. Analysis of Bearing Capacity of RAC Beams. (e test
results show that the test beams with different replacement
ratios of recycled aggregate and different reinforcement
ratios can meet the ductility design, which means the
stressed reinforcement yields before the beam failure. Si-
multaneously, due to the existence of the pure bending
section at the mid-span, the bending cracks first appeared at
the bottom of both ends of the pure bending section. As the
load increases, the number and length of cracks increase
gradually. When there were inclined cracks in the shear-
bending section, the number of cracks at the middle of the
span tended to be stable. When the load reached the yielding
load, the width of the mid-span crack became wider, the
crack length developed longer, and the mid-span deflection
started to increase rapidly. Finally, the concrete at the mid-
span was crushed, and the test beam was damaged (shown in
Figure 4).

(e load-mid-span deflection curves of each test beam
are shown in Figure 5, from which it can be seen that the
stress development trend of the RAC beam and NAC beam
is similar. (is indicates that the structural engineering
application of RAC is feasible. (e development stage of the
beams is divided into the elastic stage, the working stage with
cracks, and the failure stage. It can be seen from the figure
that the substitution ratio of NCA has little effect on the
ultimate load of the RAC beams compared to the significant
effect due to the reinforcement ratio. (is phenomenon is
the same as that of NAC beams. In addition, similar to the
NAC beam, it can be seen from Figure 5 that, with the
increase of reinforcement ratio, the mid-span deflection of
steel bars at the yielding stage increases gradually, but the
deflection increments decrease.

By recording the cracking moment(Mt
cr), yielding

moment(My), and ultimate moment(Mu), the bending
performances of RAC beams with different recycled

aggregate replacement ratios and different reinforcement
ratios were compared, whose results are shown in Table 7.
(e bending moment values in the table are all obtained
through the conversion of test load values. It can be seen
from Table 7 that with the increase of the substitution ratio
of NCA, the cracking moment decreases significantly, in-
dicating that RAC has lower tensile strengths that lead to
premature cracking of RAC beams. At this junction, it
should be pointed out that the maximum reduction of the
cracking moment can reach 31.9%. On the other hand, the
change of recycled aggregate substitution ratio has little
effect on the yield moment and ultimate moment, which is
due to the ductility design (with appropriate reinforcement
ratio) of concrete beams. In contrast, the reinforcement ratio
has a great influence on the yield moment and ultimate
moment, whose influence on the cracking moment is
negligible though.

Figure 6 shows the load-strain curves of the loading steel,
which demonstrates that all the steel bars reach the yield
point before the failure of the beam, and therefore, RAC
beams meet the ductile failure characteristics. (e use of
tensile reinforcements also increases the yield limit and the

Table 6: Physical and mechanical properties of concrete.

Substitution ratio of RCA (%) Slump (mm) fcu (MPa) fc (MPa) Ec (GPa)

0 144 35.4 28.7 41.3
50 138 34.7 28.5 38.7
70 140 32.1 27.6 32.2
100 141 30.3 27.3 30.8

(a)

Dial indicator

Strain gauge

Reaction frame
LoadcellLoad distribution beam

(b)

Figure 3: Loading mode and layout of measuring instruments. (a) Test device and loading mode. (b) Layout of strain gauge and dis-
placement gauge.

Figure 4: Failure state of the test beam.
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ultimate strength of beams, which weakens the role of
concrete in the experimental failure of simply supported
beams. (erefore, the change of substitution ratio of NCA
has no effect on the yield limit or the ultimate strength, and

there is no obvious difference among the ultimate state
between the RAC beam and NAC beam. (is conclusion is
inconsistent with the research results of Knaack and other
scholars [7–9].
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Figure 5: Load-mid-span deflection curves. (a) Substitution ratio of RCA. (b) Reinforcement ratio of tensile reinforcement.

Table 7: Mechanical properties of test beams.

Test beam number Mt
cr (kN · m) My (kN · m) Mu (kN · m) Mt

cr/Mu (%)

NC–0.77 10.5 35.75 40 26.25
RAC50–0.77 7.53 35.25 39.25 19.59
RAC70–0.77 6.59 36 40 17.88
RAC100–0.77 7.2 35.5 38.5 18.83
RAC100–1.01 7.25 46 51.5 14.56
RAC100–1.28 7.13 56.75 60.5 11.79
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Figure 6: Load VS steel strain curves. (a) Substitution ratio of RCA. (b) Reinforcement ratio of tensile reinforcements.
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3.3. Crack Resistance of RAC Beams. Crack resistance is an
important index for the serviceability limit state of concrete
members. In order to analyze the crack resistance of RAC
beams, the ratio of cracking moment to ultimate moment
was calculated (Mt

cr/ Mu) (as shown in Table 7). It is obvious
that RAC beams will crack earlier than natural concrete
beams under the same reinforcement ratio. In the experi-
ment, the NAC beam cracked when the applied bending
moment reached about 25% of the ultimate bending mo-
ment, while for the RAC beam, it will crack when the applied
bending moment is only 17% to 19% of the ultimate bending
moment.

Figure 7 is the crack development diagram of each test
beam, from which it can be seen that the test beams with
different substitution ratios all have similar crack develop-
ment patterns. (e crack of all test beams started from the
pure bending section near the load application point, whose
length was less than 50mm. As the load increases, the length
and the number of cracks increase gradually, while the
change of crack width was inconspicuous. When the load
increases to a certain threshold, oblique shear cracks appear
on both sides of the beam, while there is nearly no crack in
the supporting area. When the longitudinal reinforcement
yields, the mid-span deflection suddenly increased, and the
vertical cracks became wider than 1.7mm, showing the
failure of the beam.

It can be seen from Figure 8 that, under the same re-
inforcement ratio, as the substitution ratio of NCA increases,
the crack number in the mid-span increases gradually, and
the crack spacing decreases gradually. (is is because, al-
though the bond effect between RAC and reinforcement
decreases and the crack spacing increases, the reduction of
elastic modulus and tensile strength of RAC trigger the
beams easier to crack, which reduces the crack spacing.
However, even if the substitution ratio of NCA remains
unchanged and the reinforcement ratio increases, the crack
spacing also increases, which is in line with the development
law of NAC.

4. Correction Formulas for the Cracking
Moment Calculation of RAC Beams

(e correction formulas for the cracking moment calcula-
tion of RAC beams are proposed and verified in this section,
which can account for different RCA substitution ratios.

4.1. 0eoretical Analysis of Cracking Moment Calculation of
RAC Beams. According to the above discussion, the crack
resistance of RAC beams is mainly affected by the ultimate
tensile strain of RAC. Some studies stated that the tensile
peak strain of RAC is greater than that of ordinary concrete
[29]. Wu et al. demonstrated that the ultimate strain of RAC
is similar to that of NAC [30]. And he further assumed that,
when the substitution ratio of recycled aggregate is 100%, the
ultimate tensile strain of the RAC beam is 1.5 times the peak
strain, which is 2 times of that NAC. Hence, the stress-strain
diagram of normal section of RAC beam when cracking can
be obtained is shown in Figure 9.

(e balance equation of horizontal force is established as
follows (shown in Figure 9):

1
2

bx
x

h − x

3
2
f

R
t �

2
3

b(h − x)f
R
t . (1)

(e height of the compression zone is calculated as
x � 0.485h. And the maximum compressive stress is 1.413
fR

t .
(e cracking moment of the RAC beam is calculated as

follows:

M
R
cr � 1.338W0f

R
t , (2)

where W0 is the moment of resistance of the section, and for
rectangular section, W0 � bh2/6, and fR

t is the tensile
strength of RAC.

From equation (2), it can be seen that the basic value of
plastic influence coefficient of resistance moment (cR

m) of
RAC beam is 1.338, which is less than the standard value of
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Figure 7: Crack development diagram of test beams. (a) NAC-0.77. (b) RAC-50-0.77. (c) RAC-70-0.77. (d) RAC-100-0.77. (e) RAC-100-
1.01. (f ) RAC-100-1.28.
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NAC 1.55 [23]. In other words, when the tensile peak strain
increases and the ultimate tensile strain remains unchanged,
the crack resistance of RAC beams will inevitably decrease.
Since the cracking strain of RAC in this paper is assumed
and the influence of reinforcement is not considered, it is
necessary to further verify the calculation formulas of the
cracking moment.

4.2. Correction Formulas for the Cracking Moment Calcula-
tion Based on Numerical Simulations. In order to obtain the
cracking moment of RAC beams with respect to different

substitution ratios of recycled aggregate, a three-dimen-
sional finite element model was established and analyzed by
ABAQUS software based on the existing test data.

4.2.1. Geometry, Material Modeling, and Meshing of the
Finite Element Simulations. As shown in Figure 10, the
corresponding finite element model of the test beams is
presented. Figure 10(a) shows the concrete beam geometry,
the load location, and the support arrangement. Figure 10(b)
shows the geometry of the steel skeleton model. (e rein-
forcement ratio of all the models was 0.77% without

(a)

(b)

(c)

(d)

(e)

(f )

Figure 8: Variations of crack spacing of RAC beams. (a) Substitution ratio of RCA. (b) Reinforcement ratio of tensile reinforcements.
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considering the change of reinforcement ratio in the nu-
merical analysis. (e concrete damage plastic model (CDP)
was used to define the constitutive characteristics of the
beam.(e constitutive curve of RAC proposed by Ding has a
good fit with that of NAC, which can avoid the attenuation
of elastic modulus of concrete in the elastic stage [31].
(erefore, such a constitutive curve is adopted in the
simulation, which is described by equation (3) [31].

y �

An(r)x + Bn(r) − 1 x
2

1 + An(r) − 2 x + Bn(r)x
2 x≤ 1

x

αn(r)(x − 1)
2

+ x
x> 1

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

, (3)

where An(r) is the ratio of elastic modulus to peak secant
modulus of RAC; Bn(r) is the parameter of ascending section;
αn(r) is the parameter of descending section; y � σ/fc (σ is
the stress, fc is the test value of axial compressive strength);
x � ε/εc (ε is the strain, εc is the peak strain). When RAC is
under uniaxial compression (n� 1), equation (3) can be
rewritten as follows:

A1(r) �
(1 − 0.3r)(1 + 0.2r)

1 − 0.1r
× 9.1f

−4/9
cu ,

B1(r) �
5 A1(r) − 1 

2

3
,

α1(r) � 2.5 × 10− 5
f
3
cu.

(4)

When the RAC is in a uniaxial tension state and (n� 2),
then equation (3) become

A2(r) � 1.306
(1 − 0.3r)(1 + 0.1r)

1 − 0.1r
,

B2(r) �
5 A2(r) − 1 

2

3
,

α2(r) � 1 + 3f
2
cu + 10− 4

,

(5)

where r is the substitution ratio of RCA, and fcu is the test
value of concrete cube compressive strength.

In order to obtain the damage parameter of the damage
constitutive formula in the CDPmodel, this paper adopts the
calculation formula derived from Sidoroff’s energy equiv-
alence principle, whose specific formula is as follows [32]:

(a)

XRP-1

XRP-2

Y

XZ

(b)

Figure 10: Finite element model of the simply supported RAC beam. (a) Beam model. (b) Steel skeleton model.

1.5εt,p
h-
x

x xMα

σc 1.413ft

x

ft

2/3 (h-x)

1/3 (h-x)

Figure 9: Stress-strain relationship of RAC beams.
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δ � E0(1 − d)
2ε. (6)

(e following calculation formula of damage factor is
obtained after conversion:

d � 1 −

���
δ

E0ε



, (7)

where E0 is the initial elastic modulus; d is the damage factor.
In order to obtain the basic parameters of the damage
constitutive model and match the basic mechanical data of
the test beam, the basic mechanical property tests corre-
sponding to the test beam are carried out. (e specific data
are shown in Table 8.

In the model, a three-dimensional solid element with 8
nodes and 6 facets using reduced integral (C3D8R) was used
to define the main concrete element. (e reinforcement
skeleton element consists of longitudinal reinforcement,
vertical reinforcement, and stirrup, which was simulated by
a three-dimensional two-node truss element (T3D2). (e
T3D2 element only has three degrees of freedom and can
only undertake axial tension or pressure, which was suitable
to simulate the components with large stiffness. (e cushion
block unit was simulated by the C3D8R element. In order to
increase the accuracy, the mesh size of themain beamwas set
to 10mm, while the length of the reinforcement skeleton was
25mm.

4.2.2. Boundary Conditions and Loading Configurations.
(e boundary conditions refer to the constraint of the
simply supported beam in the actual situation, and cushion
blocks were placed at 150mm (lower edge) and 650mm
from both ends of the beam. (ree axial constraints and
rotation constraints around Y axis and Z axis were set on the
cushion block in the opposite direction of X axis. Axial
constraints in Y and Z directions and rotation constraints
around Y axis and Z axis were set on the cushion block in the
positive direction of X axis. In order to simulate the actual
loading system, the loading mode of monotonic concen-
trated force was used. (e load of the two loading points was
100 kN (200 kN in total). (e bond-slip behavior between
steel and concrete was simulated by the built-in region
constraint of the finite element node, which can simulate the
ideal slip state between steel and concrete.

4.2.3. Analysis of the Numerical Simulation Results. It can be
seen from Figure 6 that, when the concrete in the tensile
zone of the lower part of the beam cracks, the tensile stress is
borne by the reinforcement, which will cause the strain
mutation of the reinforcement. (erefore, the inflection
point of the bending moment steel strain curve obtained by
ABAQUS postprocessing can be used as the sign for the
cracking bending moment (Mc

cr). In order to compare the
simulation value of the cracking bending moment with the
corresponding result calculated from the current code value,
the cracking moment formula (8) in GB/T 50010–2010 is

used for calculation [23]. (e numerical simulation results
and results calculated by the code are shown in Table 9.

Mcr � cftkW0, (8)

c � cm 0.7 +
120
h

 , (9)

where Mcr is the cracking moment; ftk is the axial tensile
strength; W0 is the elastic moment of resistance after
conversion of cross section; c is the plastic influence coef-
ficient of section resistance moment; cm is the basic value of
the plastic influence coefficient of the resistance moment of
the section, which is 1.55 for rectangular sections.

It can be seen from Table 9 that, with the increase of
substitution ratio of recycled aggregate, the relative error
between the code calculation value and the test value in-
creases obviously. (at is, the calculation formula of
cracking moment for NAC beam is no longer applicable to
RAC beam. (e ratio of the cracking moment test value
(Mc

cr) to the code calculation value (Mcr) is taken as y value
(see Table 9), and the substitution ratio of recycled aggregate
is taken as r for curving fitting (Figure 11). Consequently, the
correction formula (10) of the basic value of the plastic
influence coefficient of the corresponding section moment
of resistance can be obtained by curve fitting, whose cor-
relation coefficient R2 � 0.992.

y � 0.772 + 0.215 × e
− x/0.643

. (10)

(e modified basic value of plastic influence coefficient
of section moment of resistance and the calculated value of
cracking moment are as follows:

c
R
m � y × cm,

c
R

� c
R
m 0.7 +

120
h

 ,

(11)

M
R
cr � c

R
ftkW0, (12)

where cR
m, cR, and MR

cr are the basic value of the plastic
influence coefficient of section moment of resistance, the
plastic influence coefficient of section moment of resistance,
and the value of cracking moment, respectively.

4.3. Verification of Correction Formulas for the Cracking
Moment Calculation. In order to verify the proposed modi-
fied formula (12) for cracking moment of RAC beams pro-
posed, this section analyzes the test data obtained from other
researchers and further compares the test results with the
calculation results of (12). (e results are shown in Table 10,
from which it can be seen that the calculation results obtained
by the modified formulas are in good agreement with the
experimental data obtained by various researchers.(e average
relative error is 3.83%, the standard deviation of relative error is
2.12%, and the maximum absolute relative error is 7.66%,
which further proves the correctness and the accuracy of (12).
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Table 9: Numerical simulation results of cracking moment.

Aggregate type Beam number Mc
cr (kN·m) Mcr (kN·m) Relative error Mc

cr/ Mcr

NC
NC-1 10.781 11.348 0.053 0.950
NC-2 10.493 10.93 0.042 0.960
NC-3 11.541 11.722 0.016 0.985

RAC

RAC-50-1 8.732 10.211 0.169 0.855
RAC-50-2 8.44 9.905 0.174 0.852
RAC-50-3 8.154 9.470 0.161 0.861
RAC-70-1 8.344 9.840 0.179 0.848
RAC-70-2 7.577 9.001 0.188 0.842
RAC-70-3 7.186 8.581 0.194 0.837
RAC-100-1 7.578 9.348 0.234 0.811
RAC-100-2 6.675 8.361 0.253 0.798
RAC-100-3 6.846 8.594 0.255 0.797

y=0.772+0.215*e-x/0.643

R2=0.992

0.2 0.4 0.6 0.8 1.00.0
Substitution ratio of RCA

0.80

0.85

0.90

0.95

1.00

γR m
/γ

m
(y

)

Calculated value1
Calculated value2

Calculated value3
Curve fitting

Figure 11: Fitting curve.

Table 8: Basic test parameters.

Aggregate type Specimen number fcu/MPa fc/MPa Ec/GPa

NC NAC
37.1 29.7 41.6
36 28.6 41.4
33.2 27.1 41.2

RAC

RAC-30
37.5 30.5 35.4
35.8 29 33.7
35.5 27.7 32.1

RAC-50
34.9 29.1 30.8
34.7 28.6 30.1
34.5 28.3 31

RAC-70
32.9 28.2 30.9
32.2 27.5 30.4
31.2 27.3 30.2

RAC-100
30.9 29.4 28.5
30.3 27.5 27
29.6 26.3 26.3
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5. Conclusions

(is paper first studies the similarities and the differences
between NAC beams and RAC beams with respect to
concrete material properties, bearing capacity, and crack
resistance via experimental observations and tests. Based on
the experimental test results, correction formulas for the
cracking moment calculation of RAC beams are proposed
and verified through numerical simulations and optimal
fitting of test data from other researchers. Moreover, the
following conclusions are drawn:

(1) Under the same reinforcement ratio, the cracking
moment of RAC beams decreases as the substitution
ratio of RCA increases, while the substitution ratio of
RCA has an only subtle influence on the yield
moment or the ultimate moment of RAC beams due
to the ductile design

(2) (e reinforcement ratio has the same effect on the
yield performance and the ultimate bearing capacity
of both RAC beams and NAC beams

(3) (e premature cracking effect increases with an
increasing substitution ratio of RCA

(4) Although the cracking behavior of RAC beams is
similar to that of natural aggregate concrete beams,
the decrease of bond effect between recycled ag-
gregate concrete and reinforcement will lead to an
increase of crack width, while the decreases of elastic
modulus and tensile strength of recycled aggregate
concrete both lead to early cracking, the decrease of
crack spacing, increasing reinforcement strain, and
the increase of midspan deflection

(5) It is found that the cracking moment of RAC
beams gradually decreases as the substitution ratio
increases, in which the cracking moment of RAC
beams can be more than 25% lower than that of
NAC beams if RCA completely replaces the natural
aggregates, indicating the current code is not ap-
plicable to RAC beams on cracking moment
calculation

(6) (e corrected formulas of the cracking moment
calculation have sufficient accuracy, whose average
relative error is merely 3.83%.
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[9] S. Seara-Paz, B. González-Fonteboa, F. Mart́ınez-Abella, and
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*e calibration of material mechanical parameters and deformation and failure mechanism of earthen soil have always been
difficult problems in the field of cultural relics protection. How to establish a relationship between physical and mechanical
properties of soil at macro and micro scales is the focus of the research. *e nanostructure model of earthen soil composed of
many atoms was established by molecular dynamics (MD) method. *e stress-strain relationship of different moisture content
was obtained by uniaxial compression simulation. Based on the electron micrograph image (magnification ×500) and the image
reconstruction method, a micromodel composed of particles and pores was constructed. Furthermore, using the displacement
loading method, we obtained the stress-strain relationship of the earthen soil with different moisture contents. Our results showed
that the displacement of the left and right boundaries of the circular pore model is 1.26 times more than that of the polygonal pore
model, and the displacement of the polygonal pore model is 1.28 times more than that of the circular pore model.*e stress-strain
curve simulated by the polygonal pore model is consistent with the experimental results. *e results of the numerical analysis are
in good agreement with those of the macro test, which indicates that the research ideas and the methods used for earthen soil
exploration in this work are feasible. Our present findings provide reference for deterioration research and safety evaluation of
cultural relic buildings such as earthen sites.

1. Introduction

Soil sites are significantly affected by the environment, and
soil sites are unique and nonrepeatable [1]. A large number
of samples cannot be taken on the existing soil sites, which
makes the research progress of soil mechanical properties of
undisturbed sites slow. MD is a new micromechanical
method developed in recent years. Its purpose is to obtain
the required macroscopic physical and mechanical quanti-
ties of the object through long-time operation of a few
particles [2]. With the help of theoretical calculation method
and molecular dynamics simulation, the research infor-
mation from multiple angles (microstructure, dynamics,
etc.) and multiple levels (from microatomic level to mac-
rostatistical level) is obtained [3] (Figure 1), so as to save the
test cost and increase the test efficiency.

*eoretical and experimental research has been per-
formed on the macromechanical properties of earthen soil.
For example, Song et al. [4] conducted a macroscopic as-
sessment on the soil mechanical characteristics of sites in
Northwest Henan Province, China. In addition, Yue et al. [5]
established a theoretical model of slope failure cusp catas-
trophe based on elastic sliding mass. However, fewer studies
have been done on the microscale physical and mechanical
properties, and the deterioration mechanism of earthen soil
has not been elucidated. With the rapid development of
computer technology, numerical simulation of complex
mechanical behavior can effectively eliminate the influence
of human and environmental factors in physical tests, better
simulate the damage and failure process of microstructures,
and fulfill the purpose of studying the characteristics of
earthen soil foundation. *e establishment of the
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constitutive relationship and numerical model of the ma-
terials of the earthen soil is not only the first step to meeting
engineering application requirements but an important
factor affecting numerical simulation results.

Many scholars have carried out a lot of research work
around the physical and mechanical properties and structural
characteristics of soil [6, 7]. *e research trend shows the
characteristics of multiscale integration, multimethod combi-
nation, and multidisciplinary intersection. *e research shows
that themicrobehavior plays an extremely important role in the
mechanical properties of soil. *e research method of “com-
bination of macro and micro” has become the mainstream of
soil mechanical properties research at present and even in the
future [8, 9]. Shen et al. first introduced the damage theory for
research of soil sample constitutive models and established the
elastic-plastic damage model [10] and nonlinear damage
mechanics model [11]. Furthermore, Kuang et al. [12] carried
out molecular dynamics (MD) simulation on the water mo-
lecular structure between crystal layers of montmorillonite
minerals with different water content, and revealed the basic
mechanism of high-pressure mechanical properties of clay
frommultiscale level. Yang et al. [13] used molecular dynamics
simulation to study the hydration properties and adsorption
properties of clay minerals, and clarified the structure and
dynamic properties of clay in hydration. Liu et al. [14] applied
molecular dynamics to study the influence relationship be-
tween the connection characteristics of soil particles (structural
units) and the deformation and failure characteristics of soil,
and found that the macromechanical properties of soil are
controlled by the microstructure of soil. *e structural fracture
surface of soil passes through the connection surface between
particles and particle aggregates, not through the particles
themselves, that is, the weakest part of the connection between
particles is destroyed first. In addition, Tang et al. [15] evaluated
the microstructure and mechanical changes of expansive soil
under multiscale cyclic loading and established a unified ex-
pression of stress-strain characteristics reflecting soil macro-
structure and microstructure and considering microdamage.
Chen [16] analyzed the elastoplastic constitutive model of soil
samples based on numerical and physical simulation; the
author also elaborated the relationship between physical and
numerical simulation of soil samples. Zhao et al. [17] used
molecular dynamics method to establish a variety of molecular
models in Materials Studio software to analyze the influence of
interlayer cation types on water molecules adsorbed by
montmorillonite.

*e aforementioned research results have promoted the
development of research on mechanical properties of
macrosoil and microsoil samples to a certain extent.

However, in view of the complexity and variability of soil
samples [18], the intraparticle earthen soil cement has been
simplified to a certain extent in the established models; the
influence of the environment on cement has also been
neglected. Obviously, deeper knowledge is needed on the
microscale stress variation law of the soil sample and its
components [19]. In previous studies, we found that the
stress and strain results of earthen soil samples were different
when diverse water samples were used. As can be seen in
Figure 2, the compressive strength of the soil samples made
with pure water is higher than that of the soil samples
prepared with pit water from the site. *e decrease in their
moisture content made these differences even more obvious.

First, earthen sites are unique. On-site sampling would
disturb the site body and is hence limited by the require-
ments of cultural relic protection. *us, the number of soil
samples taken from such site cannot be large, resulting in
low test repeatability and slow progress of research on the
mechanical properties of undisturbed earthen soil. Second,
cements exist widely in natural geotechnical materials, and
intergranular cementitious materials have an important
impact on the mechanical properties of geotechnical ma-
terials. However, the cost of micromechanical model tests is
high, hindering appropriate observations of the microevo-
lution law of cementation failure. *erefore, based on the
idea of Molecular dynamics (MD) simulation method, in
this paper, with the help of material studio 7.0 simulation
software, we established the nanostructure model of
Zhouqiao earthen soil and applied lamps software to analyze
themechanical properties of Zhouqiao earthen soil; based on
the SEM image of earthen soil and a small number of
mechanical test results, a micromodel composed of particles,
cements, and pores was established. Furthermore, we
assessed the method for the determination of the microscale
mechanical properties of the intraparticle earthen soil
cement.

2. Construction and Simulation of Molecular
Dynamics Model

2.1. Modeling Basis. By comparing the electron microscope
images of soil samples under different magnification, the
differences of microstructure of soil samples under different
orders of magnitude are studied. For heterogeneous geo-
technical materials, when the material is transformed into an
image, different substances in the material can be reflected in
the image through the change of gray or color, and the image
reproduces the structural characteristics of the material well.
Using digital image technology, the gray image of SEM is

0.1 nm - 100 nm 100 μm - 1 mm 0.1 m - 1 m100 nm - 100 μm

Figure 1: Multiscale structural characteristics of site soil materials.
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regarded as a three-dimensional coordinate system in
MATLAB software. *e length and width of the image are X
and Y coordinate axes respectively, the gray value of the
image is regarded as Z axis, and the gray value is regarded as
Z� f (x, y). After three-dimensional simplification of the
gray image, the integral value of a three-dimensional ir-
regular body with two-dimensional image size as the bottom
and threshold as the high is calculated. *e microstructure
distribution image of soil sample in Figure 3 is transformed
into a three-dimensional real microstructure diagram
(Figure 4). Figure 4 shows the three-dimensional structural
characteristics of soil samples. It can be obtained from
Figures 4(a) to 4(e).With the increase of themagnification of
the SEM image, the yellow and green parts gradually de-
crease, and the threshold tends to a certain range, which is
reflected in the gradual simplification of the soil sample
information contained in the picture, and the soil sample can
only be determined as heterogeneous material in the macro
state. When a certain observation scale is reached, the soil
sample can be assumed to be soil sample and pore. *e nano
model of soil sample is constructed using Materials Studio
software, and the mechanical properties of soil sample under
different moisture content are studied by Monte Carlo
method and molecular dynamics method. *e research
results provide data support for the subsequent microscale
model.

Zhang et al. [20] studied the pore type, scale, and shape
of clay and proposed that the pores contained in clay mineral
structure can be divided into three types: intergranular pores
formed by mineral particle compaction and deposition. Clay
intergranular pores formed during diagenetic transforma-
tion of minerals. *e gap (layer spacing) caused by the
distance between crystal layers in clay crystal and the re-
lationship between various pores is shown in Figure 5. Li
et al. [21] found that most montmorillonite clay minerals are
in flake structure and stacked into montmorillonite basic

particles. *e thickness of the wafer layer is 1 nm, and the
length and width are tens to hundreds of nanometers. When
the crystal layer contains water, it can expand to produce
interlayer nanopores with different thicknesses of about 0.2
to 2 nm.*e research results of the aforementioned scholars
provide a basis for the establishment of molecular models at
the nanoscale.

2.2. Modeling. Based on the research of Bish et al. [22], the
main component of silty clay is clay based mineral mont-
morillonite, and the geometric configuration of crystal is
shown in Figure 6. In this work, the initial model of soil
sample is based on montmorillonite, and the random water
molecule modeling of Monte Carlo method is carried out
using Material Studio software and setting the water mol-
ecule density as 1 g/cm3 in the amorphous cell module at
room temperature 298K. *e montmorillonite molecular
model and random water molecule model are superimposed
using the build layers function. Based on the density of soil
samples with different moisture content, the molecular
models of 10%, 12%, 14%, and 16% moisture content are
established respectively. *e atomic number and density of
the model are shown in Table 1. Finally, discover setup is
used to establish the force field and discover minimization is
used to minimize its energy. In order to avoid the influence
of periodic boundary in the process of uniaxial compression,
the initial model of soil sample with water content is am-
plified by supercell, so that the size of molecular model
reaches the visualized soil sample in microscale [23]. *e
simulation area size of the final initial model of soil sample is
A� 104 Å, B� 89 Å, C� 118 Å, α� 90°, β� 90°, and c � 90°, as
shown in Figure 7. In Figure 6, the yellow ball, red ball,
purple ball, and white ball represent silicon atom, oxygen
atom, aluminum atom, and hydrogen atom, respectively. In
Figure 7, the purple part is the crystal layer and the yellow

St
re

ss
 (k

Pa
)

0

25

50

75

100

125

150

175

0.5 1.0 1.5 2.0 2.50.0
Strain (%)

Moisture content 14%
Moisture content 12%
Moisture content 10%

(a)

St
re

ss
 (k

Pa
)

0

25

50

75

100

125

150

175

0.5 1.0 1.5 2.0 2.5 3.00.0
Strain (%)

Moisture content 14%
Moisture content 12%
Moisture content 10%

(b)

Figure 2: Stress-strain results of site soil samples: (a) sample made with pure water and (b) samples prepared with pit water from the site.
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(a) (b) (c) (d)

(e)

Figure 3: Distribution of the soil particle structure at the macroscale andmicroscale at different magnifications: (a) 500 times magnification,
(b) 1000 times magnification, (c) 3000 times magnification, (d) 5000 times magnification, (e) and 10,000 times magnification.
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Figure 4: Continued.
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Figure 4: *ree-dimensional structural characteristics of soil sample: (a) 500 times magnification, (b) 1000 times magnification, (c) 3000
times magnification, (d) 5000 times magnification, (e) and 10,000 times magnification.
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Figure 5: Characteristics of gas water distribution of clay minerals [21].

Figure 6: Unit cell of montmorillonite.

Table 1: Atomic number and density of molecular model.

Model name Quantity of Si Quantity of O Quantity of Al Quantity of Li Quantity of H2O Density (g/cm3)
10% moisture content model

6400 20,800 4800 2800

16,000 1.47
12% moisture content model 17,500 1.50
14% moisture content model 19,000 1.53
16% moisture content model 20,500 1.58
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part is the water layer. *rough uniaxial compression
simulation of the model, the stress-strain relationship of the
molecular model is obtained, as shown in Figure 8.

3. Construction of the Microscale
Simulation Model

*e uniaxial compression test can simulate the most un-
favorable situation of material failure under the three-di-
mensional unconstrained condition of the structure, and the
deterioration of earthen sites is mostly concentrated on the
outer surface of the soil and the quasi-brittle material
(concrete damage plasticity) [24, 25]. A HITACHI S-2700
scanning electron microscope was used in this experiment,
which is composed of a vacuum electron beam emission, and
image generation systems (Figure 9). In this paper, the
analysis is based on the numerical model building method
already proposed by our group, and the specific model
building process is as follows [1].

3.1. Modeling Basis. Similarly to the analysis of the physical
and mechanical properties of ordinary buildings, we also
need to consider the microperspective in the exploration of
the relationship between microstructure and macro-
mechanical properties. Figure 3 shows the images of soil
particles under the electron microscope, within the field of
view magnified by 500 times. It is clear to see the details of
the particles, including the irregular cracks on the surface
and the shape and size of the particles. At this scale, the
particles with a diameter within 5 and 25 μm can be ob-
served, and the corresponding pore distribution and dis-
orderly arrangement of viscous particles is visible by the
accumulated materials between particles. At further in-
creased magnification from 1000 to 3000 times, the shape of
the particles is clear, but the number of particles is low; at a
magnification from 5000 to 10,000 times, the size and shape

of the particles in the microstructure begin to distort, and
lose their microscale guiding significance. *erefore, the
microscopic modeling of earthen soil is to be based on the
electron micrograph images of earthen soil at x500
magnification.

To avoid the influence of the randomness of the SEM
images on the research results, when the SEM images were
taken, on the basis of meeting the screening test level, the
area of 1mm× 1mm was shot from the left to the right and
from the bottom to the top. According to the pixel size area
of the photo taken by ×500 magnification lens, the number
of electron microscope pictures to be taken is obtained by

1 × 1
0.644 × 0.431

≈ 4 photos. (1)

*e determination and selection of a threshold is es-
sential to image binarization. Owing to the different
properties of objects and the diversity of gray changes in
various images, it is difficult for traditional binarization
methods to achieve ideal processing results. To make the
processed image consistent with the structure of the real soil
sample, the Image-Pro Plus 6.0 software (IPP, Media Cy-
bernetics, Inc., Silver Spring, MD, USA) was used to process
the SEM photos at 500× magnification [14]. To reduce the
error caused by the randomness of the calculation results
under a single threshold, the area ratio of the black and white
colors was determined by adjusting the level of the cutting
plane represented by the threshold value, based on the
porosity. *e best threshold [26] that can truly reflect the
microstructure of soil was found.

3.2. Modeling. ABAQUS software was used to construct a
rigid plate with a length of 0.644mm and a two-dimensional
geometric model of 0.644mm× 0.431mm. With the pres-
sure equipment in the rigid plate simulation test, and the

Figure 7: Initial model construction intention of soil sample.
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two-dimensional solid element was selected to provide the
section attribute. *e plane thickness of the rigid plate was
set at 0.020mm to simulate the uniaxial compression test.

*e numerical model was composed of soil particles,
pores, and cements. *e soil particles were regarded as
elastic rigid bodies [27]. *e properties of the intraparticle
cementation materials were determined by the constitutive
model of concrete damage plasticity (CDP). *e material
parameters of each phase in the numerical simulation model
were calibrated according to the specific working conditions
(Table 2).

In Table 2, Ψ is the expansion angle; ϵ is the flow po-
tential offset; fb0/fc0 is the ratio of biaxial ultimate com-
pressive strength to uniaxial ultimate compressive strength;
K is the ratio of the second stress invariant on the tensile
meridian plane to that on the compressive meridian plane;
and μ is the viscosity coefficient.

In this study, vertical displacements of 0.006, 0.009, and
0.012mm were applied to the top of the upper platen by the
displacement loading method [28]. *e friction coefficient
was selected to be μ� 0.492 [24]. After the finite-element
model was established, the X direction, Y direction, and the
rotation angle of the lower boundary of the model were set as

fixed-end constraints. CPE4R was used as the model cell
type. *e initial value of increment step size was set to 0.001,
and the minimum value was 1E−012. Figure 10 is the
electron microscope image of Zhouqiao earthen soil, Fig-
ure 11 is the uniaxial compression test model results of soil
samples with polygonal pores, and Figure 12 is the uniaxial
compression simulation model results of soil samples with
circular pores.

4. Simulation Verification and Analysis of the
Results of the Uniaxial Compression Test

Figure 13 shows the macro test and simulation results. By
comparing the results of the theoretical model and the
uniaxial compression numerical model, it is found that the
curve obtained by the simulation calculation of the polyg-
onal pore model is slightly higher than the test stress-strain
curve. *e main reason is that the simulated strength is
higher than that of the test because there are microcracks in
the real soil sample, and there are no initial cracks in the
model. *e calculation result is reasonable.

By adding a difference interval of 10 kPa to the indoor
test stress-strain curve, it can be found from Figure 13 that
the curve simulated by the circular pore model deviates
greatly from the indoor test stress-strain curve. *e circular
pore model has smooth boundary and less constraints be-
tween soil samples. With the increase of compressive load,
the displacement change is more continuous, which is one of
the reasons for the larger peak strain and smaller peak stress.
Although there is a deviation between the results of circular
pore model and indoor test results, the change law in the
early stage of curve development is basically consistent
because the elastic modulus of soil sample is consistent. And
with the increase of soil moisture content, the coincidence
degree of the result curve is also further increasing. When
the moisture content is 10%, the peak strain difference is
about 0.5%, and the peak stress difference is about 40 kpa;
When themoisture content is 16%, the peak strain difference
is about 0.2%, and the peak stress difference is about 15 kPa.

Owing to the limited space and the similarity of the
work, in this paper, we have analyzed only the results of
polygonal pore model 1 and circular pore model 5. Figure 14
represents the simulation results of model 1. Figure 15
represents the simulation results of model 5, the legend
“+” in the axial stress diagram is the tensile stress, “−” is the
compressive stress, the legend “+” in the displacement di-
agram is the positive direction of the coordinate axis and “−”
is the negative direction of the coordinate axis. As can be
seen from Figures 14(a) and 15(a), regular changes occurred
in the soil displacement; the overall displacement was altered
in a descending order. *e bottom displacement was the
smallest, whereas the upper displacement was larger. As the
bottom boundary of the model was a fixed support con-
straint, the axial load displacement at the bottom had to be
zero. In the process of uniaxial compression, the internal
displacement distribution of the test block was not balanced,
and the nonuniformity of the displacement increased with
the increase of the load. Under the continuous action of the
compression displacement, the local displacement would
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Figure 8: Stress-strain curves of molecular dynamics model.

Figure 9: HITACHI S-2700 scanning electron microscope.
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Table 2: Unified hardening model parameters.

Ψ (°) ϵ fb0/fc0 K μ
30 0.1 1.16 0.6667 0.0005

(a) (b)

(c) (d)

Figure 10: SEM image of Zhouqiao earthen soil: (a) SEM image 1, (b) SEM image 2, (c) SEM image 3, and (d) SEM image 4.

(a) (b)

Figure 11: Continued.
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change suddenly. *e pore boundary of the circular pore
model is smooth, the constraints between soil samples are
less, and the displacement change is relatively continuous.
Compared with the rubbing between soil samples and ir-
regular particles in the polygonal pore model, the dis-
placement change is affected by the irregular boundary, and
the change is uneven.*e vertical compression displacement

of the circular pore model reaches 11.44e−03mm, *e
displacement of polygonal pore model under vertical
compression is 14.606e−02mm, which is 1.28 times more
than that of circular pore model. *rough the analysis of
Figures 14(b) and 15(b), it is found that the displacement of
the left and right boundaries of the polygonal pore model is
3.392e−02mm, while the displacement of the left and right

(c) (d)

Figure 11: Simulation model of the uniaxial compression test with polygonal pores: (a) simulation model 1, (b) simulation model 2,
(c) simulation model 3, and (d) simulation model 4.

(a) (b)

(c) (d)

Figure 12: Simulation model of the uniaxial compression test with circular pores: (a) simulation model 5, (b) simulation model 6,
(c) simulation model 7, and (d) simulation model 8.
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boundaries of the circular pore model is 4.266e−02mm,
which is 1.26 times more than that of the left and right
boundaries of the polygonal pore model. With the increase
of compressive load, the polygonal pore model is prone to
stress concentration around the pores due to the irregular
pore boundary. *e maximum stress of the model is
3.027e−02 kPa, while the maximum stress of the circular
pore model is 1.867e−02 kPa. Finally, the macroscopic re-
sponse in Figure 13 is that the stress-strain curves of the
circular pore model are smaller than those of the polygonal
pore model.

Based on the results of the analysis of Figures 14(d) and
15(d), it can be concluded that the damage of the specimen
begins to initiate and started at both ends of the bottom of
the specimen. At this time, the internal cohesion of the soil
facilitated the recovery from the deformation of the speci-
men recover, and there is, with no cracks on its surface of the
specimen.With the increase of the compression load, a small
number of microcracks appeared in the soil matrix, resulting
in irrecoverable deformation. With the further expansion
and aggregation of damage microcracks, the microcracks do
not develop in a single way, but propagate microcrack
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Figure 13: Stress-strain curves of macroscopic test and simulation: (a) moisture content 10%, (b) moisture content 12%, (c) moisture
content 14%, and (d) moisture content 16%.
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Figure 14: Model 1 simulation results: (a) displacement diagram in U2 direction, (b) displacement diagram in U1 direction, (c) axial stress
diagram, and (d) damage diagram.
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Figure 15: Model 5 simulation results: (a) displacement diagram in U2 direction, (b) displacement diagram in U1 direction, (c) axial stress
diagram, and (d) damage diagram.
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damages, they were simultaneously propagated along the
whole section of the soil particle edge at the same time.
Moreover, the damaged part of the circular pore model
mostly appears between the pores, while the damaged part of
the polygonal pore model not only exists between the pores
but also extends to the interior of the soil sample.

5. Conclusion

*e nanostructure model of site soil composed of many
atoms was established by molecular dynamics method. *e
stress-strain relationship of different moisture content was
obtained by uniaxial compression simulation. Based on the
500-fold magnified electron micrograph image and the
image reconstruction method, we constructed a micromodel
composed of particles, cements, and pores. *e stress-strain
relationship of different moisture contents of earthen soil
was obtained by the displacement loading method, and the
results were compared with those of the macro test. *e
mechanical microproperties of the cemented particles were
analyzed. *e aim of this study was to establish an effective
method for the assessment of the safety and surface dete-
rioration of earthen sites, which would provide a basis for
follow-up research on the deterioration of earthen sites.
Considering the obtained results, we can conclude that our
work has met the needs and purposes of the scientific
project, and a foundation has been laid for next step analysis
of the deterioration effect of the environment on earthen
sites and their safety evaluation. *e following main con-
clusions have been drawn:

(1) Based on molecular dynamics simulation method, a
nano structure model of Zhouqiao earthen soil
composed of Si, O, Al, H, and Li atoms is established,
in which water and soil are distributed in layers. By
analyzing the mechanical properties of Zhouqiao
earthen soil, the stress-strain relationship of site
granular materials with different moisture content at
nanoscale is obtained.

(2) According to the cementation characteristics of the
earthen soil, it was divided into a three-phase
structure composed of soil particles and pores. *e
shape, size, and distribution of particles were de-
termined by SEM image reconstruction, and a mi-
cro-finite-element model reflecting real soil
properties was established.

(3) *rough uniaxial compression tests of the micro-
finite-element model, we found that the displace-
ment of the left and right boundaries of the circular
pore model is 1.26 times more than that of the
polygonal pore model, and the displacement of the
polygonal pore model in vertical compression is 1.28
times more than that of the circular pore model. *e
simulated curve of the polygonal pore model is
consistent with the test stress-strain curve, which can
better reflect the change of the microstructure of the
soil sample under load. *ere is a deviation between
the results of the circular pore model and the indoor
test results, but comparing the simulation results of

different water content, it is found that the coinci-
dence degree of the result curve is further increasing
with the increase of the water content of the soil
sample.

(4) By comparison, we found that the results of the
numerical analysis were in good agreement with the
results of the macrotest stress-strain curves, which
indicates that the research ideas and methods in this
work are feasible. We have also established a new
method for difficult indoor sampling.
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+is paper proposes a new flexible connector for the autoclaved lightweight concrete (ALC) panel with the steel beam. It is a
universal upper and lower crossing connector, with load-bearing and limitation holes; then, the seismic capacity of this connector
is investigated in the simulations and full-scale tests. Firstly, the finite element simulations of the new connector and traditional
connector (L-hooked bolt) were made by ABAQUS, which proved the reliability of the new connector by comparing them in low-
cyclic loading. Secondly, in order to analyze the phenomenon and data of the two connectors which are in the same test conditions
of simulation, the full-scale tests of the steel frame were conducted. +e damage of the ALC panel at different connectors and at
different test load displacements is described in detail. +e contribution of the connectors to the steel frame and the ALC panel is
investigated in depth during the elastic, elastoplastic, and plastic stages of the steel frames. +e test result is similar to the
simulation result roughly, in which the new connector has better seismic capability. In minor earthquakes, the ALC panel frame
with the new connector has better synergistic capacity of panels, while in large earthquakes, it can provide certain stiffness to the
structure. Compared with the L-hooked bolt, the maximum bearing capacity of the structure with the new connector increases by
5.2%, and the yield displacement delays by 27.5%, which results in the increase of ductility by 9.8%. In terms of energy con-
sumption capacity, the equivalent damping factor of the new connector increases by 10.2% and 35.3% at the yield and ultimate
state, respectively. +e FEM simulation results can represent the actual test results well. To summarize, the new ALC panel
connector in this paper has excellent seismic capacity and good synergistic, which can provide a reference for the development and
application of new types of the ALC connector.

1. Introduction

Along with rising housing demand as a result of growing
urbanization, prefabricated building is thought to be a cost-
effective and environment-friendly way to address this
problem [1–3]. Steel structure is currently one of the main
choices for the development of prefabricated buildings, and
the enclosure system is a critical component of the pre-
fabricated structure, and its capabilities have a direct impact
on the building’s overall capacity [4]. In prefabricated steel
structures, autoclaved lightweight concrete (ALC) has been
proposed for application in building enclosure systems. ALC
allows for a reasonable reduction in enclosure weight due to

the prefabricated system’s light self-weight, as well as an
increase in assembly and transportation efficiency [5]. ALC
panel is a new type of panel that merges lightweight panel
technology and concrete block technology, which is formed
by high temperature, high pressure, and steam curing using a
specific technique [6]. In nonstructural applications, al-
though the recycled aggregate concrete (RAC) has better
compressive strength [7], the ALC meets specifications and
has higher productivity [8]. In comparison to typical solid
clay bricks and hollow clay bricks, ALC panels have a low
gravity and resistance of fire and seepage, which provide
superior construction physical capacity. Although double-
skin façade (DSF) and AAC block panels can have these
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advantages better, they are not as easy to construct as ALC
panels [9–11]. Currently, research on ALC panels is mostly
focused on the improvement of the stiffness, seismic re-
sistance, and energy consumption of the whole building
structure [12]. In terms of simulation, Qu et al. [13] con-
ducted structural testing and numerical modeling on four
ALC panels, and the test panel was simulated using finite
element software. By using numerical modeling, Matteis and
Landolfo [14] researched the seismic reaction and assessed
the hysteretic capacity and energy dissipation capacity of a
steel frame structure wrapped in the light wall panel. In
terms of test, Yang et al. [15] investigated the hysteresis
capacity of the hinged steel frames with embedded ALC
panels and found that the hysteresis capacity of the panels
connected by the tube connector is better than the
U-connector, although both of them have good synergistic
capacity. Wang et al. [16] studied repeated low-cycle loading
tests on ALC panels and block-filled CFST frame structures
in order to determine the effect of U-shaped steel clips,
L-hooked bolts, swinging connectors, and angle steel on the
seismic capacity of panels. For determining the displacement
ductility of ALC panels, Zhang et al. [17] conducted four-
point loading experiments on six ALC external panels and
three roof panels. Gou et al. [18] expounded the construction
process, installation and operation points, material and
equipment input, the quality control, and other aspects of
the ALC panel, according to engineering examples on-site.
Among the prefabricated ALC panel building structures,
cladding and embedding are the most common connectors
between prefabricated external wall panels and the main
structure [19]. Not only should the structure be securely
connected when the panel and frame cladding connector are
used but the deformation of the two components should also
be coordinated under a variety of impacts [20]. If the
connector is damaged during an earthquake, the panel
would collapse which means it would cause secondary ac-
cidents [21]. +ere are few studies on the connector of
cladding panels in China, and the most commonly used
connector is the L-hooked bolt on-site. Although the
L-hooked bolt has a high bearing capacity when the structure
is in obvious displacement, it would crack especially in
mortar joints just under slight seismic load, which would
make the whole structure of heat insulation and thermal
insulation drop drastically [22, 23].

Based on these achievements, a NALC connector, which
requires secondary special cement pouring, was invented
and used in its own research of NALC panel by Nanjing
Xujian Company [24]. +is type of connector could increase
the time of wet work and reduce the efficiency of assembly
work because it needs to be poured twice on-site. In order to
improve the external ALC panel connector, Cao et al. [25]
developed an embedded ALC connector that consists of
embedded components, stiffening plate, and steel angle.
Although the embedded connector partially solves for the
L-hooked bolt connector problem, its construction is
complicated and expensive. ALC panels require high-tem-
perature and high-pressure manufacturing, which can de-
flect or deform the preburied parts so that they could not set
up on-site. In addition, transportation may also cause

damage to the embedded ALC panels [26, 27]. Bai proposed
a flexible ALC panel connector, while the connector is much
complicated because it is divided into different shapes of
above and below [28].

To solve these problems, a new connector was proposed
based on previous works, named crossing ALC panel
connector. Instead of being hooked by a traditional
L-hooked bolt, the ALC panel is supported from the bottom
by a new connector. Additionally, the limitation hole is
designed to resisting seismic loads which can achieve a
flexible connector of panels, steel beams, and columns. +e
limitation hole can also increase the part of freedom during
installation. +is connector has the following advantages:
beyond wet work, simple design, quick assembling, and great
seismic capacity. To ensure the connector’s reliability, the
simulations and low-cyclic reversed load tests were taken by
using ABAQUS and full-scale steel of low-cyclic reversed
load, respectively. According to the investigation, the new
crossing connector offers a comprehensive range of func-
tions, which could replace the traditional L-hooked bolt for
steel constructions.

+e remainder of this paper is organized as follows: in
Section 2, the design details of the new connector, the
conditions for building the finite element model, and the
simulation results are presented. Section 3 introduces the
test details including the assembling process, material
properties’ test, test device, and loading system. Section 4
provides the test results including the detailed phenomenon
and the hysteresis curves of each specimen. As for Section 5,
the seismic capacity of the new connector and traditional
L-hooked bolt is analyzed in depth. Finally, Section 6
summarizes and concludes the content of the full work.

2. Design and Simulation

2.1. Connector Design. When the building structure un-
dergoes a significant lateral shift, the damage of the ALC
panel can be decreased proportionally to its sway caused by
the connector. As a result, a new connector was designed to
interconnect the ALC panel and steel frame, named the
crossing ALC panel connector. +e new integral structural
system can be coordinated well in response to resisting or
dissipating external forces by connector deformation (in-
ternal displacement of bolts) and maintain the stability and
integrity of the whole wall system. It can ensure that the
whole wall does not crack under high-frequency low-level
earthquakes (small interstory displacement deformation). It
can also provide certain stiffness to the structure in the large
earthquake.+is can also increase the part of freedom during
assembling and can avoid some problems that cannot be set
up due to inconsistent accuracy and transportation colli-
sions. +is connector with good aseismatic behavior can
easily achieve the antiseismic design principles, named
“strong joint-weak member.” [29]

+e new crossing ALC panel connector is a cross-shaped
connector composed of load-bearing and restriction holes. It
consists of the following components: I-beam, ALC panel,
cross-shaped connector, bolt, and nut. To facilitate instal-
lation, a slotted hole is opened in the upper part of the
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connector to serve the lower load-bearing node for the upper
exterior wall panel, bearing the vertical, outward horizontal,
and inward horizontal loads of the upper exterior wall panel; a
long circular hole is opened in the lower part of the connector
in the horizontal direction (limitation hole), with a hole di-
ameter slightly larger than the diameter of the bolt; the type of
upper bolt hole is long circle. Both upper and lower con-
nectors can bear the weight and limit the slip, but the lower
node completely limits the slip in the horizontal direction. It is
possible for the panel and the central structure to generate
followership. +e ALC panel connector is shown in Figure 1.

2.2. Finite ElementAnalysisModels. ABAQUS finite element
analysis software was used to analyze the capacity of the new
connector by comparing with the traditional L-hooked bolt
[30]. +e length of the L-hooked bolt was 200mm, and the
specification was M12. Q235 and Q345 grade hot-rolled
H-beams were selected.+e steel beam length was 3800mm,
and its size was HM 244mm× 175mm× 7mm× 11mm.
Steel column height was 3888mm; its size was HW
200mm× 200mm× 8mm× 12mm. +e dimensions of the
ALC panel were 3000mm× 600mm× 200mm. Two models
are exhibited in Figure 2 consisting of five ALC panels with
five sets of traditional L-hooked bolt and new panel con-
nector, respectively.

+e ALC, connector, and steel beam used C3D8R
hexahedral linear reduction integral solid elements, and the
reinforcement used T3D2 linear truss elements [31, 32]. +e
grids at the connectors and hole of the ALC panel were
refined, while the rest of the grids were sparse. +e ALC
panel was made of ALC and reinforcement which used the
plastic damage model. +e connector used Q345B, and the
steel beam and column used Q235B [33]. A3.5B05 standard
was chosen for the ALC panel. An elastoplastic constitutive
model of ALC panel was used according to previous studies
[34, 35], shown in Figure 3.

All welding processes were replaced by the “Tie” con-
straint (between beams and columns, between connectors
and beams, etc.). By considering the relationship between
reinforcement and concrete, the embed command (built-in
command) was used to embed the reinforcement directly
into ALC panels [36]. Because ALC is only about 1/8–1/10 of
the strength of ordinary concrete, it is easy to crush and
make the friction effect smaller. +erefore, the principle that
the maximum static friction coefficient and sliding friction
coefficient are approximately equal is adopted. To simulate
real contact, the method of defining friction coefficients by
tangential characteristics is used. +e contact surfaces be-
tween the connectors, bolt, and panel were set to hard
contact. +e friction coefficient μ1 between the connector
and ALC panel is taken as 0.2, and the friction coefficient μ2
between the panel and panel of ALC is taken as 0.3 [37].

+e coupling point was constrained and loaded in ac-
cordance with the boundary conditions of some research
studies, which included displacement constraints in the
x- and z-directions (uy � uz � 0) and rotation constraints in
the x- and z-directions (x� y� z� 0) on the top of the
column, as well as rotation constraints in the x- and

z-directions (x� y� z� 0) on the bottom of the column. In
addition to the displacement restriction at the bottom of the
column (ux � uy � uz � 0), it was a rotation constraint in the
x- and z-directions (x� y� z� 0).+e pretightening force for
the 10 connector bolts was determined by 1 kN bolt pre-
tension force. A vertical axial compressive force was im-
posed at the opposite side of the contact surface between the
steel column and beam.+is force was cyclic load which was
applied at the coupling point, shown in Figure 4. +e load
was controlled by the displacement angle, where the max-
imum displacement was 130mm.+ree turns were loaded at
each stage before 30mm, and two turns were loaded at each
stage afterwards (since 40mm stage) [38].

2.3. Result of the Finite Element Simulation. According to the
simulation results, it can be seen that the two connectors
have a similar trend under displacement loading (±135mm
maximum), both experiencing elastic and yielding stages.
From force-displacement hysteric curves (Figure 5(a)), the
hysteresis loop of the new connector (FEM2) covered the
hysteresis loop of the L-hooked bolt (FEM1), indicating that
the energy dissipation capacity of new connectors was better.
Meanwhile, the new connector (169.95 kN) has the better
load capacity than the L-hooked bolt (189.33 kN) according
to the skeleton curves (Figure 5(b)) which increases by 11.4%
averagely. To further confirm the function of the new
connector, full-sized tests are necessary.

3. Details of Test Research

3.1. Test Design. Full-sized steel frames were used for the
low-cyclic reversed load test. According to the standard of
residential building height, column span, beam, and column
section size, the final design is a single span flat steel frame
which is 3888mm storey height and 3800mm storey width,
which was the same as the size and material of finite element
analysis models in Section 2.+e wall was made of 5 external
ALC panels, and the seams of the panels were made of ALC
panels’ special patchwork binder. All specimens are pre-
fabricated at the factory according to dimensional re-
quirements. In this test, there are two sets of specimens to
connect the panel and the main frame, respectively, and
specimens are shown in Figure 6.

After all the specimens were produced and maintained,
they were delivered and assembled on the test site. +e setup
process and overview of test specimens are shown in Fig-
ures 7 and 8.

3.2. Test Facility and Setup. +e test utilizes an American
MTS servo loading system with a 500mm actuator dis-
placement stroke. A quasi-static loading strategy was used in
this test: a horizontal low-cycle reciprocating load was given
to the column’s top panel, and the column’s top panel was
coupled to the hydraulic servo actuator. Figure 9 illustrates
the test facility.

As shown in Figure 10, the test loading device includes
an electrohydraulic servo loading system, hydraulic jack,
hydraulic actuator, connecting rod, anchor bolt, and

Advances in Materials Science and Engineering 3



reaction frame. +e electrohydraulic servo loading system is
attached to the actuator for the loading test.

3.3. Material Properties. Six ALC cube test blocks measured
100mm× 100mm× 100mm and three ALC rectangular test
blocks measured 100mm× 100mm× 300mm [39] were
poured under the same conditions as stated in Figure 11.
Steel coupons were cut from steel tubes and sheets and tested
for tensile strength, modulus of elasticity, and breaking

elongation by using the universal testing machine, as shown
in Figure 12. +e result of steel material tests is summarized
in Table 1, and the mechanical ALC panel is shown in
Table 2, which shows few differences of material properties
of the test and simulation.

3.4. Loading System of the Test. +e loading protocol for the
tests is FEMA 461 [40], in which the displacement-con-
trolled method was employed for 0.5mm/s low rate loading.
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Figure 7: Assembling process. (a) Construction of the steel frame. (b) Welding steel angle on the beam. (c) Hole drilling on the ALC panel.
(d) Panels were assembled orderly. (e) Bolts were connected to the connectors. (f ) Filling special patchwork binder. (g) MTS device was
connected to the column.

L-hooked bolt

(a)

Crossing panel connector

(b)

Figure 8: Overview of the test specimens. (a) FW1. (b) FW2.

(a) (b)

Figure 6: Test specimens. (a) L-hooked bolt (FW1). (b) Crossing ALC panel connector (FW2).
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+e push-down is positive, whereas the pull-up is negative.
Before 60mm, displacement was applied three times for each
displacement. After 60mm, displacement was applied twice
for each. +is test was preloaded with 2mm and loaded for
three rotations to confirm that both the steel frame loading
version and the booster’s splice gap were properly adjusted
[38]. +e displacement load is identical to the size and
material of the finite element analysis models described in
Section 2, as shown in Figure 13.

4. Test Results

4.1. Specimen FW1. Specimen FW1 was a traditional
L-hooked bolt used to rigidly connect the external ALC
panel to the steel frame. When the displacement load
reached the 6mm stage, cracks in the joint mortar at the
bottom of the No. 1 and No. 2 panel joints emerged. In the
10–12mm stage, little chunks of ALC panels fell off con-
tinuously. When load achieved the 15mm stage, there was
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Figure 9: Schematic of test working conditions.
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Figure 10: Photograph of the test devices. (a) MTS servo loading system. (b) +e actuator of MTS with the column.

Figure 11: Test ALC blocks and steel coupons.

Advances in Materials Science and Engineering 7



visible dislocation between the panels which had fallen off
the patchwork joints, as illustrated in Figure 14(a). Angle
steel welds on the upper portion of the No. 2 panel failed
when the displacement was in the 60mm stage, as shown in
Figure 14(b), and the L-hooked bolt hole started cracking.
+erefore, when the displacement reached the 75mm stage,
the L-hooked bolt hole under the No. 3 panel developed a
large crack. Besides, under No. 4 and No. 5 panels, the
corners of each panel came away from the L-hooked bolt
holes, revealing extensive fissures at bolt holes. Meanwhile,
the holes of bolts began to expand, and the bolt swings with
the steel angle as the displacement is applied as shown in
Figures 14(c) and 14(d). When the displacement reached

90mm, the welds of the left upper beam-column joints were
fractured by loud sound, as shown in Figure 14(e). When it
reached the 120mm stage, the large areas of damage in the
corners fell off, until it reached 135mm, where several welds
fractured as shown in Figure 14(f ).

4.2. Specimen FW2. Specimen FW2 is the new connector
(crossing ALC panel connector). When the displacement
reached the 30mm stage, the friction sound between the
enclosure reinforcement and the end panel became audible.
+e frame and panel are unchanged, and only the bolts at the
upper panel connector have dropped into their bolt holes,

Figure 12: Universal testing machine.

Table 1: Material properties of steel.

Specimen Sectional dimension (mm) +ickness (mm) Yield stress (MPa) Ultimate stress (MPa) Elongation stress (%)

Beam (HM) Flange 244×175× 7×11 11 263.4 401.6 25.2
Web 7 275.3 411.3 22.3

Column (HW) Flange 200× 200× 8×12 12 289.5 435.4 24.7
Web 8 278.2 409.8 20.8

Connector Q345 — 10 376.6 510.1 19.6

Table 2: Material properties of the ALC panel.

Specimen Dimension (mm) Measured compressive strength (MPa) Elastic modulus (GPa)
Sac1 100×100×100 3.89
Sac2 100×100×100 2.97
Sac3 100×100×100 3.26
Sac4 100×100×100 3.78
Sac5 100×100×100 3.96
Sac6 100×100×100 3.49
Average 3.56
Sae1 100×100× 300 1640
Sae2 100×100× 300 1880
Sae3 100×100× 300 1790
Average 1770
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Figure 14: Test results of FW1. (a) Obvious dislocation between panels. (b) Angle steel weld fractured. (c) Extended cracks at bolt holes.
(d) +e broken phenomenon of the panel angle. (e) Weld fractured. (f ) Large areas of damage in each panel corner.
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indicating that the junction follower performance is quite
good, as illustrated in Figure 15(a). When arrived 40mm,
small pieces of debris came off, and the corner of the panel
behind panel No. 5 was broken.When loading to 60mm, the
splicing mortar between No. 1 and No. 2 panels was broken,
cracks appeared in the lower left panel corner of No. 1 panel,
cracks appeared in the corner of No. 2 panel, and the relative
movement between No. 1 and No. 2 panels could be seen.
When loading to 75mm, cracks appeared at the upper bolt
holes of No. 2 and No. 3 panels, and the lower node of the
second panel was loose, and obvious panel dislocation could
be seen, as illustrated in Figure 15(b). When it arrived at
90mm, the mortar of the joints collapsed in panels, and the
corner of the back of the No. 1 panel was broken off, as
shown in Figure 15(c). When loaded to 105mm, the back
corner of panel No. 3 was broken off, and the weld at the
upper left beam-column node was chipped, as demonstrated
in Figure 15(d). When loaded to the 120mm stage, all the
mortar of the joints of each panel was broken off, the weld at
the upper left beam-column node was chipped, and the
upper corner of panel No. 5 was broken off, as presented in
Figure 15(e). When loaded to 135mm, the back of panel No.
4 was diagonally cracked.

4.3. Load (Force)-Displacement Hysteretic Behavior.
Figure 16 illustrates the cyclic response curves (hysteretic
curves) obtained from the traditional L-hooked bolt and
crossing panel connector (FW1 and FW2), respectively. As
the displacement of the column end increases, the overall
stiffness and strength of FW1 at the same amount of loading
degrade, and the same process occurs in FW2, though to a
lesser extent.+is is primarily due to that the frame gradually
transitions from the elastic to the elastic-plastic and plastic
stages, as well as mortal splitting between ALC panels or
blocks, cracking or crushing on the ALC panels’ plastic
deformation, and welding fracture at the beam-to-column
and wall-to-frame connectors, all of which result in the
destroying of the composite frame.

Two different types of ALC panel-connected frames have
inverse S-shaped hysteresis curves. +e area of FW2 is larger
than that of FW1, which means the new connector has the
better energy dissipation than the traditional L-hooked bolt.
It further illustrates the excellent capacity of the new con-
nector for steel frames. At the same late-stage displacement
level, the new connector group (FW2) has a better bearing
capacity than the L-hooked bolt group (FW1). Furthermore,
specimen FW1 is shown to be more brittle than FW2 in
terms of test phenomena and hysteretic behavior. +is is
because of the weld between the L-hooked bolt group (FW1)
fractures at the 60–75mm stage, resulting in a loss of
stiffness and load-carrying ability after 75mm, despite the
fact that its load-carrying capacity is previously greater than
that of the other groups. In comparison, FW2 absorbs energy
during the early stage (before 30mm) and provides the
frame with increasing load capacity during the later stage
due to the restricted displacement of the slip on the limi-
tation hole.

5. Experimental Results’ Analysis
and Discussion

5.1. Skeleton Curves. Figure 17 shows the skeleton curves of
the test connector specimens. +e horizontal load-dis-
placement skeleton curves for the tested specimens are
produced by linking the maximum load point at each dis-
placement level to the load-displacement hysteretic curves.
+ree stages of elasticity, elastomer-plasticity, and damage
are observed on two specimens. +e skeleton curves are
approximately S-shaped, and the deterioration in stiffness is
more apparent.+e characteristic parameters of the skeleton
curves are presented in Table 3, which indicates that the
average of maximum force load-bearing capabilities in the
positive and negative loading directions is 163.54 kN and
171.97 kN for FW1 and FW2, respectively. +e maximum
force load-bearing capacities of FW2 increase slightly by
5.2%, compared to FW1. However, it is much obvious in the
positive loading direction (9.8% increasing). +e calculation
diagram of the yield point and the ultimate point is shown in
Figure 18 in which they are determined by the Park method
[41]. +e yield load factor is 0.75, and these points can be
determined according to the sequence of numbers shown in
Figure 18 [34]. As for average of yield force bearing capa-
bility, FW2 (161.12 kN) is larger than FW1 (141.47 kN) by
13.9%. +e average yield point delays hugely, 54.88mm for
FW1 to 69.98mm for FW2 (27.5% delay).

At the early period (5mm–40mm stage), the tendency
of the two skeleton curves is almost identical, with FW1
being larger than FW2, indicating that both specimens are
in the elastic stage. However, because the bolt of FW2
connectors slipped into the limitation holes under loading,
their load capacity and stiffness would be lower than the
L-hooked bolt (FW1), indicating that the new connector
(FW2) has great energy dissipation. +e fact that the partial
stiffness of the new connector (FW2) is only obtained
during the intermediate stage of the test (40mm–75mm
stage) indicated that the displacement of the new connector
bolt at the limitation hole has reached its limitation. It is
because the rigid connector of FW1 enters the yield stage
first, and the rise in load-carrying capacity of FW1 becomes
flat as FW2 exceeds the displacement loading. At this point,
the new connector (FW2) begins to obtain more stiffness to
the frame, hence increasing the frame’s load capacity. Each
specimen is in the yield stage during the 75mm–90mm
stage. +e curve of FW1 swings abruptly and then rapidly
decreases which is significantly less than FW2. It is because
the weld between the L-hooked bolt (FW1) and angle steel
is broken at the 75mm stage so that the FW1 connector
type becomes much flexible, and the stiffness of frame
contribution decreases rapidly. +e bearing capacity of the
L-hooked bolt reaches its maximum and enters the damage
phase immediately, and the maximum value is obviously
less than the scenario with FW2. +en, at the
105mm–135mm stage, the overall frame’s load capacity
decreases with the gradual increase of the load, so both
skeleton curves of test groups decrease, in which FW1
declines more obviously.

10 Advances in Materials Science and Engineering
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(e)

Figure 15: Test results of FW2. (a) Upper connector slipped within the bolt hole. (b) Cracks appeared at the upper bolt holes. (c) Corner of
the panel back was broken off. (d) Weld of the beam-column node was chipped. (e) Corner and all mortar of joints were broken.
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Figure 16: Load (force)-displacement hysteric curves of specimens. (a) Specimen FW1. (b) Specimen FW2.
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5.2. Ductility Coefficient. +e high ductile structure has a
high capacity for plastic deformation, whichmay prevent the
emergence of brittle collapse and provide more time for
people to try to hide or escape in the event of an earthquake
or other accidents [42]. As a result, ductility is absolutely
essential in seismic design. In this paper, Park’s method is
used to find the yield point in the skeleton curve. +e

ductility coefficient (μ�Δu/Δy) of the test wall specimens in
the positive and negative loading directions is shown in
Table 4. +e ductility is defined as the ratio of the ultimate
displacement (Δu is the corresponding displacement when
the lateral load value decreases to 85% of the load-bearing
capacity or when the structural member is broken) to the
yielding load displacement (Δy is the displacement when the
structure first yields) on the ascending branch.

In Table 3, the 75mm point is taken as the ultimate point
of FW1 because the weld (between the L-hooked bolt and the
angle steel) was fractured during the loading to ±75mm
stage. As for FW2, 105mm is taken as the ultimate point
because the new connector was fractured at the beam-col-
umn weld of the new connector during the ±105mm stage.
Each ductility coefficient of specimens in the positive and
negative loading directions is calculated. It can be seen from
the average values of specimens that the ductility coefficient
of FW2 is larger than that of FW1 by 8.9%. It shows that the
new connector has better ductility contribution to the
structure.

5.3. StiffnessDegradation. +e stiffness degradation factor of
specimens versus displacement is described in Figure 19 to
illustrate the stiffness deterioration. +e stiffness degrada-
tion coefficient (Kj) is as follows [43]:
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Figure 17: Skeleton curves of specimens FW1 and FW2.

Table 3: Skeleton curves of specimens.

Specimen Direction
Yielding point Peak point Ultimate point

Py (kN) Δy (mm) Pm (kN) Δm (mm) Pu (kN) Δu (mm)

FW1
Push (+) 155.12 55.8 169.20 75.0 169.20
Pull (−) 127.82 54.0 157.89 135.0 121.85
Average 141.47 54.9 163.55 105.0 145.53 75.0

FW2
Push (+) 174.58 69.9 185.78 90.0 174.45
Pull (−) 147.74 70.1 158.15 105.0 157.64
Average 161.16 70.0 171.97 97.5 166.05 105.0

Yielding point (Py) Peak point (Pm)

Pm
Pu
Py

0.75Pm

Force (P)

Displacement (Δ)

Δy Δm Δu
o

Ultimate point* (Pu)

Figure 18: Schematic diagram of the method to determine
characteristic points.
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where Pi
j and ui

j indicate the maximum load and dis-
placement, respectively, during the ith loading cycle when
the displacement equals j. +e number of loading cycles in
each loading cycle is defined by n.

As expected, stiffness of FW1 reduces significantly as
lateral displacement increases. From the initial stiffness, it
can be seen that FW1 (4.16 kN/mm average) is much larger
than FW2 (2.50 kN/mm average) because the new joint is
typically a flexible joint as its bolt swung in the limitation
hole of the connector (which was consuming energy) during
the early period. +erefore, the initial stiffness of FW2 is
smaller, compared to the rigid joint of the traditional
L-hooked bolt of FW1. In the 40mm stage, the stiffness
deterioration of FW2 appears to increase temporarily as the
bolt of the new connector approached its limitation hole.
+en, during 60–90mm, the stiffness deterioration of FW1
falls significantly, while FW2 remains reasonably stable and
exceeds FW1 at 60mm, as illustrated in Figure 16. +e
averages of the two stiffness degradations following the
elastic stage (75mm) are 2.15 and 2.38, respectively, in which
FW2 improves 10.6% compared to the traditional L-hooked
bolt (FW1).

5.4. Energy Dissipation. +e energy dissipation capacity of
the structure in this test is measured by the area of force to
displacement enclosed. +e capacity of structural energy
dissipation is directly proportional to the area of the

hysteresis loop. +e more the energy is dissipated by a
structure, the safer and less is affected. +e equivalent
damping factor (ξe) was defined by the following equation
[44]:

ξe �
1
2π

·
SABC + SCDA

SOBE + SODF
, (2)

where SABC + SCDA is the area enclosed by the hysteresis
curve and SOBE + SODF is the sum of the areas of the two
triangles, as shown in Figure 20.

+e equivalent damping factor (ξe) versus the dis-
placement relationship of specimens is shown in Figure 21.
+e trend of the FW1 curves is that ξe reduces rapidly during
the 0–10mm and then increases rapidly (after 10mm). +is
indicates that the ALC panel is compressed by the L-hooked
bolt, and the hole becomes larger. As for FW2, it raises
quickly in the 0–40mm stage because the bolts of the new
connectors are dissipating energy by sliding in the limitation
holes. +en, it declines slowly after 40mm and raises after
60mm rapidly because when the bolt reaches its limitation
hole, the panels start to be compressed. At the displacement
less than 60mm, ξe of FW2 is larger than that of FW1.
Subsequently, FW1 is slightly larger than FW2 because of the
broken weld joints and the part of damage of the ALC panel.
+en, it is overtaken by them after 80mm because of the
partial destruction of the ALC panel of FW2. However, FW2
is overtaken by FW1 at the 130mm stage because almost
every weld of FW1 is broken, making the connector com-
pletely flexible, while the new connector is working stably.
+e equivalent damping factor (ξe) of the new connector
(FW2) is obviously larger than the L-hooked bolt one (FW1)

Table 4: Ductility coefficient of specimens.

Specimen Push (+) Pull (−) Average
FW1 1.345 1.389 1.367
FW2 1.502 1.500 1.501
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Figure 19: Comparing stiffness degradation of specimens FW1 and FW2.
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at the ultimate limit stage. At the yield state, the equivalent
damping factor of FW2 increases by 10.2%, compared to
FW1. As for the ultimate state, FW2 increases by 35.3%. +e
energy dissipation parameters of specimens at the yield and
ultimate state are shown in Table 5. Generally, the frame with
new connectors with the ALC panel has good dissipated
energy capacity.

5.5. Verification of Finite Element Results. +e simulation
results of ABAQUS are validated by comparing them to the
test data, as shown in Figures 22–24. Specifically, the hys-
teresis curve and skeleton curve results indicate that the
positive directions are nearly similar, the ABAQUS simu-
lation trend is generally similar with the trend of the test, and
the initial stiffness of the simulation results is slightly greater
than that of the test results. Additionally, the test hysteresis

curve’s “pinch” effect is more significant than the simulation
results. It is because the slipping of the ground beam occur
during large displacement loading in test. +e FEM sim-
plifies the complex boundary conditions in the experiment
(slippage of the ground beam, small gaps between speci-
mens, etc.) [36]. Moreover, the steel mesh slippage on the
ALC panel was not considered. However, all of the above
differences are within a reasonable range [45]. As a result,

Table 5: Energy dissipation parameters of specimens at the yield
and ultimate state.

Specimen
Yielding point Ultimate point
Δy (mm) ξe,y Δu (mm) ξe,u

FW1 54.88 0.05619 75 0.07564
FW2 69.98 0.06171 105 0.10232
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Figure 20: +e dissipation capacity area.
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Figure 21: +e equivalent damping factor (ξe) of specimens.
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Figure 22: Comparing test observations and finite element simulation. (a) L-hooked bolt. (b) New crossing ALC panel.
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Figure 23: Comparing force-displacement hysteric of specimens in the test and simulation. (a) L-hooked bolt. (b) New crossing ALC panel.
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the finite element model and analysis method could accu-
rately reflect the structure’s seismic capacity of the new ALC
panel connector and L-hooked bolt.

6. Conclusion

In this paper, a new flexible ALC panel connector is invented
for solving construction problems. +e FEMs were estab-
lished, and the full-scale tests in low-cyclic loading were
carried out. It has better seismic and synergistic capacities of
panels, especially in the small earthquakes (cracks occur late).
In the large earthquake, it can also provide certain stiffness to
the structure. +e new crossing connector has a wide range of
applications, which can replace traditional connectors for
steel buildings. +e results are shown as follows:

(1) +e new connector has better seismic capability. Its
synergistic capacity is better as the occurrence of
cracks in the wall of the ALC panel of the new
connector is much later than the L-hooked bolt. By
comparing the L-hooked bolt, the maximum bearing
capability of the structure of the new connector
increases by 5%, the yield bearing capability in-
creases by 13.9%, and the yield displacement delays
by 27.5%, resulting in the ductility increasing by
9.8%.

(2) +e new connector worked stably in the full-scale low-
cyclic loading test, while the weld of the traditional
L-hooked bolt was fractured at the 75mm stage. After
the new connector reaches its limitation of the lim-
itation hole, the maximum load capacity of the frame
increases by 5.2% compared with the L-hooked bolt.
+e damage pattern is the same for both specimens.
+e joint of panels is the first to be damaged, followed
by the hole and corner of the ALC panel.

(3) Although the L-hooked bolt has relatively larger
initial stiffness, its stiffness degradation rate is larger
than the new connector and decreases by 10.6% in
the elastic stage, benefitting from the design of the
limitation hole of the new flexible connector, which
makes the structure’s energy consumption capacity
rise significantly. +e equivalent damping factor of
the new connector increases by 10.2% and 35.3% at
the yield and ultimate state each.

(4) +e result of the finite element simulation is similar
with the test roughly, and the crossing connector has
better seismic capability. +e test hysteresis curve’s
“pinch” effect is more significant than the simulation
results, which is in reasonable range. +is finite ele-
ment model by ABAQUS can simulate the new
connector and L-hooked bolt in structures accurately,
and the results of FEMs have reference value.
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Figure 24: Comparing skeleton curves of specimens in the test and simulation. (a) L-hooked bolt. (b) New crossing ALC panel.
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Numerous works are reported in literature regarding the enhancement of compressive strength of fly ash-GGBS geopolymer
combinations with addition of alkali activators of varying concentrations. However, a limited study has been chronicled, revealing
the specific role of alkali or alkaline earth contributed by the fly ash-GGBS combinations on the compressive strength devel-
opment. It is well known that the strength of a geopolymer is dependent on gel formation from Al/Si ratio, Ca/Si ratio, and
Ca/(Si +Al) ratio but their exact role when cured for various extended periods is unknown as yet. In the present study, alkali
concentration in a fly ash-GGBS geopolymer combination was varied from 6M to 12Mwith increments of twomol in six different
fly ash-GGBS combinations with a minimum of 20 percent and a maximum of 70 percent GGBS. +e correlation coefficients
between compressive strength and Al/Si, Ca/Si, and Ca/(Si +Al) ratios exhibited values higher than 0.95 taken individually.
Multiple linear regression analysis with compressive strength (as dependent parameter) and individual values of Al/Si, Ca/Si, and
Ca/(Si +Al) ratios (as independent parameters) was effectuated. It was observed that, depending on the composition, the
compressive strength circumstantiated a changeover from Ca/Si to Ca/(Si +Al) ratio in the intermediate composition range. Such
a detailed analysis is considered supportive of developing a suitable composition which will provide the optimum compressive
strength of the combination.

1. Introduction

In alkali-activated geopolymer systems with calcium-containing
solid alumina silicate sources, such as ground granulated blast-
furnace slag (GGBS) and calcium fly ash (FA), rapid formation
of C-A-S-H gels [1–3] (along with calcium in class C FA)
resulting in quick setting [4, 5] has been reported.+e C-A-S-H
gel showed similar features like C-S-H gel presented in con-
ventional OPC (ordinary Portland cement) concrete. Addition
of soluble silicates is generally done into the alkaline activating
solution for obtaining a rapid sol/gel transition with improved
properties. Calcium has been attributed to the early age setting,
which increases with time [6–8]. In the Na2O-CaO-SiO2
Al2O3–H2O system, the coprecipitation of geopolymer gel due

to Si-Al-H and C-A-S-H has been found to have an exchange
reaction where Na is replaced by Ca [9–11].

Regarding the role of Ca on the metakaolin based geo-
polymers, Chen et al. [10] suggested that the addition of Ca in
metakaolin resulted in faster geopolymer gel formation
leading to faster setting time and that there is evidence of
C-A-S-H formation. +ese conclusions were supported by
NMR (nuclear magnetic resonance) studies. Pulgalia and
Mondal [11] indicated that in calcia-based systems, the phase
characterization becomes difficult because of the coexistence
of C-A-S-H, (C(N, K)-A-S-H), and (N, K)-A-S-H in the
reaction products of fly ash-metakaolin geopolymers con-
taining soluble form of calcium. +ey further suggested that
conventional FTR analysis provided vibrations from initial
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unreacted slag and calcium silicate hydrate and an over-
lapping pattern which is similar to OPC sample patterns.+ey
resorted to conventional selective acid dissolution technique
but also suggested that they could not differentiate between
N-A-S-H and C-S-H gels.

1.1. Geopolymer Paste Modelling in Literature. Previous at-
tempts using numerical modelling to investigate the geo-
chemical reactions in the polymerization of fly ash-GGBS
geopolymer combinations included that by Dao et al. (2019)
[12], which estimated the compressive strength of geo-
polymers using numerical methods (neural networks and
genetic algorithms) to find an optimum mix design. Dao
et al. (2019) [12] also showed that their models have strong
potential for predicting the 28-day compressive strength and
suggested that the modelling would help in reducing the
time and cost of laboratory tests in the optimal design of
geopolymer. Yadollahi et al. (2015) [13] estimated the
compressive strength of geopolymer concrete using artificial
neural networks (ANN) method and found that parameters
including silica modulus, Na₂O content, water/solid ratios,
and curing time can affect the compressive and tensile
strengths of geopolymer concrete. Naseri et al. (2017) [14]
estimated the results of compressive strength of concrete
using SVM (Support Vector Machine). Nano-CuO was
added at different content levels in self-compacting concrete
and CuO effects were determined. Khotbehsara et al. (2018)
[15] estimated the compressive strength of concrete with
SnO₂, ZrO₂, and CaCO₃ nanoparticles. Both SVM (Support
Vector Machine) and ANFIS (adaptive neurofuzzy interface
system) were used to analyze the results. Badarloo et al.
(2018) [16] estimated the relationship between compressive
and tensile strengths of concrete using MATLAB software
and probabilistic methods, and the error estimated with the
experimental data was found to be nil. Awoyera et al. (2020)
[17] included mechanistic properties including slump flow
and funnel flow in a machine learning model for self-
compacting geopolymer concrete. However, the model had
not been tested in full commercial production of geopolymer
concrete.

For more mechanistic-based modelling, Zhang et al.
(2018) [18] produced theoretical models of geopolymer gels
and found them to be close to those produced experi-
mentally using computer simulation through MD (Mo-
lecular Dynamics) models with Si/Al molar ratios of 2 and
3. +e simulation was carried out at temperatures ranging
from 650 to 1800 K and the effect of Si/Al ratio and
temperature on the polymerization process and the
properties of computationally synthesized geopolymer gels
were investigated. Cui et al. (2020) [19] compared the
flexural behaviors of OPC and geopolymer concretes using
Abaqus modelling. Using data obtained from testing and
the literature, empirical equations were derived to describe
the nonlinear correlation between the compressive strength
and elastic modulus of fly ash based geopolymer concrete
(CFGPC). +ey observed that the suggested formula had a
reasonably high R2 value of 0.7663, and when the variations
in density were added to the regression analysis, R2

increased to 0.8652. Ling (2019) [20] observed the role of
SiO₂/Na₂Omole ratio in alkaline solution, alkaline solution
concentration in mass percent, and liquid-to-fly ash mass
ratio (L/F). Ling observed using artificial neural network
(ANN) that the curing temperature and time had signifi-
cant influences on the setting time, compressive strength,
and heat of geopolymerization which are critical properties
for a concrete binder. It was concluded that the optimum
mix design parameters result in favourable fly ash geo-
polymer properties (i.e., compressive strength, setting time,
and heat generation). By using both Levenberg-Marquardt
and Bayesian regularization algorithms, Siva Krishna and
Ranga Rao (2019) [21] were able to use ANN models to
predict the mechanical properties such as compressive,
split tensile, and flexural strength values of concrete and
observed that the Levenberg-Marquardt algorithm gave
more accurate results than the Bayesian model. Finally,
Mehdizadeh et al. (2018) [22] used a statistical experi-
mental design based on response surface methodology
(RSM) on an alkali-activated phosphorus slag to predict
and optimize the compressive strength of different ages (3,
7, and 28 days). In their study, the binder samples were
prepared with different molar ratios of SiO2/Na2O (S/N),
Na2O/Al2O3 (Na/Al), and H2O/Al2O3 (H/Al) as alkali
activators and the results showed that S/Nmolar ratio had a
significant effect on 7 and 28 days of compressive strength.
On the other hand, H/Al molar ratio was found to have the
most significant effect on compressive strength when
compared to other parameters. +ey concluded that RSM
models were statistically adequate and could be used to
predict the compressive strength.

1.2. Significance of Research. As per literature, Al/Si ratio,
Ca/Si ratio, and Ca/(Si +Al) ratio in combinations may have
a critical role to play in the development of compressive
strength of the geopolymer system containing calcium and
alkaline activators that are responsible for initiating poly-
meric reactions. Depending on the CaO/SiO2 ratio, Al2O3/
SiO2 ratio, and CaO/(Al2O3 + SiO2) ratio, the composition
and properties of the gel may change and may affect the
overall compressive strength of the product. In this paper, an
attempt of using an empirical approach to establish the
correlations is reported.

In the current study, the focus is also on the material
transition; geopolymers have displayed compressive
strengths comparable to the compressive strengths of
Portland cements and with additional benefits of high
temperature resistance and stability under acid attack. +e
setting of geopolymers, however, is closely associated with
the transition from fluid to solid which can be accelerated
with the addition of calcium. Calcium was found to decrease
the Al/Si ratio for geopolymer formation, in particular the
Al-substituted calcium silicate hydrate (C-A-S-H) formation
and also the calcium silicate hydrate (C-S-H) formation.
When compared to noncalcium mixes which are controlled
by Al/Si ratios in normal geopolymer gel, calcium mixes
experienced faster dissolution with higher compressive
strengths.
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It has been suggested that, with calcium addition, the gel
substantially accelerated the setting behavior and the for-
mation of (C-S-H) and (C-A-S-H) gels has caused the en-
hanced dissolution of the source material precursors.

In the current study, NMR tests showed that comparable
amount of geopolymer gel existed at setting for both calcium
and noncalciummixes, which suggested that the geopolymer
gel was partially responsible for the setting process. Since
faster geopolymer gel formation was caused by faster dis-
solution, which yielded more Al and lowered the Al/Si for
geopolymer gel formation (as confirmed by quantitative
analysis using both 29Si and 27Al NMR spectroscopy), the
lower Al/Si ratio can be considered to be sufficient to cause
the significantly different setting behaviors. Furthermore,
calcium consumes Si in the solution, which has been proven
from indirect experiment and simulation.

In synthetic (C-S-H), a low Ca/Si ratio leads to high
dissolved silica concentrations and low calcium concen-
trations, while at high Ca/Si ratio and in presence of high pH
of 12.5 high calcium and low silica are typically measured. In
(C-S-H) with a Ca/Si≥ 1, the aluminum uptake in (C-S-H)
depends on the total amount of aluminium present in the
sample and a close relation between aqueous aluminium
concentrations and the molar Al/Si ratio in C-A-S-H is
observed up to an Al/Si of approximately 0.1 (10, 12).

It should be noted, however, that the experimental
samples prepared are based on synthetic materials that are
not as complicated as commercial samples and do not
represent the actual conditions of commercial products, and
therefore it is logical to conclude that the above-mentioned
observations may occur concurrently as the reaction pro-
ceeds with prolonged curing period. Furthermore, any
change in the strength of the samples is an indirect mea-
surement of the different phase formations and is an ap-
proximate representation of the dynamic situation,
controlled by Si-Al-Ca-Na complex association in different
stages of reaction, in actual commercial productions. +us,
the dynamic situations prevailing in geopolymer reactions
with time cannot be compared with reported static exper-
imental conditions in actuality. However, application and
help of both correlation coefficients and multiple linear
regression analysis together are definite indicators of the
validity of the assumptions and scientific observations made
in real-life situations.

+e scientific communities have relied on the help of
statistical correlations between two observations to establish
the direct proof of the dependence/independence of the

observations; and, in time-dependent events, multiple linear
regression analyses have been the means to establish the
correlation between different temporal events. For the
current study, a similar approach is used.

1.3. 2eory. If a number of samples (A to G, Table 1) are
related to the dependent variable (Y) and independent
variables A, B, and C (as shown in the table), then the re-
lationship can be expressed as

Y � K1 (A)
N1

  x K2(B)
N2

 x K3(C)
N3

 , (1)

where Y1 to Y6 are dependent variables (for different sets of
experimental data points) related to the independent ex-
perimental variable parameters A (A1 to A6), B (B1 to B6),
and C (C1 to C6).

Here, K1, K2, and K3 are proportionality constants in the
correlation relationship between different Y and X values:

Y α(A)
N1or Y � K1(A)

N1
, (2)

Y α(B)
N2orY � K2(B)

N2
, (3)

Y α(C)
N3 or Y � K3(C)

N3
. (4)

+ese may be generalized as

Y � K1(A)
N1

 x K2(B)
N2

 x K3(C)
N3

 . (5)

In equation (2), if N1� 1, then the equation exhibits a
perfect linear relationship. In actual experiments, it is
conventional to plot Ln(Y) versus Ln(A) values and to
observe if the data points follow a linear relationship in-
dicating high correlation between the variables. Similar
regression plots between Ln(Y) (Y1 to Y6) and Ln(B) (B1 to
B6) and Ln(C) (C1 to C6) can be made to examine the
correlations. A very high correlation coefficient (nearly one)
is indicative of an excellent relationship between the de-
pendent and independent variables.

From equations (2)–(5), the following modified ex-
pressions can be determined:

ln(Y) � ln(K1) + N1 ln(A),

ln(Y) � ln(K2) + N2 ln(B),

ln(Y) � ln(K3) + N3 ln(C).

(6)

And

lnY � ln(K1) + N1 ln(A){ } + ln(K2) + N2 ln(B){ } + ln(K3) + N3 ln(C){ }. (7)

Or

lnY � [ln((K1) + Ln(K2) + Ln(K3))] + N1 ln(A) + N2 ln(B) + N3 ln(C). (8)

Advances in Materials Science and Engineering 3



Or

[ LnY − [Ln(K1) + Ln(K2) + Ln(K3)] � N1 ln(A) + N2 ln(B) + N3 ln(C)]. (9)

+e values of Ln (K1), Ln (K2), and Ln (K3) can be
ascertained from the intercepts on the Y-axis from indi-
vidual Ln(Y) versus Ln(A) values, Ln(Y) versus Ln(B) values,
and Ln(Y) versus Ln(C) plots.

Equation (9) is modified into multiple linear regression
analyses and consists of solving algebraic equations with
three unknown parameters. Furthermore, the Y values are
modified as [Ln(Y) – [(Ln(K1) + Ln(K2) + Ln(K3)] values.
+e numerical values of different modified Ys (Y1, Y2, Y3,
etc.) are equated to the different A, B, and C values in the
multiple linear regression analysis.

If there are a number of experimental data points (A, B,
C, D, E, F, and G), then the individual graphs can be made
with Ln(Y) (Y�Y1. . ...Y6) versus Ln(A) (A�A1. . ..A6) to
determine the correlation coefficient values between Y and
A. Similar plots can also be made with Ln(Y) versus Ln(B)
and Ln(Y) versus Ln(C). Only correlation coefficients close
to one should be included in the relationship equations.

+e multiple linear regression analysis, with different
combinations (ABC, ABD, ABE, ABF, ABG, BCD, BCE,
BC, etc.) and the N1, N2, and N3 values obtained after
solving the different equations, illustrates the influence of
these individual parameters N1, N2, and N3 on the Y
values. For example, if certain N1 or N2 or N3 values are
negative, then they have no effect on Y. Further, a
comparison of the numerical values of N1, N2, and N3
will highlight the relative influences from each variable
on the Y values.

In the present experimental work, the compressive
strength values were taken as dependent parameters (Y),
while the molar ratios of Al/Si, Ca/Si, and Ca/(Si +Al) were
taken as independent parameters (namely, A1, A2, and A3).

It is assumed that the power term associated with each
reacting species (Al/Si, Ca/Si, and Ca/(Si +Al)) is related to
the gel formation and thereby the strength of the samples
(indicated in numerical values of power N1, N2, and N3).
Also, a numerical value close to 1 is considered as optimum
correlation. In actual practice, correlation coefficient cal-
culations among each of the above-mentioned individual
combinations with compressive strength should provide
values higher than 0.95.

Determination of theMoles of Al/Si, Ca/Si, and Ca/(Si + Al)
from the Chemical Compositions. It is pertinent to recognize
that silica (SiO2), alumina (Al2O3), and calcia (CaO) mainly
participated in the formation of Al-Si gel, Ca-Si gel, and Ca-Si-
Al gel, all of which contributed to the compressive strength of
the final product.

2. Materials (Details of the Materials)

+e chemical compositions of fly ash and GGBS slag are
given in Table 2.

+e XRD pattern and SEM images of the samples are
given below (Figures 1–4).

2.1. Alkaline Solution. +e alkaline activator was a combi-
nation of sodium hydroxide and sodium silicate solutions,
where sodium hydroxide solution (of 98% purity) was used
as alkaline activator along with sodium silicate
(SiO2� 31.0%, Na2O� 11.6%, and water� 57.4%). +ese
sodium hydroxide solutions of required molarity
(6M� 240 gm and 12M� 480 gm) were separately prepared.
Sodium hydroxide solution of the required molarity and the
sodium silicate in liquid state were then mixed and stored at
room temperature before use.

2.2. Sample Preparation for Experimental Study. Fly ash and
GGBS, with 10% variation by weight in dry condition, were
pan-mixed. +e mixture varied from 80% fly ash and 20%
GGBS (F80G20) to 30% fly ash and 70% GGBS (F30G70) in
six different compositions (A to F). +e mixtures were ac-
tivated by adding alkaline activator solutions (6M and 12M
sodium hydroxide separately) and sodium silicate solution
and thoroughly mixed.

+e external source materials (fly ash and GGBS) were
mixed in proportions as described above. Depending on the
mix proportion, the alkali activator solution quantities were
varied.+eminimum addition of solution was for the higher
fly ash-based compositions, while the maximum was for the
higher GGBS-based compositions. +e fresh mixtures of six
different compositions (with 6M sodium hydroxide mo-
larity) and six other different compositions (with 12M
sodium hydroxide molarity) were cast in
50mm× 50mm× 50mm steel moulds. On completion of 7
days and 28 days of curing, the cubes were tested for
compressive strength as per standard testing methods, under
exposure to ambient conditions (temperature 25°C to 27°C
and humidity 65% to 70%). +e resultant empirical model
has been based on the experimental results of approximately
500 test samples.

3. Results

Considering the molar quantities of each of the chemicals
present in the individual compounds, Table 3 summarizes
the details of Al/Si, Ca/Si, and Ca/(Si +Al) mole in each
individual batch compositions along with the compressive
strengths.

+e correlation coefficient between experimental com-
pressive strength (Y) and the individual values of Ln, Al/Si
ratio, Ln, Ca/Si ratio, and Ln, Ca/(Si +Al) ratio for 6M and
12M samples are given in Figures 5–7.
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3.1. Intercept (KValue)Determination. Table 4 highlights the
regression equations of the different experimental samples.

3.2. Multiple Linear Regression Analysis. It is observed that
the correlation coefficient values for the different compo-
sitions are all nearly one and therefore multiple linear re-
gression analysis was performed with all the different
combinations with three different variables N1, N2, and N3
Figures 8–13 display the plots of N1, N2, and N3 with
different combinations for 28 days of curing.

Table 5 brings out the trend of silica, alumina, and calcia
moles and the ratios of Al/Si, Ca/Si, and Ca/(Si +Al) in the
four combinations considered.

4. Analysis and Discussion

4.1. Analysis of N1 Values Both with Increasing Molarity of
Alkaline Solution and with Increasing Compositions fromA to
F. Figures 8 and 9 corroborate N1 (related to Al/Si com-
position) variations with both increasing molarity and in-
creasing compositions for 28 days of curing. However, with
regard to the composition dependence, it is noticed (Fig-
ure 9) that the compositions 2(B +C+D) and 3(C+D+E)
are critical as there is a fall in N1 values (representing fall in
strength). +e average chemical compositions were SiO2
(0.7–0.8mol), Al2O3 (0.23mol), and CaO (0.27–0.33mol).
It may therefore be reasonable to conclude that a change in
mechanism of strength development of the cubes occurred
around this composition. +is is found to be true for both 7
days’ and 28 days’ curing periods.

4.2. Analysis of N2 Values Both with Increasing Molarity of
Alkaline Solution and with Increasing Compositions fromA to
F. Values of N2 (related to strength development by Ca/Si
ratios) exhibited a general negative trend with regard to both
the increasing molarity and the increasing compositions.
+e negative values indicated that they played no role in the
strength development process. Here also it is noted that the
middle compositions have shown negative values with
regard to both the increasing molarity and the increasing
combinations of compositions (compositions 2 and 3).

4.3. Analysis of N3 Values Both with Increasing Molarity of
Alkaline Solution andwith Increasing Compositions fromA to
F. Figure 12 shows the distribution of N3 values of
Ca/(Al + Si) ratio with respect to the strength under in-
creasing molarity of alkaline solution. It is shown that the
middle compositions (comp. B and C) demonstrate positive
trend with regard to strength for both 7 days’ and 28 days’
curing. +ese compositions, in fact, exhibited negative N2
values. It is deduced that the loss in strength in these
compositions due to negative N2 values is compensated by
positive N3 values. Also, compositions 1 and 4 show negative
values indicating that N3 values in these compositions have
played no role in strength development. Figure 13 shows the
effect of composition on strength at different molarities. It is
again observed that the middle compositions showed pos-
itive N3 values, while compositions 1 and 4 showed negative
values in both low molarity and high molarity and also with
increasing curing period. +e composition where such
strength changeovers in the mechanism have occurred was
not unique and was dependent on many other factors such
as activity of the reacting source materials which vary
depending on their place of origin.

It may be noted that combinations 2 and 3 exhibited
wide variations in relationship between compressive
strength and N1, N2, and N3 values in the different samples.
+is could be interpreted as indirect evidence of the for-
mation of transient Ca-Si based combinations and/or Ca-Al
based combinations or some other unknown transient phase
formations as reported by Pulgalia and Mondal [11] influ-
encing compressive strength. While combinations 1 and 4
exhibited variations in mean and standard deviations of
different experimental parameters (within acceptable 3%–
5% variations), combinations 2 and 3 represented variations
beyond 5%. However, the nature of the qualitative rela-
tionships as represented by variations in compositions with
variations in compressive strength has suggested that the
analytical results can be satisfactorily explained with the help
of statistical tools like correlation coefficients and multiple
linear regression analysis.

5. Summary

+e study conducted several experiments to determine the
alkali concentration in a fly ash-GGBS geopolymer com-
bination with variedmolar concentrations of 6mol to 12mol
with increments of two mol in six different fly ash-GGBS
combinations with a minimum of 20 percent and a maxi-
mum of 70 percent GGBS. Multiple linear regression
analysis with compressive strength (as dependent

Table 1: Dependent and independent variables.

Sample names Y (dependent variable) A (independent variable) B (independent variable) C (independent variable)
A Y1 A1 B1 C1
B Y2 A2 B2 C2
C Y3 A3 B3 C3
D Y4 A4 B4 C4
E Y6 A5 B5 C5
F Y6 A6 B6 C6

Table 2: Chemical analysis of fly ash and GGBS (in weight %).

Material SiO2 Al2O3 CaO MgO MnO2 TiO2 Iron
oxide LOI

Fly ash 60.8 26.34 1.17 1.31 — — 4.21 1.8
GGBS 34.79 20.07 32.78 7.23 — — 0.87 0.1

Advances in Materials Science and Engineering 5



FLA
QQQ

Q Q

Q

MHMM
C

M - Mullite Q - Quartz
H - Hematite C - CaO

M

Figure 1: XRD pattern of fly ash.

20 40 60 80 1000
2θ (°)

0

50

100

150

200

250

300

In
te

ns
ity

 (a
.u

)

Figure 2: XRD pattern of GGBS.

Figure 3: SEM image of fly ash.

Figure 4: SEM image of GGBS.
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parameter) and individual values of Al/Si, Ca/Si, and
Ca/(Si +Al))ratios (as independent parameters) was per-
formed. +e study demonstrated that the strength of a
geopolymer was dependent on gel formation from Al/Si
ratio, Ca/Si ratio, and Ca/(Si +Al) ratio and brought out the
role played in the setting process during curing.

6. Prospects, Challenges, Future Work,
and Limitations

+e industrial wastes are being produced in large quantities
globally with no effective disposal solutions. In this context,
the study has attempted to explain the role of fly ash and
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Figure 5: Correlation coefficient between experimental compressive strength and Ln, Al/Si ratio for 6M and 12M samples.
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Figure 6: Correlation coefficient between experimental compressive strength and Ln, Ca/Si ratio for 6M and 12M samples.
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Figure 7: Correlation coefficient between experimental compressive strength and Ln, Ca/(Si + Al) ratio for 6M and 12M samples.

Table 4: Determination of K values from the linear regression equations.

Description of 6 mol samples Linear regression
equation

Numerical value of K to be subtracted from experimental
compressive strength values

Al/Si, corr. coeff.� 0.95 (6M, 7 days’
strength) y� 18.84 + 10.86x

18.84 + 6.58 + 7.02� 32.44Ca/Si, corr. coeff.� 0.99 (6M, 7 days’
strength) y� 6.58 + 1.10x

Ca/(Si +Al), corr. coeff.� 0.98 (6M, 7 days’
strength) y� 7.02 + 1.25x

Al/Si, corr. coeff.� 0.93 (6M, 28 days’
strength) y� 16.54 + 8.83x

16.54 + 6.57 + 6.95� 30.06Ca/Si, corr. coeff.� 0.98 (6M, 28 days’
strength) y� 6.57 + 0.90x

Ca/(Si +Al), corr. coeff.� 0.98 (6M,
28 days’ strength) y� 6.95 + 1.03x

8 mol samples
Al/Si, corr. coeff.� 0.97 (8M, 7 days’
strength) y� 19.18 + 11.11x

19.18 + 6, 70 + 7.09� 32.97Ca/Si, corr. coeff.� 0.97 (8M, 7 days’
strength) y� 6.70 + 1.22x

Ca/(Si +Al), corr. coeff.� 0.97(8M, 7 days’
strength) y� 7.09 + 1.26x

Al/Si, corr. coeff.� 0.98 (8M, 28 days’
strength) y� 15.10 + 7.57x

15.10 + 6.59+6.86� 28.55Ca/Si, corr. coeff.� 0.88 (8M, 28 days’
strength) y� 6.59 + 0.83x

Ca/(Si +Al), corr. coeff.� 0.95(8M, 28
days’ strength) y� 6.86 + 0.86x

10 mol samples
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GGBS on compressive strength development by an empirical
model.+emajor challenge for the researchers will be to find
ways to increase the usage of these industrial wastes in
proportion to their large production. +e second challenge
will be to accurately establish the individual/collective
contributions of the waste constituents in the manufacture
of construction materials without comprising on the

strength parameters. +e scope of research work undertaken
was limited to 6M and 12M. +e study can be extended to
cover 4M, 8M, and 14M to validate the results of this study
over a wider spectrum of research. Also, similar studies can
be carried out on other industrial wastes such as metakaolin,
silica fumes, slug, rice husk, and various mine wastes with
different molarities.

Table 4: Continued.

Description of 6 mol samples Linear regression
equation

Numerical value of K to be subtracted from experimental
compressive strength values

Al/Si, corr. coeff.� 0.96 (8M, 7 days’
strength) y� 18.88 + 10.81x

18.88 + 6.73+7.11� 32.72Ca/Si, corr. coeff.� 0.97 (8M, 7 days’
strength) y� 6.73 + 1.17x

Ca/(Si +Al), corr. coeff.� 0.95 (8M, 7days’
strength) y� 7.11 + 1.22x

Al/Si, corr. coeff.� 0.96 (8M, 28 days’
strength) y� 14.39 + 6.91x

14.39 + 6.61+6.85� 27.85Ca/Si, corr. coeff.� 0.92 (8M, 28 days’
strength) y� 6.61 + 0.748x

Ca/(Si +Al), corr. coeff.� 0.95 (8M, 28
days’ strength) y� 6.85 + 0.78x

12 mol samples
Al/Si, corr. coeff.� 0.97 (12M, 7 days’
strength) y� 15.24 + 7.73x

15.24 + 6.46 + 6.79� 28.49Ca/Si, corr. coeff.� 0.97 (12M, 7 days’
strength) y� 6.46 + 0.74x

Ca/(Si +Al), corr. coeff.� 0.97 (12M, 7
days’ strength) y� 6.79 + 0.86x

Al/Si, corr. coeff.� 0.98 (12M, 28 days’
strength) y� 12.10 + 4.95x

12.10 + 6.44 + 6.67� 25.21Ca/Si, corr. coeff.� 0.88 (12M, 28 days’
strength) y� 6.44 + 0.44x

Ca/(Si +Al), corr. coeff.� 0.95 (12M, 28
days’ strength) y� 6.67 + 0.55x
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7. Conclusions

+e proposed empirical model of the geopolymer reactions
has drawn out the following conclusions:

(1) Depending on overall silica, alumina, and calcia
ratios in the mix compositions, the compressive

strength changed and this aspect was found to be
dependent on overall Al/Si, Ca/Si, and Ca/(Si +Al)
ratios.

(2) +e mix compositions (B and C) showed positive
trend with regard to the compressive strength, for
both 7 days’ and 28 days’ curing.
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Figure 12: N3 values with increasing molarity alkaline solution (28 days’ curing) combinations.
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Figure 13: N3 values with increasing composition from A to F (28 days’ curing).

Table 5: Trend of silica, alumina, and calcia moles and the ratios of Al/Si, Ca/Si, and Ca/(Si + Al).

Combinations SiO2 mol Al2O3 mol CaO mol Al/Si Ca/Si Ca/(Si +Al)
A +B+C (1) 0.87 0.24 0.22 0.28 0.25 0.20
B+C+D (2) 0.83 0.23 0.27 0.28 0.33 0.25
C+D+E (3) 0.78 0.23 0.33 0.29 0.42 0.32
D+E+F (4) 0.74 0.22 0.38 0.30 0.51 0.40
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(3) An interdependence between Ca/Si ratio and Ca/
(Si +Al) ratios is found to exist. A fall in the strength
due to Ca/Si ratio catalyzes the role of Ca/(Si +Al) to
become more effective towards strength develop-
ment of tested bricks.

(4) +e method proposed in the study, involving the
combination of correlation coefficient and linear
regression analysis, is considered useful to empiri-
cally capture the complex nature of
geopolymerization.
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Elliptical concrete-filled steel tubular (CFST) column is a new form of CFST columns, consisting of an outer elliptical tube filled
with concrete. Although the study on mechanical performance of the elliptical CFST members is receiving more and more
attention, they have been limited to static behavior. Against this background, an experimental study on elliptical CFST columns
was carried out under combined axial compression and cyclic lateral loading.*e failure modes, hysteretic curves, skeleton curves,
load carrying capacity, deformability, stiffness degradation, and energy dissipation ability was obtained and discussed. *e test
results indicated that the elliptical CFSTcolumns possess excellent seismic performance and ductility. Valuable experimental data
were provided for the formulation of the theoretical hysteresis model of the elliptical CFST columns.

1. Introduction

Concrete-filled steel tubular (CFST) columns have been
widely used in modern construction due to their high
strength, high ductility, and ease of construction [1]. In the
past few decades, a lot of research on the performance and
design of CFST members under various loading condition
[2] have been published. As a new section form of CFST,
elliptical CFST (Figure 1) has attracted the attention of many
scholars from home and abroad. In recent years, research
has been carried out on the mechanical behavior and design
method of elliptical CFST.

Experimental study on elliptical CFSTstub columns with
different thickness and concrete strength subjected to axial
loading have been conducted by Yang et al. [3], Zhao and
Packer [4], Jamaluddin et al. [5], Chan et al. [6], and Cai et al.
[7]. *ey proved the merits of elliptical CFST stub columns,
but all the specimens they tested have the same aspect ratio
(a/b� 2.0). With the development of manufacturing tech-
nology, the elliptical steel tube with various aspect ratios is
available in construction practice. *us, elliptical CFST stub

columns with an aspect ratio from 1.0 to 2.5 were tested by
Zha et al. [8], Uenaka [9], Yi and Young [10], Liu et al. [11],
and Xu et al. [12]. All the test results confirmed that the
confinement effect decreases significantly with the in-
creasing aspect ratio. Simultaneously, the eccentrically
compressed columns were also investigated by Sheehan et al.
[13], Zha et al. [14], Ren et al. [15], Qiu [16], and Yang et al.
[17]. On the other side, systematic finite element analysis
[18–22] was performed to simulate elliptical CFST columns
subjected to concentric and eccentric axial compression.
However, these studies mainly focused on static behavior,
and research on their seismic behavior is very limited, which
may hamper the application of elliptical CFST members in
the seismic region. To the best of the authors’ knowledge, the
pseudostatic tests on 5 specimens with an aspect ratio of 2.0
conducted by Ma [23] proved the influence of concrete cube
strength and axial compression ratio on the seismic behavior
of elliptical CFST columns. Fang et al. [24] further con-
sidered the thickness of the elliptical steel tube, axial
compression ratio, and the loading direction of horizontal
loading; nevertheless, the aspect ratio of the specimens was
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also limited to 2.0. Consequently, the studies on the seismic
behavior of elliptical CFSTcolumns with an aspect ratio of a
wider range is urgently needed.

In this study, 13 elliptical CFST columns tested under
combined axial compression and cyclic lateral loading, the
failure mode, carrying capacity, deformation capacity,
hysteretic curve, and energy dissipation capacity of the
specimens are discussed in detail. *e experiment results
may provide the reference to the analysis and application of
elliptical CFST columns in the seismic area.

2. Experimental Program

2.1. Test Specimens. A total of 13 specimens were tested
under combined constant axial compression and cyclic
lateral loading through either the long or short axis. *e key
parameters were aspect ratio a/b, concrete cube strength fcu,
axial compression ratio n, and slenderness ratio λsc, which is
expressed as column height h. As shown in Figure 2, each
specimen consists of an elliptical CFST column, a top end-
plate with a thickness of 20mm, a series of stiffeners with a
thickness of 10mm welded to the top end-plate and the
column, and a 30mm thick bottom end-plate. *e height of
welding is hf � 6mm. According to the insite condition,
rolling support on the vertical jack was not so smooth for
sliding. So, the stiffeners were not used at the column base to
achieve an equivalent calculation length to the cantilever
component.

Table 1 provides the details of the 13 specimens, in which
a is the length of semimajor axis, b is the length of semiminor
axis, t is the thickness of the steel tube, and h is the height of
the specimen. *e specimen was named by the key pa-
rameters as follows: the aspect ratio-concrete cube strength-
axial ratio. *e letters m and l added at the end denote the
medium (2050mm) and the longest columns (2550mm),
and b for bending around the major axis. If there are no
letters at the end, it means 1300mm height and bending
around the minor axis. *e axial ratio was determined by
equation (1), where Nd is the constant axial compression
subjected by the specimen,Ac andAs are the measured cross-
sectional areas of the steel and concrete, respectively, and fco
and fy are the cylinder strength, converted from the mea-
sured concrete cube strength [25] of concrete and yield
strength of steel.

n �
Nd

fcoAc + fyAs 
. (1)

*e elliptical steel tubes were cold-formed from the
welded circular tubes (Figure 3).*ematerial test of the steel
tube was conducted according to [26], and the yield stress fy
and elastic modulus Es of the steel tubes were obtained from
the tensile coupon tests (Figure 4), as given in Table 1.
Concrete grade C45, C60, C75, and C100 was used, and the
mix proportions and tested cube strength are given in Ta-
ble 2 and Table 1, respectively.

2.2. Instrument and Loading Procedure. As shown in Fig-
ure 5, the specimens were placed and tested within a reaction
testing frame. *e axial load was applied by a vertical hy-
draulic jack which is movable in the horizontal direction.
*e horizontal electrohydraulic servoactuator with a load
capacity of 1000 kN and a stroke of 200mm was used to
apply the horizontal load. *e push direction is defined as
positive direction.

Eight LVDTs were used to measure the critical dis-
placements. LVDT 1-2 were used to measure the transla-
tional movement of the foundation beam, LVDT 3-4 were
used to measure the rotation of bottom end-plate. LVDT 5-6
were used to measure the columns end shortening within the
200mm range. LVDT 7-8 were used to measure the
translational displacement of the top of the column.

*e loading procedure included three steps. A 30% of the
designed vertical load was first preloaded to check the testing
system. *en, the designed vertical load was applied and
kept constant. Finally, the horizontal load was applied
quasistatically following the JGJ/Tstandard loading protocol
(JGJ/T 101-2015) [27], which is shown in Figure 6. Each of
the first three levels of amplitude (0.25 Δy, 0.5 Δy, and 0.75
Δy) was repeated only for one cycle, followed by three cycles
at the rest levels of amplitude (1 Δy,2 Δy,4 Δy, 6 Δy, 8 Δy. . .).
*e loading procedure was stopped when the horizontal load
degraded to 85% of the peak load.

3. Test Results and Discussion

3.1. Failure Mode. Two typical failure modes were observed
from the experimental results, namely, local buckling near
the bottom end-plate and the fracture of the steel tube
(Table 3 and Figure 7). For the local buckling failure mode,
the outward bulges were observed at about 45mm distance
from the bottom end-plate. *e bulges became more and
more evident with the increase in the horizontal loading
amplitude. Finally, the “elephant foot” failure mechanism
was formed. For the fracture failure mode, the fracture
occurred in the steel tube but not in the weld. It is mainly
caused by stress concentration related to the heat-affected
zone of the weld. *e lack of stiffeners causes massive
tension in the bottom of the steel tube, and it may be another
reason for the fracture. More experiments or finite element
analyses are needed to reveal the convinced reason.

In order to further investigate the damage condition of
the concrete, end part of the steel tube was cut after the

concrete
steel tube

a0

b0b

t

a

t

Figure 1: Cross-section of elliptical CFST.
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Table 1: Measured information of the specimens.

Specimen 2a (mm) 2b (mm) t (mm) h (mm) fy (MPa) Es (MPa) fcu (MPa)
E1.0-C45-0.2 244.81 244.81 5.88 1300.00 334 190650 45.31
E1.3-C45-0.2 243.99 187.25 5.89 1300.00 370 214500 45.31
E1.8-C45-0.2 243.61 132.86 6.06 1300.00 389 214600 45.31
E2.3-C45-0.2 244.45 103.92 5.86 1300.87 409 203780 45.31
E1.8-C60-0.2 243.55 133.85 6.07 1300.57 389 214600 69.97
E1.8-C75-0.2 243.68 133.83 6.12 1300.63 389 214600 76.01
E1.8-C100-0.2 243.20 132.41 6.09 1302.67 389 214600 92.45
E1.8-C45-0.1 243.60 132.51 6.09 1305.50 389 214600 45.31
E1.8-C45-0.3 243.45 132.99 6.07 1300.27 389 214600 45.31
E1.8-C45-0.2m 243.52 133.04 6.04 2050.46 389 214600 45.31
E1.8-C45-0.2l 243.51 132.86 6.07 2552.31 389 214600 45.31
E1.8-C45-0.2b 243.73 132.37 6.08 1300.00 389 214600 45.31
E1.8-C45-0.3b 243.77 132.85 6.03 1300.33 389 214600 45.31

t=10 mm

t=30 mm

t=20 mm
450

h

600 mm

top end-plate

stiffeners

elliptical CFST
column

bottom end-plate

20
0

AA

BB

A-A

top end-plate

50
50

3030
445

30
30

30
0

bolt hole
d=18 mm

B-B

60
80

80
80

80
60

16
0

60
0

640
80 80 6080 8060 200

bolt hole
d=32 mm

Figure 2: Details of the specimens.

Elliptical hollow section

Direction of
cold-forming

Circular hollow
section

Figure 3: Cold-forming process (Chan et al. [6]).
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experiments, as shown in Figure 8.*e concrete was crushed
on both sides of the loading direction, and several minor
cracks were observed.

3.2. Hysteretic and Skeleton Curves. *e horizontal force-
displacement responses of the ECFST beam-column spec-
imens are shown in Figure 9.*e test results showed that the

Table 2: Mix proportions of the concrete (kg/m3).

Concrete grade Cement Water Fines Coarse Fly ash Water reducer Expansion mixture
C45 363 191 790 851 176 0 55
C60 355 177 740 935 109 10 54
C75 375 150 720 1025 115 12 58
C100 390 132 700 1050 102 16 60

LVDT1&2

LVDT7&8

LVDT6LVDT5
LVDT3 LVDT4

Vertical jack(500 kN)

hinge

Reaction frame

Actuator(1000 kN)

Rolling support

Reaction
wall

specimen

Foundation
beam

Loading beam

Figure 5: Test setup and instrumentation.
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Figure 4: Stress-strain relationships of elliptical steel tubes.
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hysteretic curves were chubbiness without pinching, which
reveals the high-energy dissipation capacity. *e hysteresis
remains stable as the amplitude increase, and the three
hysteresis loops at the same amplitude is almost the same at
the earlier stage. When the applied load reaches the ultimate
horizontal force Pu, degradation of the hysteresis begins to
be seen, in which case the loops became smaller as the cycle
number increases.

Skeleton curves are shown in Figure 10 which were
constructed by tracing the maximum loads at varying am-
plitudes. *e skeleton curves consist of three stages, namely,
the initial elastic ascending stage, nonlinear elastic-plastic
ascending stage, and postpeak descending stage. As ex-
pected, concrete strength and axial compression ratio has a
little effect on the initial stiffness, increasing the concrete
strength tends to increase the ultimate load and speed up the

Table 3: Failure modes of the specimens.

Failure modes Specimens

Local buckling

E1.3-C45-0.2, E1.8-C45-0.2, E1.8-C75-0.2, E1.8-C100-0.2,E1.8-C45-0.1, E1.8-C45-0.3, E1.8-C45-0.2m, E1.8-C45-
0.2l, E1.8-C45-0.2b, E1.8-C45-0.3b

Fracture of the steel
tube E2.3-C45-0.2, E1.8-C60-0.2

∗*e loading procedure of E1.0-C45-0.2 was not completed due to the abrupt failure of the instrument.

Outward
bulges

(a)

Fracture

(b)

Figure 7: Typical failure modes of the specimens. (a) Local buckling. (b) Fracture of the steel tube.

y

x

Δ/Δy
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Figure 6: Horizontal loading procedure.
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Figure 9: Continued.

Figure 8: Typical damage mode of the concrete.
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degradation progress, and increasing the axial compression
ratio is likely to decrease the ultimate load and speed up the
degradation progress. *e initial stiffness and ultimate load
decreases with the increase of aspect ratio and slenderness

ratio, and the load drops faster as the aspect ratio increases
and slenderness decreases. Major axis bending leads to the
larger initial stiffness and ultimate load than minor axis
bending, but it results in the more abrupt degradation.
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Figure 10: Skeleton cures of test specimens. (a) Variation of aspect ratio. (b) Variation of axial compression ratio. (c) Variation of bending
axis. (d) Variation of slenderness ratio. (e) Variation of concrete strength.
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3.3. Bearing Capacity and Ductility. *e ductility of a beam-
column is generally regarded as the deformation capacity
which is defined as the ability to sustain plastic deformations
before its failure. *e most commonly used parameter is the
ductility index μ and can be expressed as

μ �
Δu

Δy

, (2)

where Δul and Δy are the ultimate displacement and yield
displacement, respectively, Δul is taken as the displacement
at a 15% reduction in the ultimate load [28], and Δy is
calculated from the skeleton curves using the average cal-
culation of the geometric graphic method, equivalent elas-
toplastic energymethod, and R. Parkmethod [29], which are
three common methods used to define the yield strength/
load and yield displacement/drift. *e ultimate load Pu,
ultimate displacement Δul obtained from the skeleton
curves, and the calculated yield load Py, yield displacement
Δy are given in Table 4.

As given in Table 4, the ductility index of most specimens
is greater than 3.0, indicating a highly ductile performance.
*e ductility index decreases with the increase of aspect
ratio, axial compression ratio, slenderness ratio, and con-
crete strength. Major axis bending specimen has a greater
ductility than that of minor axis bending specimen. *e
aspect ratio seems to have moderate influence on the
ductility index.

3.4. Stiffness Degradation. As guided in the JGJ/T code
(JGJ/T 101-2015, 2015), the average stiffness can be ob-
tained from the horizontal load-displacement hysteretic
curves, which can be expressed as

Ki �


m
j�1 |(+)Pi,j| + (− )Pi,j



 


m
j�1 |(+)Δi,j| + (− )Δi,j



 

, (3)

where Ki is the average stiffness of the specimen at the ith
amplitude, Pi,j is the maximum load of the jth cycle at the ith
amplitude, Δi,j is the maximum displacement of the jth cycle
at the ith amplitude, and (+) and (− ) mean the positive and
negative position, respectively.

Figure 11 shows the relationship of the average stiff-
ness with horizontal displacement; it illustrates the stiff-
ness degradation with increasing lateral displacement,
which is highly correlated with the development concrete
cracks. In all test specimens, the stiffness degradation is
significant before the displacement reaches to 2Δy; as the
displacement continues to increase, the stiffness degra-
dation continues at a lower and continually decreasing
rate. *e aspect ratio, axial compression ratio, and con-
crete strength have a little effect on the stiffness degra-
dation. *e stiffness reduces faster when the specimen is
less slender, and the stiffness degradation rate of minor
axis bending specimen is lower than that of major axis
bending specimen.

3.5. Energy Dissipation Capacity. *e energy dissipation per
cycle, Ei, is the area enveloped by each hysteretic loop
[24, 30, 31]. Figure 12 shows the accumulated energy dis-
sipation Ei of the 13 test specimens. As seen from the table,
negligible energy dissipation is observed before the specimen
reached the yield point, before which the specimens sustain
limited plastic deformation. *e energy dissipation starts to
accumulate with the accumulated plastic deformation. *e
ultimate accumulated energy dissipation reflects the energy
dissipation performance of the test specimens. As shown in
Figure 12, specimens with a smaller aspect ratio, lower
concrete strength, smaller axial compression ratio, and
smaller slenderness ratio possess better energy dissipation
capacity, and major axis bending specimens have a better
performance on the energy dissipation quality than that of
minor axis bending specimens.

4. Simplified Model of Force-Displacement
Hysteretic Curve

4.1. Introduction of the Simplified Model. A kind of trilinear
model is suggested by Han and Yang [32] and Han [2] to
simplify the horizontal load P versus horizontal displace-
ment Δ hysteretic relationship. A schematic view of the
simplified force-displacement hysteretic relationship is
shown in Figure 13. *e key parameters of the model are
listed as follows.

(1) Elastic stiffness Ke is given by

Ke �
3EI

l
3
0

,

EI � EsIs + 0.6EcIc.

(4)

Here, l0 is the effective length, Ec is the elastic
modulus of concrete, which is expressed as
Ec � 4730

���
fco


[33], and Is and Ic are the moment of

inertia for the outer steel cross-section and inner
concrete cross-section.

(2) *e ultimate strength Pu and corresponding dis-
placement Δu can be given by

Pu �

1.05a1My

h
1< ξc ≤ 4

a1 0.2ξc + 0.85( My

h
0.2< ξc ≤ 1

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

,

a1 �
0.96 − 0.002ξc 0≤ n≤ 0.3

1.4 − 0.34ξc( n + 0.1ξc + 0.54 0.3< n< 1

⎧⎨

⎩ ,

Δu �
6.74 (ln r)

2
− 1.08 ln r + 3.33 f1(n)

8.7 − s
·
Pu

Ke

,

f1(n) �
1.336n

2
− 0.044n + 0.8040 0≤ n≤ 0.5

1.126 − 0.02n 0.5< n< 1

⎧⎨

⎩

(5)
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Here, ξc � Asfy/Acfck � α · fy/fck is the steel
confinement factor, in which fck is the prism com-
pressive strength of concrete [25], α � As/Ac is the
steel ratio, r� λsc/40, and s� fy/345.

(3) Stiffness of the descending stage KT is given by

KT �
0.03 · f2(n) · f(r, α) · Ke

c
2

− 3.39c + 5.41
,

f2(n) �
3.043n − 0.21 0≤ n≤ 0.7,

1.57 + 0.5n 0.7< n< 1,

⎧⎨

⎩

f(r, α) �
(8α − 8.6)r + 6α + 0.9 r≤ 1,

(15α − 13.8)r + 6.1 − α r> 1,

⎧⎨

⎩

(6)

where c� fcu/60.

4.2. Comparison of the Simplified Model with Tested Curve.
To verify the validity of the above formulas, the force-dis-
placement hysteretic relationships calculated with the
simplified model were compared with those obtained from
the experiment, as shown in Figure 14. It is proved that the
simplified model predicts the force-displacement hysteretic
relationship with reasonable accuracy. But discrepancies also
exist; the main difference may be caused by residual stress
and the lack of stiffeners; thus, more experimental and finite
element research studies are needed to establish the more
accurate formulas of the force-displacement hysteretic
relationships.

Table 4: Load bearing capacity and ductility of test specimens.

Specimens Pu (kN) Δul (mm) Py (kN) Δy (mm) μ

E1.0-C45-0.2
Positive direction 119.35 a>48.05 103.02 14.78 >3.27
Negative direction 126.49 a>48.06 107.02 18.88 >2.55

Average 122.92 a>48.06 105.02 16.83 >2.91

E1.3-C45-0.2
Positive direction 108.43 80.30 94.17 17.47 >4.60
Negative direction 115.05 69.00 99.65 18.15 3.81

Average 111.74 74.65 96.91 17.81 4.21

E1.8-C45-0.2
Positive direction 89.03 75.72 75.95 12.37 6.14
Negative direction 98.48 70.70 81.74 14.16 5.05

Average 93.75 73.21 78.84 13.26 5.59

E2.3-C45-0.2
Positive direction 84.53 40.06 71.07 13.14 3.05
Negative direction 77.35 40.08 67.73 11.59 3.46

Average 80.94 40.07 69.40 12.37 3.26

E1.8-C60-0.2
Positive direction 94.22 53.66 80.44 12.35 4.38
Negative direction 108.08 53.66 93.58 13.96 3.85

Average 101.15 53.66 87.01 13.16 4.12

E1.8-C75-0.2
Positive direction 97.09 61.51 81.42 14.00 4.41
Negative direction 89.78 76.72 72.22 13.87 5.61

Average 93.44 69.11 76.82 13.93 5.01

E1.8-C100-0.2
Positive direction 99.32 45.88 84.14 13.18 3.48
Negative direction 107.70 35.71 94.10 13.00 2.75

Average 103.51 40.79 89.12 13.09 3.12

E1.8-C45-0.1
Positive direction 100.10 90.05 85.01 14.75 6.12
Negative direction 102.10 90.01 86.94 14.77 6.11

Average 101.10 90.03 85.97 14.76 6.11

E1.8-C45-0.3
Positive direction 86.70 48.01 74.22 12.27 3.92
Negative direction 94.50 45.54 79.93 13.36 3.41

Average 90.60 46.77 77.08 12.82 3.66

E1.8-C45-0.2m
Positive direction 47.58 78.14 45.97 25.00 3.13
Negative direction 54.64 49.83 51.93 30.00 1.66

Average 51.11 63.99 48.95 27.50 2.39

E1.8-C45-0.2l
Positive direction 32.00 99.78 28.82 40.19 2.48
Negative direction 31.20 95.19 29.13 35.50 2.68

Average 31.60 97.49 28.97 37.85 2.58

E1.8-C45-0.2b
Positive direction 54.70 56.68 48.00 22.57 2.51
Negative direction 52.00 66.26 45.94 21.39 3.10

Average 53.35 61.47 46.97 21.98 2.81

E1.8-C45-0.3b
Positive direction 48.50 44.35 47.08 21.00 2.11
Negative direction 45.60 46.70 39.63 22.06 2.12

Average 47.05 45.52 43.36 21.53 2.12
a*e loading procedure of E1.0-C45-0.2 was not completed due to the abrupt failure of the instrument.
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Figure 11: Stiffness of test specimens. (a) Variation of aspect ratio. (b) Variation of axial compression ratio. (c) Variation of bending axis. (d)
Variation of slenderness ratio. (e) Variation of concrete strength.
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Figure 12: Accumulated energy dissipation of test specimens. (a) Variation of aspect ratio. (b) Variation of axial compression ratio. (c)
Variation of bending axis. (d) Variation of slenderness ratio. (e) Variation of concrete strength.
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Figure 14: Comparison of simplified P-Δ relationship with tested P-Δ relationship. (a) E1.0-c45-0.2. (b) E1.3-c45-0.2. (c) E1.8-c45-0.2. (d)
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5. Conclusions

*is study has focused on the seismic performance of el-
liptical CFST beam-columns under combined axial com-
pression and cyclic lateral load. *e main conclusions are
summarized as follows:

(1) Most of the specimens fail in local buckling, but there
are individual specimens that failed in abrupt frac-
ture of the steel tube, which reveals the stiffeners
must be used at the column base.

(2) *e horizontal load and displacement hysteretic
curves of all specimens are chubbiness without ob-
vious pinching. Almost all specimens show good
plastic deformation capacity and energy dissipation
performance, which indicate that the elliptical CFST
beam-column has good seismic performance, and it
can be applied in the seismic area.

(3) *e ultimate loads increase with the increasing
concrete strength, but decrease with the increasing
aspect ratio, axial compression ratio, and slenderness
ratio. *e ultimate load of major axis bending
specimens is notably larger than that of minor axis
bending specimens.

(4) *e ductility index decreases with the increasing
concrete strength, axial compression ratio, and
slenderness ratio. *e ductility index of major axis
bending specimens is notably larger than that of
minor axis bending specimens. *e aspect ratio
seems to have no markable influence on ductility
index.

(5) *e energy dissipation capacity increases with the
decreasing aspect ratio, concrete strength, axial
compression ratio and slenderness ratio. *e energy
dissipation capacity of major axis bending specimens
is significantly larger than that of minor axis bending
specimens.

(6) *e simplified trilinear force-displacement model
proposed by Han [2, 32] for rectangular and circular
CFST beam-columns is also suitable for predicting
the force-displacement hysteretic relationship of
elliptical CFST beam-columns.

(7) Further studies on the seismic performance of el-
liptical CFST should conduct for design and engi-
neering practice, including the influence of residual
stress, the modified force-displacement model, and
detailed parametric analysis.
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In this paper, a novel magnetorheological elastomer (MRE) was prepared by dispersing carbonyl iron particles (CIPs) into a
composite matrix compounded by butadiene rubber (BR) and self-fabricated Silly Putty. (e rate-sensitive and magneto-induced
characteristics of normal force were experimental investigated to discuss the working mechanism. (e results demonstrated that
the normal force increased with the compression rate and the mass fraction of boron-silicon copolymer added to the composite
matrix due to the formation of the more and more B-O cross bonds which could be blocked in the C-C cross-linked network of
BR. Meanwhile, the magneto-induced normal force was positively correlated with the applied magnetic field strength and the
compression strain due to the decreased gap between the centers of soft magnetic particles and the increased particle intensity of
magnetization. Moreover, the magneto-induced normal force continued to enhance with the increase of compression strain
because the CIP chains fixed in the C-C cross-linked network could bend to a radian and CIP chains in B-O cross-linked network
could rupture to form more stable and intensive short-chain structures. Besides, a simplified model was deduced to characterize
the mechanism of the generation of the magneto-induced normal force. Furthermore, the normal force varied stably with the
oscillatory shear strain (less than 9%) at different magnetic induction intensities and suddenly reduced when the applied os-
cillatory shear strain was more than 9%.

1. Introduction

Magnetorheological elastomer (MRE) is an intelligent ma-
terial by dispersing micron-sized carbonyl iron particles
(CIPs) into traditional rubber or thermoplastic matrix
uniformly [1–3]. Different applied magnetic field strengths
can control the dynamic mechanical properties such as the
obtained MRE’s storage modulus and damping factor [4, 5].
Because of the exhibited magnetorheological effect, this
intelligent and safe material can be widely used in dampers
[6, 7], soft armors [8], impact absorbers [9–12], and other
applications such as shielding [13, 14], force sensing [15, 16],
and medical systems [17, 18]. However, due to the con-
tradiction between the magnetorheological effect and me-
chanical properties induced by cross-linking degree of

polymer rubber matrix [19], it is challenging to obtain MRE
samples with excellent magnetorheological effect. Besides,
MRE usually works in shear mode; the occurrence of shear
behavior is perpendicular to the magnetic induction line
direction, so the level of MRE shear modulus is far less than
the vertical modulus. Furthermore, vertical extrusion de-
formation is limited; the tiny deformation can produce an
excellent output strength. (erefore, it is essential to study
the mechanical properties and magnetorheological effect of
MRE in extrusion mode.

Silly Putty is a boron-silicon copolymer that can be
stimulated to generate significant non-Newtonian behavior
of shear stiffening performance. More nanocomposites
based on Silly Putty have been intensively researched and
discussed [20–22]. Xu et al. [23] fabricated a soft sandwich
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structure consisting of two-layer Kevlar face sheets and a
Silly Putty core. (e results displayed that the storage
modulus of Silly Putty, which was prepared by dispersing
CaCO3 particles into polyborodimethylsiloxane, increased
by two to three orders of magnitude with the increasing
shear frequency. (e higher CaCO3 content resulted in
better shear-hardening behavior, which further enhanced
the anti-impact performance of the sandwich structure.
However, when micron-sized carbonyl iron particles (CIPs)
are dispersed into Silly Putty, the properties of obtained
magnetorheological Silly Putty (MRSP) can self-adapt to
changes in the external stimuli environment and be con-
trolled by different applied magnetic field strengths [24]. As
a new kind of multifunctional material, it has aroused
worldwide concern in recent years. Wang et al. [25] firstly
prepared a novel multifunctional polymer composite (MPC)
with different magnetic particles (CIP and Fe3O4), poly-
dimethylsiloxane (PDMS), boric acid, and benzoyl peroxide
(BPO). Besides, the mechanisms of “cross bonds” from the
decomposition of cross-linking agent BPO and the magnetic
particle chains induced by the magnetic field were intro-
duced to describe the excellent multifunctional stimulus-
response properties. Yao et al. [26] developed a novel
magnet-induced aligning magnetorheological elastomer
(MIMRE) based on ultrasoft polymeric matrix compounded
of PDMS, boric acid, and chloroform to obtain the excellent
magnetorheological effect and healing performance. Goli-
nelli et al. [27] studied the behavior of magnetic Silly Putty
first under a quasi-static compression and shear loading and
second under dynamic shear loading; the results highlighted
a strong dependence on the deformation rate the influence
of the magnetic field was weak. However, in addition to
applying single boron-silicon as the matrix, Wang [28]
fabricated a novel magnetorheological shear-stiffening
elastomer (MSTE) by dispersing CIPs into the shear-stiff-
ening elastomer, which was synthesized by co-polymeriza-
tion of shear-stiffening gel (STG) and methyl vinyl silicone
rubber (VMQ).(e results indicated that the content of STG
could adjust the magnetic controllability and shear-stiff-
ening performance of MSTE.

Besides, the influence factors and mechanisms of mul-
tifunctional properties for MRSP have also been extensively
explored recently. Firstly, the rate-sensitive characteristic is
mainly determined by the number of the B-O “cross bonds.”
Liu et al. [29] prepared multifunctional magnetorheological
gel (MMRG) samples with the mass ratio of pyroboric acid
to PDMS varying from 0 to 0.6. (e results demonstrated
that the shear stiffening performance was positively corre-
lated with the number of “cross bonds,” and when the
numbers of molecular chains containing Si-O and Si-O-B
were close (the mass ratio of pyroboric acid to PDMS
reached 0.3), a substantial number of “cross bonds” were
formed to result in excellent shear stiffening performance.
Furthermore, the curing process, including temperature and
time, were considered important factors influencing the
shear stiffening performance [30]. In the study, curing
temperature of 120°C and curing time of 30min were se-
lected to obtain the best shear stiffening performance.
Moreover, additives such as CaCo3 [31], graphene [32], and

carbon nanotubes [33, 34] were invested in the promotion of
rate-sensitive characteristics. Simultaneously, the magne-
torheological effect of MRSP induced by the externally
imposed magnetic field is generally influenced by magnetic
saturation of particles, magnetic particle size and dispersion,
matrix properties, and additives similar to other magneto-
rheological materials [35–39]. (e mechanism of formed
chain or column structures [40–43] for magnetic particles
along magnetic induction lines was usually employed to
describe the magnetorheological effect.

(erefore, in this work, a novel MRE was prepared by
dispersing CIPs into the BR matrix with the addition of self-
fabricated Silly Putty. (e rheometer testing system studied
the normal force characteristic of the synthetic novel
composite MRE. (e testing results revealed that the de-
veloped novel MRE exhibited excellent magnetorheological
effect and rate-dependent performance in extrusion mode.
Furthermore, the content of Silly Putty played a pivotal role
in improving the axial deformation ability of the novel MRE.

2. Experimental Methods

2.1.Materials. PDMS, boric acid, and absolute ethyl alcohol,
purchased from Sinopharm Chemical Reagent Co. Ltd.,
Shanghai, China, were applied to fabricate the Silly Putty as
well as the silicon-boron copolymer. Butadiene rubber (BR),
vulcanization system including cross-linking agent benzoyl
peroxide (BPO), zinc oxide (ZnO), stearic acid (SA), and
accelerant, purchased from Sinopharm Chemical Reagent
Co. Ltd., Shanghai, China, were applied to synthesize the
composite matrix of MRE with Silly Putty. CIPs with dif-
ferent average particle sizes of 3.15, 3.5, and 3.65 μm were
purchased from Jiangsu Tianyi Ultra-fine Metal Powder Co.
Ltd., Xuyi, China. Dioctyl phthalate (DOP), purchased from
Sinopharm Chemical Reagent Co. Ltd., Shanghai, China,
was used as the plasticizer. All the materials were analytically
pure, and multifunctional properties were tested by
MCR302 rheometer (Anton Paar Co., Austria).

MAT-3000S soft magnetic DC testing device was used to
characterize the soft magnetic property of CIPs. (e B-H
magnetizing curves of different average particle sizes are
displayed in Figure 1. It is shown that CIP with an average
particle size of 3.5 μm exhibits the best soft magnetic per-
formance, which presents lower coercivity Hc (only 93.61A/
m and testing magnetic field strength at 20,000A/m) and the
similar magnetization to CIP with an average size of 3.65 μm.
(erefore, in this work, CIP with an average particle size of
3.5 μm was selected as the filling particles of the novel MRE
samples to obtain the apparent magneto-induced property
and reduce the effect of remanent magnetism. (e perfor-
mance indexes of the selected CIP are shown in Table 1.

2.2. Preparation and Properties of the Novel MRE Samples.
(e process of preparing the novel MRE sample is shown in
Figure 2. (e first heating process led to the formation of
Silly Putty as well as the silicon-boron copolymer. (e
second step generates the composite matrix by mixing BR
and Silly Putty. (e last step formed the novel MRE sample
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Table 1: (e major performance indexes of the CIP.

Fe content (%) C content (%) N content (%) O content (%) Average particle size (μm) Apparent density Tap density
98.10 0.74 0.90 0.26 3.5 2.8 g·cm− 3 4.25 g·cm− 3
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Figure 2: (e preparation process of the novel MRE sample.
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Figure 1: (e testing B-H curve of CIPs with different average particle sizes.

Advances in Materials Science and Engineering 3



after the vulcanization process. (e specific preparation
steps were as follows:

(1) Firstly, the mixture of a certain amount of PDMS, boric
acid, and absolute ethyl alcoholwas stirred in a beaker at
room temperature until homogeneously. (en, the
mixture was heated at 200°C for 4hours and stirred
every 15min to keep the reaction adequate. During the
process, the Si-O bond was broken, and the Si-O-B
bond was formed. (e boron-silicon copolymer was
obtained after the viscous mixture was cooled to room
temperature.

(2) Next, the boron-silicon copolymer was mixed with BR
in a two-roll mill (Nantong Hailite Rubber Machinery
Inc., China; model XK-160) at room temperature.
Additives such as ZnO, SA, accelerant, CIPs, and cross-
linking agent BPO were added in sequence during the
mechanical mixing method. Besides, plasticizer DOP
was added in batches to improve the composite matrix
plasticity.

(3) Finally, the compound was vulcanized at 120°C for
20min in the thermal-magnetic coupling system
(TMCS) to form the novel MRE sample. (e TMCS
consisted of magnet exciting coils, temperature con-
troller (TC), external power source, heating plate, and a
relay. (e mixed unvulcanized MRE sample in the
mold was placed on the heating plate to be cured to
form the novel MRE between the magnetic induction
lines generated by the two magnet exciting coils when
the external current was input. (e previous research
demonstrated that prestructured MRE exhibited an-
isotropic characteristics and a more excellent magne-
torheological effect [44] due to an increasing number of
particle chains and columns formed in thematrix under
the applied magnetic field. During the curing process,
the magnetic induction intensity was constant at 1T.
(e MRE sample was prepared when the product
cooled down to room temperature.

In the preparation process, the amount of CIPs added to
the novel MRE is stationary. Before the magnetic saturation,
the higher the mass ratio of CIPs to the matrix, the more
pronounced the magnetorheological effect is, and the more
sensitive the material is to a magnetic field. However, ex-
cessive CIPs will increase the initial modulus of theMRE, thus
reducing the relative magnetorheological effect and the reg-
ulation range induced by the magnetic field. (erefore, in this
work, the mass fraction of CIPs remains at 75%. Four groups
of MRE samples are fabricated, and the compositions of the
four groups of MRE samples are listed in Table 2. According
to the proportioning principle of the traditional rubber
process, the composite matrix is set to 100 phr.(e percent of
Silly Putty to the composite matrix from MRE-1 to MRE-4 is
0%, 10%, 25%, and 40% in sequence, respectively. Hence,
MRE-1 is based on the pure BRmatrix. Besides, to the boron-
silicon copolymer, the mass fraction of PDMS, boric acid, and
the absolute ethyl alcohol is 80%, 15%, and 5%, respectively.

In this work, the Hitachi S4800 scanning electron mi-
croscope (SEM) was used to observe the internal

microstructure of the MRE sample. (e SEM images are
displayed in Figures 3(a) and 3(b). It can be obtained from
Figure 3(a) that CIPs are uniformly dispersed in composite
matrix approximately, and the MRE sample presents iso-
tropic feature when the prestructured magnetic field is in the
close state. However, when the prestructured magnetic field
is in the open state during the curing process, the CIPs are
arranged in ordered chain structures along magnetic in-
duction lines and MRE sample anisotropic feature from
Figure 3(b).

(e normal force characteristics of novel MRE samples
were carried out by the MCR302 rheometer. During the
testing procedure, a parallel plate PP20 with a diameter of
20mmwas used.(e novel MRE sample was placed between
the upper and lower plates. In this work, the normal force of
each novel MRE sample was obtained by testing at quasi-
static compression mode without magnetic field, quasi-static
compression mode with the magnetic field, and dynamic
oscillation shear mode. (e rheological property of the
fabricated boron-silicon copolymer is displayed in Figure 4.
(e fabricated Silly Putty exhibits apparent rate-sensitive
performance. When the external rate-stimuli varies from 0
to 100 rad/s, the storage modulus of the boron-silicon co-
polymer generates the enhancement of three orders of
magnitude.

3. Results and Discussion

3.1. 0e Normal Force at Quasi-Static Compression Mode
without Magnetic Field. Under the condition of no external
magnetic field and a constant compression rate, the normal
force of the novel MRE samples on the rheometer plate can
be detected. As for the fabricated four groups of the novel
MRE samples from MRE-1 to MRE-4, Figure 5 shows the
relationship between the normal force FN and the gap h of
parallel plates at the same compression rate of 100 μm/s. It is
indicated that the normal force of all the MRE samples can
reach the limit (50N) of the rheometer when the samples are
compressed to a specific state. Besides, as the mass fraction
of the silicon-boron copolymer added in the matrix grad-
ually increases, the compression deformation of the novel
MRE samples gradually increases when it reaches the
measurement limit of 50N. For instance, the compression
deformation ofMRE-1 without the addition of silicon-boron
copolymer is only 0.912mm at the measured normal force
limit of 50N. However, the compression deformation of
MRE-2 with the addition of 10% silicon-boron copolymer is
1.022mm, while the compression of deformation of MRE-4
with the addition of silicon-boron copolymer exceeds
1.4mm. It is because the modulus of the pure BR matrix is
higher than the modulus of the silicon-boron copolymer.
When the content of silicon-boron copolymer in the
composite matrix is enhanced, the overall modulus of the
novel MRE will reduce. (erefore, it depends on more
significant compression deformation to achieve the same
normal force. In addition, after each compression defor-
mation, the novel MRE samples can generally recover to the
initial deformation state. Hence, compared to the traditional
MRE-1, it can improve the axial deformation capacity of the
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novel MRE samples by adjusting the content of the silicon-
boron copolymer in the composite matrix.

Figures 6(a) and 6(b) show the relationship between the
normal force and the gap of parallel plates at different
compression rates of MRE-1 and MRE-4, respectively. (e
compression rate of 100, 200, 300, and 400 μm/s are applied
separately in sequence, and the starting-ending positions of
the compression range are the same. It can be observed from
Figure 6(a) that the normal force curves of MRE-1 almost
coincide under different compression rates. Furthermore,
MRE-1 based on pure BR matrix exhibit no prominent rate-

sensitive characteristic because the modulus of rubber only
appears weak variation trend within an extensive exerted
rate or frequency range. From Figure 6(b), MRE-4 exhibits
prominent rate-sensitive property from the obtained normal
force, increasing with the applied compression rate. When
the compression deformation is 0.46mm and the com-
pression rate is 100 μm/s, the normal force of MRE-4 is only
12.7N. However, when the compression rate reaches
400 μm/s, the normal force of MRE-4 can achieve 19.1N,

Table 2: (e composition of composite MRE samples (phr).

Samples BR Boron-silicon copolymer CIPs BPO Vulcanization system, accelerant ZnO SA DOP
MRE-1 100 0 645 5 5 3 2 100
MRE-2 90 10 645 5 5 3 2 100
MRE-3 75 25 645 5 5 3 2 100
MRE-4 60 40 645 5 5 3 2 100

S4800 3.0 kV 8.5 mm x300 SE (M) 100 um

(a)

S4800 3.0 kV 8.5 mm x300 SE (M) 100 um

(b)

Figure 3: Prepared MRE sample and SEM image of internal microstructure: (a) the prestructured magnetic field is in the close state and (b)
the prestructured magnetic field is in the open state.
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which increases by 6.4N dependently. While the com-
pression deformation increases to 0.9mm and the com-
pression rate are 100 μm/s, the normal force of MRE-4 is just
24.3N. As the compression rate increases to 400 μm/s, the
normal force of MRE-4 can achieve 36.5N, which increases
12.2N dependently. (erefore, the novel MRE-4 sample
with the addition of silicon-boron copolymer exhibits a
more obvious rate-dependent performance of the normal
force at more considerable compression deformation.
Overall, the rate-sensitive property of the novel MRE can
also reflect in the vertical normal force, not only in the
horizontal shear performance based on the rheometer
testing system.

From the working mechanism, the chain structure of
PDMS has different polymerization degrees. When the
PDMS reacts with boric acid, the Si-O bond breaks, and
boron (atom B) is simultaneously introduced into the chains
to form the silicon-boron copolymer with the Si-O-B bond.
(e molecular structure of the PDMS and the chains doped
with atom B that can assume three forms [25, 45] are shown
in Figure 7(a).

(e electron-deficient p orbital of atom B obtains
electrons from atom O in the Si-O bond [46] after forming
the silicon-boron copolymer. (erefore, from Figure 7(b),
the atom B from the Si-O-B bond in the chain structure of
silicon-boron copolymer and the atom O from the Si-O
bond in the chain structure of PDMS contribute to the
formation of the B-O cross bond together that stimulate the
rate-sensitive performance. In other words, the cross bond
can be described as a slight damper, including a pair of
piston and cylinder that can play an essential role in force
output at different rate stimuli.

Furthermore, to the MRE sample based on pure BR
matrix, the C-C cross bond can be formulated by adding
cross-linking agent BPO, illustrated in Figure 8. (e CIPs
with chain structures are fixed in the cross-linked network

formed by C-C cross bonds. However, when the silicon-
boron copolymer is added to the BR matrix, the B-O cross
bond will be blocked in the cross-linked network of BR [47]
due to the tremendous C-C bond energy exhibited in the
cube cell. As for the B-O cross bond, the B and O come from
the silicon-boron copolymer; therefore, the percent of sili-
con-boron copolymer determines the number of B-O cross
bonds. From Figure 8, when the percent of silicon-boron
copolymer increases gradually, the number of B-O cross
bonds will enhance dependently, exhibiting more obvious
rate-sensitive characteristics macroscopically. Besides, when
the lower compression rate is applied, more “pistons” from
atom O and “cylinders” from atom B are active freely
concerning a small amount of the B-O connected “damper.”
(erefore, the movement of chains is relatively free and
flowing. When the compression rate increases, more and
more “pistons” and “cylinders” are attracted to connect as
“dampers,” which generate more B-O cross bonds. Fur-
thermore, the movement of chains with Si-O-Si bond and Si-
O-B bond will be restricted due to gradually forming the B-O
cross-linked network. Hence, the axial modulus and normal
force will be improved with the applied compression rate.

3.2.0e NormalForceatQuasi-StaticCompressionModewith
theMagnetic Field. When there is an external magnetic field
and a constant compression rate applied, the normal force of
the novel MRE samples on the rheometer plate can be
detected by adjusting the magnetic field strength. (e var-
iation of normal force with the external magnetic field
strength is an essential indicator of the magnetorheological
effect of the novel MRE samples.

Figure 9 reveals the relationship between the normal
force and the magnetic induction intensity of MRE-1 and
MRE-4. (e compression strain of 10%, 20%, 30%, 40%, and
50% is applied, and the magnetic induction intensity varies
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Figure 6: (e normal force of the novel MRE samples as a function of the gap: (a) MRE-1 and (b) MRE-4.
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from 0 to 1.13 T continuously. It can be concluded that the
normal force of each curve gradually increases with the
enlargement of magnetic induction intensity, and when the
magnetic induction intensity reaches 0.9 T, the normal force
gradually tends to be stable due to magnetic saturation.
Besides, compared with the traditional MRE-1 without the
addition of Silly Putty, the overall normal force of MRE-4 at

each compression strain is lower. However, the adjustable
range of normal force for MRE-4 is more comprehensive
than MRE-1 due to the greater initial normal force of MRE-
1. For instance, when the compression strain is 30% and the
magnetic induction intensity varies from 0 to 1.13 T, the
normal force of MRE-4 can change from 14.2 to 18.9N, and
the relative rate is 33%, which is greater than 21% of MRE-1.
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Figure 8: (e mechanism of rate-sensitive characteristics and the molecular chain model when silicon-boron copolymer percent increases.
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(erefore, it is explicit that the addition of Silly Putty can
improve the adjustable range of normal force with magnetic
field for MRE samples.

Figure 10 shows the relationship between the magneto-
induced normal force ΔFN and compression strain of MRE-4
at different magnetic induction intensities. Obviously, on the
same compressive strain condition, the magneto-induced
normal force increases with themagnetic induction intensity
and tends to magnetic saturation when the magnetic in-
duction intensity attains 0.997 T. Meanwhile, the variation
trend between magneto-induced normal force and com-
pression strain at different magnetic induction intensities is
the same. When the compression strain is less than 20%, the
magneto-induced normal force at different magnetic in-
duction intensities is almost constant. Besides, when the
compression strain is more than 20%, the magneto-induced
normal force at different magnetic induction intensities
increases with the increase of the compression strain.
Furthermore, when the magnetic induction intensity attains
to 1.03 T and the compression strain is 10%, the maximum
magneto-induced normal force to magnetic saturation is
3.8N. By comparison, the maximum magneto-induced
normal force at the compression strain of 50% is more
remarkable than 5N.

Similar to the shear stress of MRE, the normal force is
derived from the composite matrix and the interaction
between the soft magnetic particles, which can be expressed
as ΔFN. (e saturation magnetization intensity is the ap-
parent property of soft magnetic particles. (erefore, when
the magnetic induction intensity increases gradually, the soft
magnetic particles are magnetized until they reach satura-
tion. Due to the apparent nonlinear property of the mag-
netized process, the magneto-induced normal force of novel
MRE samples exhibits evident nonlinear characteristics.

(e magneto-induced mechanism can be described in
Figure 11. To the prestructured MRE sample, the CIPs are
arranged in chain structures along the magnetic induction

line fixed in the composite matrix compounded by BR and
Silly Putty. When the external compression force F is
applied, the composite matrix can be compressed to de-
formation. Meanwhile, the gap d between the centers of
particles will reduce until the adjacent particles contact.
However, when the compression deformation continues
to increase to the particles fixed in the BR cross-linked
network, the particle chains will bend to a possible radian
due to compression force f. Still, to the particles in the Silly
Putty, the long particle chains probably tend to rupture to
form more intensive and stable short particle chains,
which can generate more obvious magneto-induced
normal force.

During the process of particle gap reduction, a simplified
model based on the magnetic dipole and coupling field
theory can be concluded to describe the magneto-induced
normal force ΔFN. In this model, CIPs are simplified to
spheres with the same radius r. For a dipole i in a chain, its
magnetic dipole moment can be expressed as follows [48]:

m
→

i �
4
3
πr

3μ0μ1M �
4
3
πr

3μ0μ1χHi, (1)

where permeability of vacuum μ0 � 4π ∗ 10− 7, μ1 is the
relative permeability of composite matrix, χ is the magnetic
susceptibility, andM is the magnetization of a soft magnetic
particle that can achieve magnetic saturation Ms during
nonlinear magnetization.

(e magnetic field strength at particle i can be expressed
as follows [49]:

Hi � H
→

0 + 
j≠i

Hj � H
→

0 + 2
n

j�1

3d d · m
→

j  − m
→

j

4πμ0μ1 dj 
3 , (2)

where H
→

0 is the external magnetic field strength, dj is the
unit vector of d

→
j, and dj � jd. Substitute equation (1) into (2)

to get
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Figure 9: (e normal force as a function of magnetic induction intensity at different compression strains: (a) MRE-1 and (b) MRE-4.
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m
→

i �
4
3
πr

3μ0μ1χ H0 + 2
n

j�1

3d d · m
→

j  − m
→

j

4πμ0μ1(j d)
3

⎡⎢⎢⎣ ⎤⎥⎥⎦, (3)

where assume A � 
n
j�1 1/j

3; when n is large enough,
A ≈ 1.202.

Moreover, the compression strain can be expressed as
follows:

ε �
d − d0

d
, (4)

where d0 is the initial distance between adjacent particles.
Because the stiffness of the soft magnetic particles is much
larger than that of the composite matrix, the deformation of
the particles can be ignored. Assume mi �mj �m, according
to equation (3),

m �
4
3
πr

3μ0μ1χH0
1

1 − (4/3)χA(r/d)
3 . (5)

(e magnetic interaction energy between the soft
magnetic particle i and other soft magnetic particles in the
same chain is

E �
− 1

4πμ0μ1
·
4Am

2

d
3 . (6)

(erefore, the magnetic interaction energy per unit
volume of the novel MRE can be expressed as follows:

Ed �
3ϕ
8πr

3 E, (7)

where ϕ is the volume fraction of the CIPs.
Hence, the magneto-induced normal stress can be

expressed as follows:

σ �
zEd

zε
�

zEd

zd
zd
zε

� d0
zEd

zd
. (8)

(e magneto-induced normal force can be expressed as
the product of the normal stress and the cross-sectional area
S as follows:

ΔFN � σS. (9)

When the soft magnetic particles reach the magnetic
saturationMs, according to equations (6)–(9), the maximum
magneto-induced normal force of the novel MRE based on
the composite matrix can be obtained as follows:

ΔFN �
2Sd0ϕAr

3μ0M
2
s

μ1d
4 . (10)

From equation (10), the magneto-induced mechanism
can be concluded that the magneto-induced normal force
will enhance when the distance d between the centers of soft
magnetic particles reduces with the increasing compression
strain. Furthermore, the magneto-induced normal force will
also enhance with the applied external magnetic field
strength until the magnetic saturation of particles.

3.3. 0e Normal Force at Dynamic Oscillation Shear Mode.
(emagnetic interaction between CIPs fixed in the matrix is
the source of generation for magneto-induced shear stress
and magneto-induced normal force. (e previous research
results reveal that in the process of shear deformation, the
elastic modulus in the direction of compression and the
torque applied to particle chains are two important influence
factors to the normal force of MRE [50, 51]. Besides, the
variation trends of the normal force caused by the two
influence factors are the opposite [52, 53]. On the low
magnetic field condition, the influence of elastic modulus in
compressive direction is more evident than the torque ap-
plied to particle chains, so the normal force decreases with
the increase of shear strain. However, the torque applied to
particle chains gradually increases with the enhancement of
the external magnetic field. Meanwhile, the enhancement of
normal force caused by the increase of the torque is higher
than the decrease of the normal force caused by the decrease
of the elastic modulus in the compressive direction. So the
normal force gradually increases with the enhancement of
the shear strain on the condition of a high magnetic field.

Figure 12 presents the relationship between the normal
force and oscillatory shear strain of MRE-4 at different
magnetic induction intensities when the angular frequency
of 10 rad/s is applied. (e normal force is stable at different
magnetic induction intensities when the oscillatory shear
strain is less than 9%. However, when the oscillatory shear
strain is more than 9%, the normal force sharply reduces
regardless of the magnetic induction intensity. Most particle
chains in MRE rupture suddenly, which can be replaced by
the failure of particle chains that is more likely to occur in the
oscillatory shear mode. Furthermore, the normal force
further decreases with the enhancement of oscillatory shear
strain due to the continuous fracture of particle chain
structures.
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Figure 12: (e normal force of MRE-4 at oscillatory shear mode.
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4. Conclusions

A novel MRE based on composite matrix compounded by
BR and self-fabricated Silly Putty was prepared. (e
normal force of MRE samples at quasi-static compression
mode without magnetic field, quasi-static compression
mode with the magnetic field, and dynamic oscillation
shear mode were tested.

(1) (e novel MRE samples with the addition of Silly Putty
exhibited greater axial deformation capacity than tra-
ditional MRE-1. It could improve the novel MRE
samples’ axial deformation capacity by adjusting the
silicon-boron copolymer’s content in the composite
matrix. Moreover, the normal force varied stably with
the oscillatory shear strain (less than 9%) at different
magnetic induction intensities and suddenly reduced
when the applied oscillatory shear strain was more than
9%.

(2) (e fabricated novel MRE-4 exhibited prominent
rate-sensitive characteristics, indicating that
normal force FN enhanced with the increased
compression rate than traditional MRE-1. (e
B-O cross bonds were formulated and blocked in
the C-C cross-linked network of BR with the
addition of silicon-boron copolymer. (e more
and more B-O cross bonds allowed the linear
molecular chains to form a B-O cross-linked
network structure that restricted the movement of
molecular chains, including Si-O and Si-O-B
bonds, resulting in an increase in the normal force
the compression rate and the mass fraction of
silicon-boron copolymer addition increased.

(3) Furthermore, compared to the traditional MRE-1,
the addition of Silly Putty to the novel MRE
samples could improve the adjustable range of
normal force with the applied magnetic field. (e
magneto-induced normal force ΔFN was obtained
and increased with the magnetic induction in-
tensity until magnetic saturation. Due to the
prestructured CIP chains fixed in the composite
matrix, the magneto-induced normal force was
obtained under the applied external magnetic
field. (e gap d between the centers of soft
magnetic particles reduced with the compression
deformation, resulting in a slight increase of
magneto-induced normal force. Moreover, when
the compression deformation continued to in-
crease, the CIP chains fixed in the C-C cross-
linked network possibly bent to a radian, and the
CIP chains in the B-O cross-linked network
tended to rupture to form more intensive and
stable short particle chains; therefore, the mag-
neto-induced normal force increased. Besides, a
simplified model was deduced to characterize the
magneto-induced mechanism during the process
of particles gap reduction. Furthermore, external
magnetic field strength, gap d between the centers
of soft magnetic particles, and magnetic

saturation Ms were the key factors influencing the
magneto-induced normal force ΔFN.
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To provide an effective basis and reference for applications of prestressed concrete thin-slab beams after a bridge fire, methods and
principles of fire-resistant design, repair, and reinforcement of such beams were discussed. Taking a simple supported and
continuous girder bridge of an expressway in service as a sample, appearance testing and nondestructive testing of the internal
structure were carried out. Four representative full-scale prestressed concrete beams were selected. &rough the comparative test
of the ultimate bearing capacity of such beams, the laws of the deflection deformation, strain distribution, crack formation, and
crack development were obtained. By combining with the finite element simulation and theoretical analysis, the ultimate bearing
capacity, complex mechanical characteristics, and breakage feature and failure mechanism of such beams were studied. It was
indicated by the results the following: (1) Prestress loss will cause height reduction of the concrete shear zone, which is one of the
main reasons why the bending-shearing failure of such beams happened before the pure bending failure. (2) Under certain
operating loads, brittle fracture is more likely to occur on the bottom surface of such beams when directly exposed to fire. (3) &e
bursting and spalling depth of concrete after being exposed to fire can be used as the characteristic parameters for the rapid
identification of the bottom surface of such after-fire beams.

1. Introduction

With the vigorous development of highway traffic in China,
more and more inflammable and explosive goods are
transported by road and the number of bridge fires is in-
creasing. &e fire, which affects the bridges, not only causes
economic losses for the country but also brings potential
safety hazards to the service of the bridge, affecting the
normal operation of the highway. In China, prestressed
concrete bridges account for a large proportion of the
completed bridges in service [1]. Hollow slab beams are the
most common form of medium- and small-span highway
bridge superstructures, and about 35% of concrete girder
bridges adopt hollow slab structures [2].

&e floor thickness of the hollow slab beam is generally
between 8 cm and 15 cm, which is relatively thin. Once
exposed to fire, its effective prestress will decrease, and the
overall rigidity of the beam and slab will drop, affecting the
normal service of the whole bridge. When conflagration

happened, the failure of the complete bonding between steel
strand and concrete will lead to structural failure along with
the brittle damage of the beam and plate, which will seriously
threaten the traffic safety and arouse pernicious social im-
pact. Hence, it is necessary to examine and furtherly study
the mechanical properties of those beams from fire-damaged
bridges.

Many scholars researched on the mechanical properties
of prestressed concrete beams after the fire from different
perspectives, including material properties, fire resistance
calculation method, evaluation of postdisaster bearing ca-
pacity, and new fireproof technologies. Zheng et al. [3]
carried out fire resistance tests on 15 prestressed concrete
simply supported slabs and 9 two-span unbonded pre-
stressed concrete continuous slabs. &e results have shown
that concrete spalls more easily when the stress is greater on
the surface exposed to fire. Wang et al. [4] have experi-
mented on the creep of high-strength prestressed rebars
under high-temperature conditions, establishing a high-
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temperature creep model of those rebars. &e necessity of
considering the creep of the concrete when analyzing the fire
resistance performance of the prestressed concrete struc-
tures was verified. Ding et al. [5] studied the temperature
field and relaxation of prestressed tendons of concrete beams
and slabs through numerical simulation and model tests
when underbridge space encountered fire. It turned out that,
after the fire, the prestress loss of the steel strands from such
beams and slabs has occurred. &e higher the fire field
temperature, the greater the prestress loss. Based on the
investigation of the firing time and its temperature, after-fire
prestress loss is analyzed. And the foundation for post-
disaster assessment of bridge performance was laid. Dwaikat
and Kodur [6] established a monolithic model of high-
strength concrete bursting and spalling based on the in-
fluence of concrete pore water pressure, pointed out that the
axial constraint has an obvious influence on the bursting and
spalling performance of concrete beams, and concluded that
high-strength concrete has lower fire resistance performance
than ordinary concrete due to the effect of its surface
concrete bursting and lower permeability. Kodur and
Dwaikat [7] studied the influence of the stress-temperature
path on the prestressed concrete beams and slabs. A nu-
merical method considered the thermal-mechanical cou-
pling effect that was proposed. By combining with
experimental data, the fire resistance performance of pre-
stressed concrete beams and slabs was learned. Yun and Jeon
[8] proposed a method to evaluate the fire damage of bridge
structures based on the thermal-structure interaction then
applied this method to prestressed concrete bridges, re-
spectively. It was founded that the temperature distribution,
deflection, and its standard fit well with the standard fire test
results. Zhang et al. [9] used the thermal field coupling
calculation method to explore the failure mode of T-section
prestressed concrete beam bridges under different fire
modes. &e beam rib and flange plate deformation of such
beams were tracked under different fire modes. As for the
long-span prestressed concrete box girder bridges (PC box
girder bridges). Yanagisawa et al. [10] discovered a method
that can identify the failure mode of the after-fire bridge and
reduce the fire damage by adding a fire protection panel
(FFP). And the effectiveness of the method through real
practice was forwardly testified. Taking into account the
geometric nonlinearity, material nonlinearity, and nonlinear
thermal gradient, and combining the bidirectional coupling
between thermal analysis and structural analysis, Prakash
and Srivastava [11] proposed a nonlinear thermal analysis
method for RC beam fire based on the direct stiffness
method.&e results show that the framework can predict the
response of RC structure well. Alos-Moya et al. [12] cali-
brated the fire model by using the temperature results of
Valencia bridge fire test conducted by Valencia Polytechnic
University in Valencia (Spain).&e results show that some of
the fire stability models are only suitable for scale bridge fire
test, not for actual bridge fire analysis. Beneberu and Yazdani
[13] carried out a full-scale single-span prestressed concrete
bridge that was tested under a combined hydrocarbon fire
and simulated AASHTO live load. &e results show that
without fire prevention measures, the carbon fiber cloth will

degum rapidly, resulting in serious spalling of concrete and
loss of some prestressed steel strands. Kodur et al. [14]
studied the fire resistance of composite box girder with
transverse and longitudinal stiffeners and proposed a
method to predict the failure time of arch bending moment
zone of continuous composite box girder based on deflection
ratio. &e results show that the fire resistance of continuous
composite box girder can be significantly improved by
preventing the negative bending moment zone of contin-
uous composite box girder from fire.

As mentioned above, the studies about the mechanical
properties of prestressed concrete girder bridges after the fire
were mainly focused on five aspects, including material
properties, thermal performance, effective prestress loss
mechanism, fire resistance performance tests of reduced-
scale components, and numerical simulation analysis of the
entire bridge. However, research based on the mechanical
properties of full-scale beams after the fire is still lacking.
After experiencing different high-temperature burning, the
failure criteria and morphology of prestressed concrete thin-
slab beams have not been studied in depth. In this paper, to
obtain the law of deformation, strain, and crack develop-
ment, a full-scale failure test of such beams is carried out.
Combined with theoretical and numerical analysis, several
properties are studied, including the ultimate bearing ca-
pacity, force characteristics, and failure mechanism of such
beams. &ese results can serve as a decision-making foun-
dation for the practical fire-resistant design, maintenance,
and reinforcement of similar beams.

2. Method

2.1. Source and Classification of Test Components. A precast
9× 20m prestressed concrete hollow bridge in-service on
provincial expressway is designed in split width, and each
width contains 16 hollow slab beams [15]. &e minimum
floor thickness of this bridge is 15 cm, the net protection
layer thickness of steel strands is 3.6 cm, and the designed
value of standard cube compressive strength of concrete is
50MPa. Eachmiddle beam of this bridge is equipped with 14
steel strands, and the effective length of these steel strands is
shown in Table 1. Each prestressed steel bundle is composed
of 6×Φs 15.2, whose standard tensile strength of pre-
stressing tendons is 1860MPa and the tension control stress
is 1395MPa. &e reinforcement of elevation and middle
plate are shown in Figure 1.

All reliable samples in this study come from the hollow
slab removed from the bridge above after exposure to fire
due to the oil tank truck at its bottom. &e tank truck rolled
over under the sixth hole of that bridge, causing the fuel tank
to rupture and burn. &e fuel flowed along the road to the
seventh hole and then burned a large area. As a result, the
bottom surface of the girder slab near the 6th and 7th holes
was directly burned by the fire nearly two hours (the side face
was not directly overfired).

According to the appearance test results, the web of the
hollow slab girder was not directly burned by the fire source,
suffering little influence on the shear bearing capacity. &us,
little web plate damage was found. In addition, after multiple
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Figure 1: &e elevation and reinforcement diagram. (a) Elevation (the unit of elevation is m, and the unit of span is cm). (b) Medium plate
reinforcement diagram.

Table 1: Effective length of strand (unit: m).

No. 1 2 3 4 5 6
L 19.9 16.8 15.2 13.2 11.0 7.8
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hoisting and transportation, most of the beams and slabs
have varying degrees of damage near the fulcrum.&erefore,
it is very important to carry out the bending bearing capacity
test, which is our main test.&e hollow slabs are divided into
four categories differentiated by the degree of after-fire
damage for the later experiment. See Table 2 and Figure 2.
Among them, beam 2# is the reference beam, which is nearly
unaffected by the fire. &e proving process will be discussed
in Section 3 as follows, through numerical simulation and
experimental comparison of these beams.

2.2. Loading Device. Loading devices include ultra-high-
pressure jack, rubber-bearing, welded H-type steel beam
and counterforce beam, number display pressure ring, Φ32
fine-rolled rebar, and gravity ground anchor device. &e
pressure generated by the jack is applied to the longitudinal
loading beam in the form of a reaction force through the
ground anchor device. &en, the force is transferred from
the longitudinal beam to the hollow slab structure through
a rubber bearing (steel pad). &e maximum bending
moment in the normal section and the maximum shear
force from one-third to two-thirds of the span length has
been considered simultaneously in the test loading ar-
rangement. &e loading arrangement layout is detailed in
Figure 3, and the on-site loading situation is shown in
Figure 4.

2.3. Process of the Loading Test. &e test of each beam is
divided into two loading conditions. &e first condition
means loading until each cross section reaches or is close to
the design value of an ultimate bending moment, and the
second condition means loading to the actual ultimate
failure state or the loading to the test termination conditions.
&e loading process is shown in Table 3. Refer to the relevant
specifications for test termination conditions.

2.4. Items and Methods for the Test

2.4.1. Beam Deflection and Pier Settlement Measurement.
&e deflection of the beam and the test bench under various
loading conditions is measured by using AL-ML32 high-
precision leveling instrument shown in Figure 5. Numbers of
deflection and settlement at one-quarter of the span length,
three-quarters of the span length, and the midspan can be
read through the preembedded indium steel ruler.

2.4.2. Strain Measurement of the Key Sections. On both sides
of the hollow slab beams, along the height direction of the
webs, bridge strain gauges were arranged for measurement,
especially at one quarter, three quarters, one-eighth, three-
eighths of the span length, and the midspan.

&e detailed arrangement of measuring points is shown
in Figure 6.

2.4.3. Crack Observation and Damage Pattern Recording.
Before the test, the initial conditions of the selected beams
were carefully checked, the original cracks were marked,

and the original crack diagram was drawn in detail. &e two
sides of the hollow slab girder web are divided into 20 cm
square grids at equal intervals as the reference coordinate
system for recording cracks on the concrete surface. During
the test, the appearing cracks were drawn on the beam and
recorded, and the corresponding load size when the cracks
appeared was marked. At the same time, several repre-
sentative cracks were selected to track and measure their
width changes.

2.5. Numerical Simulation. According to Chaowei et al.
[15], after obtaining the material’s mechanical performance
parameters, the ultimate bearing capacity of the prestressed
concrete beam was analyzed. And the finite element
analysis method was applied during this process to meet the
required engineering accuracy. &e comparison between
numerical simulation and the experiment proves that the
beam 2# is almost unaffected by the fire and thus can be
used as the reference beam [15]. &e general large-scale
finite element software ANSYS is used for modeling.
SOLID65 elements should be selected for concrete. &e
stress-strain relationship model of concrete is an important
part of the nonlinear analysis of after-fire concrete hollow
slabs. And the dynamic hardening model is used for this
simulation. In the concrete failure criterion, the shear-
transfer coefficient of open cracks is set to 0.7 after trial
calculations based on relevant experience, and the shear-
transfer coefficient of closed cracks is set to 0.95. &e
uniaxial stress-strain of concrete can be found in [15]. Steel
strands are simulated by the LINK8 unit, without con-
sidering the bond-slip between steel and concrete, and steel
strands are simulated by the bilinear isotropic strength-
ening model BISO considering strengthening. To consider
the exact effects, ordinary steel bars are dispersed into
concrete elements in a way of defining real constants
(reinforcement ratios of stirrups and longitudinal and
transverse steel bars). In order to prevent stress concen-
tration from causing the in-advance jumping out of the
calculation, a unit with an elastic modulus 100 times that of
concrete is set at the loading position and the bridge
bearing. When dividing elements, a hexahedral mapping
grid is used. &e number of bridge elements is 5918 in total,
and the number of nodes is 8266. &e finite element model
is shown in Figure 7.

3. Result and Discussion

Due to the requirements for keeping the bridge ap-
pearance and the nondestructive inspection in the early
stage, the test bench bed has a clear height of 1.2 m.
Because of the safety considerations and limited working
stroke of the jack, the loading test stopped in advance
before the hollow slab beam was completely destroyed.
So, there was no complete destruction of the structure,
such as concrete crushing, beam fracture, and beam slab
collapse. &e main reaction of the structure during the
test was learned: (1) As the load increases, the deflection
of the beam continues to increase, and deformation
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Table 2: &e appearance of test beam.

No. &e appearance of the floor (the floor is divided into 70 areas)
2# &e concrete was fumigated and blackened in partial areas without any other damage

3#
&e color of the concrete remains unchanged. &e sound of hammering in 6% of the concrete area is dull. 30% of the concrete area
falls off with a characteristic depth of 2.1 cm, mostly locating at the end of the beam. And a small part of the beam-end steel strand is

exposed, distributed from the fulcrum to quarter of the span

4#
6% of the concrete area is pink. Micro-crack and coarse-crack networks appear in partial areas.&e sound of hammering in 76% of the
concrete area is dull. 97% of the concrete area falls off with a characteristic depth of 2.6 cm. And the steel strands are exposed in some

areas

5#
98% of the concrete area is pink or khaki. &e sound of hammering in 96% of the concrete area is dull. 100% of the concrete area falls
off with a characteristic depth of 3.6 cm. And steel strands in 25% of the concrete area have been exposed, which distributes from the

fulcrum to a half of the span

Mid span crack overrun

(a)

Mid span crack overrun

(b)

L/4 span oblique crack overrun

(c)

L/4 span oblique crack overrun

(d)

Figure 2: &e appearance of test beam. (a) No. 2#. (b) No. 3#. (c) No. 4#. (d) No. 5#.
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Figure 3: &e loading arrangement (unit: cm).
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Figure 4: &e on-site loading situation.

Table 3: Loading process for hollow slab beams.

Step Description

1 Deadweight (including distributing beam and jack deadweight). &e load will last for 15 minutes to eliminate the inelastic
deformation of the beam end support

2
Preload, load directly to 30% of the calculated ultimate load, last for 5 minutes, and then unload to zero. Force-control mode is
adopted. &e main purpose is to further eliminate the inelastic deformation of the loading system and verify the reliability of the

loading system

3 Under formal loading, the ultimate load of hollow slab beams is calculated by 10 stages, and the ultimate load of hollow slab beams is
calculated by 10% for each stage. Each step loading lasts for 5 minutes and force-control mode will be adopted.

4
After 100% ultimate load, unloading is carried out, and then four stages of secondary loading to 100%. Finally, the hollow slab beam is
destroyed by intensive loading.&e ultimate load of each stage is calculated by 5% ultimate load. Each step loading lasts for 5 minutes

and force-control mode will be adopted

5 If the deformation of all hollow slab beams cannot converge with time, that is, the deformation cannot stop, it means that they have
entered the ultimate load-bearing state, immediately stop loading, record the corresponding data and unload

Figure 5: &e AL-ML32 high-precision leveling instrument.
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Figure 6: &e strain location and deflection measuring points.
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gradually develops from linear to nonlinear when the
total load is greater than 16 tons. (2) &e original cracks
gradually widened, and the area where new cracks first
appeared was within 5m of the longitudinal distance
from the midspan and gradually extended toward the
fulcrum as the loading progressed. &e average crack
spacing gradually decreased when load increases.

Cracks were spotted at the midspan where the lon-
gitudinal distance is 5.5 m. When these oblique cracks at
the oblique cracks at the main tendon under tension
firstly exceeded the vertical width of 1.5 mm, the loading
was stopped. Typical failure mode is shown in Figure 8
and Table 4. It can be seen from the table that as the
degree of beam damage increases, the failure mode of the
test beam changes; that is, the shear failure will occur
before the pure bending failure. &e main reason was
founded after careful considerations. As the fire tem-
perature increases, the effective prestress of the bottom
plate at one-quarter of the span length will decrease
gradually, and the axial pressure that prevents the ap-
pearance and development of oblique cracks will de-
crease. Besides, due to the reduced strength of steel
strands and concrete materials, the damage mode of such
beams finally changes.

4. Analysis

4.1. Analysis of the Displacement

4.1.1. Normal Loaded Displacement. &e normal-loaded
deflection-load curve of midspan is shown in Figure 9. From
the figure, the displacement-load relationship of the beam
2#, beam 3#, and beam 4# is linear when the total load
distributes from 0 to 16 tons (just call it “0–16t stage” in the
following passage). &e displacement-load of the beam 4# in
the “0–8t stage” is linear. In the “15∼32t” stage, the measured
stiffness of the hollow slab beam 2#, 3#, and 4# has de-
creased, and the downward deflection value of the midspan
has accelerated. In the “5∼32t” stage, the stiffness of the
hollow slab beam 4# has decreased. While before the “5t
stage,” the reduction of the stiffness was obvious but not too
sharp during the loading process.

After the fire of hollow slab beams, due to the ap-
pearance and development of microcracks or cracks, as well
as the loss of the prestress, the structural rigidity of the
hollow slab section will be degraded. &is phenomenon is
defined as the stiffness degradation for convenience. By

comparing this stiffness degradation, the precise perfor-
mances of those 4 beams will be learned. &e hollow slab
beam 2# is basically not affected by the fire and thus can be
used as our benchmark for the stiffness. Under the same
level of load, the deflection ratio of the remaining beams to
the beam 2# is defined as the relative after-fire degradation
stiffness Kf, and the calculation formula is shown as follows:

Kf �
δ0
δi

, (1)

where δ0 is midspan deflection of the unfired beam and δi is
midspan deflection of beam i# under the same load.

When the maximum total load under normal loading
is 32t, it can be seen from Table 5 that the maximum
bending moment of the corresponding pure bending
section in the midspan is 1906 kNm, which has reached
the design limit. It is calculated using the material-design
values for calculation, according to the regulation “JTJ
D62-2004 Code for Design of Highway Reinforced
Concrete and Prestressed Concrete Bridges and Culverts”
[16]. &e relative after-fire degradation stiffness Kf of
beams 3#, 4#, and 5# is, respectively, 89.4%, 81.5%, and
76.1%. Since those four selected beams were originally
located in two adjacent holes of the same bridge, the
stiffness of the 4 beams before the fire can be considered
equal, and the mass distribution of those beams after the
fire is supposed to be unchanged.&e Kf value is consistent
with the 3, 4, 5 boundaries of the bridge natural frequency
assessment scale, which is from the regulations called
“JGJ/T J21-2011, Specification for inspection and evalu-
ation of the load-bearing capacity of highway brides” [17],
which means that the test of those four beams is very
typical.

&e mechanical properties of concrete and steel rein-
forcement materials will decrease to varying degrees after a
bridge fire. When the overfire temperature exceeds 300°C,
the elastic modulus (E) of the concrete after natural cooling
is only 0.75 times that before the overfire. &e higher the
overfire temperature, the greater the reduction coefficient
of elastic modulus. When the overfire temperature exceeds
800°C, the reduction coefficient of concrete elastic modulus
after natural cooling is only 0.03. Fire will cause the elastic
modulus of the steel bar to decrease after cooling, but its
reduction coefficient is less than that of concrete under the
same overfire temperature. And that coefficient is 0.9 when
the overfire temperature is 400°C. Although the elastic
modulus of the steel strand is hardly reduced after the fire,

LINK8

x x x
SOLID45

SOLID65

SOLID45

Steel strands

Figure 7: Finite element model.
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the effective prestress of the steel strand will decrease
anyway, which will cause the overall rigidity of the beam to
decrease too. As a result, when the fire temperature in-
creases, the stiffness of the bridge after cooling decreases
gradually.

4.1.2. Displacement under Ultimate Loading Condition.
&e ultimate load results are summarized in Table 6 and
Figure 10. From the table, the ultimate bending moments of
beams 2#, 3#, 4#, and 5# are reduced successively. And the
ultimate bending moment of beam 5# is only 76.4% com-
pared to beams not exposed to fire, which is reduced by
23.6%. &e corresponding deflection values of the limit
bending moment of beams 2#, 3#, 4#, and 5# are gradually
increased. Consequently, as the fire damage becomes more
and more serious, the ultimate damage mode gradually
changes from ductile failure to brittle failure, especially for
beam 5#. &e ultimate failure deflection of beam 5# after the
fire is only 28.5% of that before the fire.

Figure 11 is the contrast diagram of finite element
simulation values between beam 2# and the unfired beam.
&e midspan deflection of beam 2# was almost equal to the

(a) (b) (c) (d)

Figure 8: &e typical failure pattern. (a) No. 2#. (b) No. 3#. (c) No. 4#. (d) No. 5#.

Table 4: &e failure mode of test beams.

Beam no. Failure form
2# &e cracks in the tensioned main steel bars near the middle of the span first exceed the width of 1mm
3# &e cracks in the tensioned main steel bars near the middle of the span first exceed the width of 1mm
4# &e width of the crack at the tensioned main steel bar at the diagonal crack near 6.5m from the middle span exceeds 1mm
5# &e width of the crack at the tensioned main steel bar at the diagonal crack near 5.5m from the middle span exceeds 1mm

35

30

25

20

To
ta

l L
oa

d 
(t)

15

10

5

0
0 0.5 1 1.5

Relative Deflection (cm)
2 2.5

2#
3#
4#
5#

3

Figure 9: Midspan deflection-load curve of normal loading.

Table 5: Maximum deflection and relative overfire degradation
stiffness in midspan under normal loading.

Beam no. Maximum deflection (cm) Relative stiffness/Kf (%)
2# 1.94 100.0
3# 2.17 89.4
4# 2.38 81.5
5# 2.65 76.1

Table 6: Limit loading displacement results.

Beam no. 2# 3# 4# 5#
Total loading weight (t) 69.7 65.1 63.7 49.4
Limit moment (kN·m) 3429 3247 3191 2619
Relative value of the unburned
beam (%) 100 94.7 93.1 76.4

Limit midspan deflection (cm) 37.2 26.55 15.95 10.62
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Figure 10: Deflection-load curves of beam 2# and beam 5# in
midspan.
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simulated value before cracking. And there is only a slight
difference of the deflection before and after cracking,
which can furtherly prove that beam 2# is unaffected by
the fire and can be used as the reference beam. &e
mechanical properties of concrete and steel reinforcement
materials will decrease to varying degrees after a bridge
fire. &e reduction coefficient of concrete compressive
strength after natural cooling is only 0.8 times of the
strength before the fire, when the overfire temperature
exceeds 300°C [18, 19]. &e strength reduction coefficient
grows when the overfire temperature increases. And that
coefficient reaches 0.2 under an overfire temperature
beyond 800°C. Fire will cause the yield strength of the steel
bar to decrease after cooling, but its reduction coefficient
is less than that of concrete under the same overfire
temperature. And that coefficient is 0.95 at around 400°C
(which is the overfire temperature). After high temper-
ature, the yield strength of prestressed steel bars has a
certain relationship with the highest temperature and the
initial stress level [20]. &e ultimate strength and yield
strength generally decrease with the increase of temper-
ature. Also, the fire not only causes the physical properties
of steel bars and steel strands to decrease, but also reduces
the bonding force between them and its wrapping con-
crete [21]. As the overfire temperature increases, the
concrete spalling becomes more serious, and the effective
stress of the steel strands is distributed more unevenly
along the longitudinal direction [22, 23]. With the gradual
increase of the load, this phenomenon becomes far more
obvious, which will cause the steel bar (steel strand) to
yield before the concrete compression crashing. And the
phenomenon is quite similar to the failure of under-
reinforced beams. &e following test results of full-scale
compressive strain and diagrams of crack distribution can
furtherly prove it. (1) When beam 2# fails, the cracks that
appeared are relatively short and dense. &e crack spacing
and the average width of beam 2# is much smaller than
that of beam 5#. (2) &e compressive strain exceeds 0.002
for beam 2#, being 0.0008 for beam 5# when fails. Based

on the above two reasons, the failure mode of beams 2∼5#
gradually changed from ductile failure to brittle failure.

4.2. Strain Analysis

4.2.1. Normal Load Strain. &e normal loading strain results
are shown in Tables 7 and 8 and Figures 12 and 13. From the
figure, at the preliminary stage of loading (when the total
loading weight is less than 7t), the strain-load relationship is
linear.&e tensile test concrete strain-load curve is obviously
nonlinear when loading weight is bigger than 7t, indicating
that invisible microcracks on the tensile side will gradually
appear at the middle and late loading process. At the last
loading process, when the total loading weight is 32.2t, the
strain on the tension side of beams 2#, 3#, 4#, and 5#
gradually increases. In other words, the strength of beams
2#, 3#, 4#, and 5# decrease in sequence. After unloading, the
residual strains of all selected beams are less than 20%.

In a hollow slab beam fire, the concrete strength of the
hollow slab section will degrade accordingly. For simplicity,
this phenomenon is referred to as the overfire degradation
strength in later parts of this article. As mentioned before,
beam 2# is the reference beam, and its concrete strength can be
regarded as the benchmark. &us, relative overfire-degrada-
tion strength (Qf) can be defined by the following formula:

Qf �
ε0
εi

. (2)

n the formula, ε0 is the midspan deflection of the unfired
beam and εi is the midspan deflection of beam i# under the
same load.

From Table 8, when the maximum total load under
normal loading is 32t, the corresponding maximum bending
moment of the pure bending section in the midspan is
1906 kNm. And the design value of ultimate bending mo-
ment of this section has been reached. &e relative overfire
degradation strength Qf of beams 3#, 4#, and 5# is, re-
spectively, 85.7%, 71.5%, and 49.1%. Considering the in-
crease of the tensile strain caused by the concrete
microcracks during the later loading process, this value of
the corresponding beam is less than the relative degradation
stiffness after being exposed to fire Kf.

4.2.2. Ultimate Load Strain. &e compressive strain results
of each beam at the end condition of the ultimate loading
process are shown in Table 9. In ultimate failure, the
compressive strain on the compression side of beams 2# and
3# exceeds 0.002, while the compressive strain of beam 5#,
which was most seriously damaged by the fire, was only
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Figure 11: Contrast diagram of midspan deflection (simulated
value of beam 2# and the unfired beam).

Table 7: Strain result of tensile side (measuring points 4–6#) under
normal loading.

Beam no. 2# 3# 4# 5#
Strain/με 140 163 196 285
Qf (%) 100. 85.9 71.4 49.1
Residual strain/με 0 3 7 17
Relative residual strain (%) 0 1.8 3.6 6
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814με. And the strength of concrete materials is far from
being fully utilized. &e strain loading history of concrete on
the compression side of a typical beam is shown in Figure 14.

4.3. Fracture Development Analysis

4.3.1. Crack Development under Normal Loading. During
the normal loading process, no visible cracks appear in the
beam bodies.

4.3.2. Crack Development under Ultimate Loading. Check
Table 10 for the loading force when visible cracks occurred in
the beam body. When visible cracks appear, the loading
tonnage of beams 2#, 3#, 4#, and 5# decreases sequentially.
Several reasons are shown as follows: (1) &e bridge bottom
plates are directly burned when caught fire, resulting in the

Table 8: Tensile strain measurements under normal loading (32.2t).

Measuring point Bridge deck position
Strain for the point/με

Beam 2# Beam 3# Beam 4# Beam 5#
1–6# One-eighth of the span 40 50 60 96.4
2–6# Quarter of the span 48 59 73 119.5
3–6# &ree-eighths of the span 117 126 138 161.9
4–6# A half of the span 140 182 226 284.5
5-6# Five-eighths of the span 122 128 139 185.4
6-6# &ree-fourths of the span 51 62 77 129.8
7-6# Seven-eighths of the span 42 51 63 69.7
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Figure 12: Strain history of normal loading tension side (measuring points 4–6#).
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Table 9: Stress and strain measurements under ultimate loading.

Beam no. 2# 3# 4# 5#
Compressive strain/με 2021 1843 1429 814
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Figure 14: Strain distribution of typical beam section (tension
side).
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loss of effective prestress and the reduction of the decom-
pression moment. (2) &e tensile performance of concrete
will decrease after cooling when the overfire temperature
exceeds 300°C. (3) Other reasons, such as the reduction of
the bonding strength between the steel bar and the concrete,
will also cause the bending moment to decrease for the
beams and slabs after being exposed to fire reduce.

After the ultimate load is terminated, the cracks of the
test beam are shown in Figure 15. When the ultimate failure
occurs, the average cracks’ spacing of the 2#, 3#, 4#, and 5#
beam webs increases successively. And the proportion of
long and wide cracks increases. &e average crack spacing of

beam 5# is about two times the distance of beam 2# when
destroyed.

5. Conclusion

In this paper, the appearance inspection and classification of
prestressed concrete thin slab beams removed after a fire in
an operating expressway are carried out. On this basis, four
typical full-scale beams are selected for flexural failure test
research. And the regular patterns of the mechanical
properties of such thin-slab beams after a bridge fire are
obtained. To a certain extent, these results make up for the

Table 10: Loads of beams with visible cracks.

No. Load tonnage when cracked/t Remarks
Beam 2# 48.3 —
Beam 3# 46.8 —
Beam 4# 45.1 &e floor starts to seep
Beam 5# 38.6 Unusual noise from the steel strand
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Figure 15: Schematic diagram of cracks at the end of limit loading. (a) Beam 2#. (b) Beam 3#. (c) Beam 4#. (d) Beam 5#.
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insufficiency of the numerical calculation method of thermal
field coupling, and the following conclusions were initially
obtained:

(1) &e drop-off depth and area of concrete after ex-
posure to fire can be used as the characteristic pa-
rameters for the rapid identification of the bottom
surface from prestressed concrete thin-slab beams
after a bridge fire.

(2) Brittle failure is the main mode of beams that slab
concrete falling off in 97% area with a characteristic
depth more than 2.6 cm on the bottom surface when
directly exposed to fire. &us, it is not appropriate to
use thin-slab beams for busy road networks trans-
porting hazardous chemicals.

(3) Prestress loss will cause height reduction of the
concrete shear zone, which is one of the main rea-
sons why the bending-shearing failure of such beams
happened before the pure bending failure.

(4) Only the bottom surface of the hollow slab is directly
exposed to the fire in this study. &us, when the
typical depth of the concrete spalling of the bottom
plate after a fire is close to the net protective layer of
the steel strand, the flexural bearing capacity is only
76% of that before the fire.

(5) &e mechanical properties of the prestressed con-
crete thin-slab beams whose bottom plate and web
are simultaneously burned at high temperatures
need further studies.
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+ere are known problems of dissolution, consistency of performance, segregation, and instability with the crumb rubber
currently used in asphalt for road engineering. A silane coupling agent (KH550) solution was therefore used to pretreat the crumb
rubber so as to improve its interfacial characteristics. +e effects of KH550 on the properties of asphalt rubber were studied using
high- and low-temperature performance tests, temperature sensitivity test, and compatibility test. On the basis of these tests, the
optimum concentration of KH550 pretreated crumb rubber is 1.0%.+e surface properties and micromodifications of the treated
crumb rubber were analyzed using scanning electron microscopy and an infrared spectrometer. +e performance and economic
benefit of the modified asphalt rubber was compared to styrene-butadiene-styrene (SBS) modified asphalt, and it was found that
KH550 pretreated crumb rubber is able to significantly improve the high-temperature performance of asphalt rubber, thus
offering notable potential economic benefits.

1. Introduction

In recent years, a growing concern with saving energy, re-
ducing emissions, recycling, and environmental protection
has led to a stronger emphasis upon environmentally and
socially responsible highway construction, encapsulated in
the idea of the “Green Highway” and the work of the Green
Highways Partnership (GHP), which is dedicated to
transforming the relationship between the environment and
transportation infrastructure.

Waste tires were once considered “black pollution,”
which are not only damaging to the environment, but also a
waste of resources [1–3]. Developments in industry have
made it possible to turn waste tires into crumb rubber for
highway engineering. +is not only deals with the black
pollution problem in a “one-step” and harmless way but also
improves the quality of asphalt pavements and prolongs
their service life [4–6].

Asphalt rubber has been applied in road engineering for
nearly 50 years. It is widely used in the production of asphalt

rubber concrete, stress absorbing layers (Sam), stress ab-
sorbing intermediate layers (Sami), crushed stone seals
(CHIP SEAL), waterproof pavement materials (TRCK
COAT), and filling materials. Years of research and engi-
neering practice have underscored the obvious advantages of
asphalt rubber concrete in reducing road noise, delaying
reflection cracks, and reducing the thickness of asphalt
pavements and resistance to heavy traffic and bad weather
[7, 8].

Crumb rubber is a macromolecular compound and its
preparation and use in asphalt rubber involves a complex
physical-chemical reaction with asphalt. It is difficult to
completely dissolve crumb rubber in the asphalt matrix,
making it easy for segregation to occur during trans-
portation and use and diminishing the quality of asphalt
rubber pavements [9–11].

While crumb rubber is an organic compound, asphalt is
a mixture containing organic and inorganic compounds.+e
molecular structure of the silane coupling agent, KH550, can
act as a “molecular bridge” in the form of Y-R-Si(OR)3, in
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which Y is an organic functional group and Si(OR)3 is a
siloxane group. +e siloxane group can react with the in-
organic compounds, and the organic functional group can
react with the organic compounds. When KH550 is inter-
posed between the inorganic and organic interfaces, an
organic matrix-silane coupling agent-inorganic matrix
combination can be formed.+us, the crumb rubber and the
asphalt can be connected using the silane coupling agent to
promote their mutual compatibility and effectively improve
the road performance of the asphalt rubber [12–15].

+is paper reports on a study of the technology involved
in pretreating the surface of crumb rubber with the silane
coupling agent, KH550, and the subsequent process of
preparing asphalt rubber. +e high-temperature perfor-
mance, low-temperature performance, temperature sensi-
tivity, and segregation performance of asphalt rubber before
and after the addition of KH550 pretreated crumb rubber are
compared and analyzed, and the optimum concentration of
KH550 pretreated crumb rubber is determined. +e
mechanism by which crumb rubber pretreated with KH550
is modified is revealed and discussed through the use of
scanning electron microscopy and an infrared spectrum test.
+e performance and economic benefit of using this kind of
asphalt rubber is compared with that of SBSmodified asphalt
[16–19].

2. Materials and Methods

2.1. Materials. +e base asphalt used in our tests was 70#
asphalt and its performance indices are shown in Table 1.
+e molecular formula of KH550 is NH2(CH2)3Si(OC2H5)3,
wherein NH2(CH2)3- is an organic functional group and
-(OC2H5)3 is a siloxy group. Its physical properties (pro-
vided by the manufacturer) are shown in Table 2. +e
particle size of the crumb rubber was 40 mesh, and its
performance indices are shown in Table 3.

2.2. Technology for Pretreating Crumb Rubber with KH550.
KH550 was added to an ethanol solution prepared with m
(water) : m (anhydrous ethanol) � 1 : 20, where the differ-
ent concentrations of KH550 at room temperature were
0.7%, 1.0%, and 1.3%.+e three different concentrations of
KH550 were used to treat crumb rubber by adding them to
the crumb rubber in a solid blender. +e rotational speed
of the solid blender was 200 r/min, and the treatment was
conducted for 30min. As crumb rubber is granular and has
a large specific surface area, the treatment time was
controlled at about 30min to ensure there was enough
time for it to react fully with the KH550 solution. +e
treated crumb rubber was dried in an oven at about 100°C.
+e standard used to assess when the drying was complete
was that the crumb rubber modifier was able to be
completely dispersed without agglomeration, and after
weighing separately for two times, the weight difference
was less than 0.1%. Adding crumb rubber modifier that has
not completely dried into asphalt can result in a large
number of bubbles and may even lead to the asphalt rubber
swelling and overflowing because of the presence of

ethanol and water. Once this process was complete, the
asphalt rubber could be prepared by adding the crumb
rubber modifier. For the sake of convenience, the asphalt
rubber incorporating the crumb rubber modifier after
surface treatment will be called “modified asphalt rubber”
from now on. +e process flow for pretreating CRM with
KH550 solution is shown in Figure 1.

2.3. Preparation of the Modified Asphalt Rubber. With the
drying of the crumb rubber modifier complete, the matrix
asphalt was heated to 170∼180°C in an oven and kept at
constant temperature for about 1 h. +en, the weighed
crumb rubber modifier was added and the mixture was
sheared for 30min at 5000 r/min using a high-speed
shearing apparatus. After this, the mixture was put back into
the oven at 170∼180°C for 30min. Finally, the developed
mixture was sheared again for 15∼20min at 5000 r/min and
then was allowed to swell for 1 h.When this process finished,
the modified asphalt rubber was ready for testing. +e
process of preparing the modified asphalt rubber is shown in
Figure 2.

2.4. High-Temperature Performance Test. +e high-temper-
ature performance of asphalt is directly related to the re-
sistance of an asphalt pavement to deformation under
temperature and load. In this paper, a softening point test
and DSR complex shear viscosity test were used to evaluate
the high-temperature performance of the modified asphalt
rubber. +e softening point of two kinds of asphalt rubber
was measured by an automatic softening point meter. A
dynamic shear rheometer (DSR) was used to measure the
viscosity of the two kinds of asphalt rubber at 50∼175°C.
+eir complex shear viscosities at 60°C were used as eval-
uation indexes. Both specimens had a diameter of 25mm
and a thickness of 1mm. +e test frequency was 10 rad/s, in
accordance with AASHTO T315-05 [20].

2.5. Low-Temperature Performance Test. Low temperatures
are one of the most important causes of the cracking of
asphalt pavements, so the low-temperature performance of
the asphalt directly affects a pavement’s resistance to cold
conditions. Low-temperature ductility tests and low-tem-
perature bending beam rheological tests were therefore used
to evaluate the low-temperature performance of the mod-
ified asphalt rubber. +e 5°C ductility of the two kinds of
asphalt rubber was measured by an automatic ductility
tester. +e values for the creep stiffness modulus, S, and
creep rate, m, were measured at −6°C by a low-temperature
bending beam rheometer (BBR). +e size of the specimens
was 6.25mmH × 12.5mmW × 127mmL, and the specimens
were loaded at 980mN± 50mN for 240 s, in accordance with
AASHTO T313-12 [21].

2.6. Temperature Sensitivity Test. Asphalt is a temperature-
sensitive material. Its temperature sensitivity is an important
indicator for determining its workability and serviceability
on the road surface. In this paper, we have used a penetration
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index to evaluate the temperature sensitivity of the modified
asphalt rubber. +e penetration index was calculated
according to formulas (1) and (2) when testing the pene-
tration of the modified asphalt rubber at 15°C, 25°C, and
30°C.

lgP � K + A • T, (1)

PI �
20 − 500A

1 + 50A
, (2)

where PI is the penetration index; lgP is the logarithm of the
penetration value measured at different temperatures; T is
the test temperature; and K and A are regression coefficients.

2.7. Storage Stability Performance Test. As crumb rubber is a
polymer material, it needs to undergo high-speed shearing,
swelling, and development. However, it is difficult to ensure
that it is completely dissolved in the asphalt. +is can easily
result in segregation during storage and transportation, thus
affecting its performance. To evaluate the storage stability
properties of the modified asphalt rubber and analyze the
compatibility of the crumb rubber with the asphalt, tests
were carried out in accordance with JTG E-20-2011, Stan-
dard Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering [22]. +e specific process was as

follows: the two kinds of modified asphalt rubber were
heated to ensure they were fully irrigated. After uniform
stirring, about 50 g of the modified asphalt rubber was slowly
injected into a vertical aluminum tube. +e opening of the
tube was then closed with tweezers, and the tube was placed
in an oven at 165°C± 1°C for 48 h± 1 h. After heating, the
aluminum tube was put in a freezer for 4 h to solidify the
asphalt rubber. +en, the tube was cut into three sections
with scissors. +e upper and lower sections were put into
sample boxes and heated until the asphalt rubber had
melted. After mixing, the softening point test samples were
poured, and their softening point was tested. It was then
possible to evaluate the storage stability performance of the
modified asphalt rubber by comparing the difference be-
tween the upper and lower sample’s softening points.

2.8. Scanning Electron Microscopy Test. Scanning electron
microscopy is an important tool for studying the micro-
morphology and microstructure of materials. In order to
evaluate the modification effect of KH550 on the crumb
rubber and analyze the changes in the crumb rubber mi-
cromorphology from before to after its modification,
microobservations of the crumb rubber were carried out
using scanning electron microscopy equipment. +e specific
test process was as follows: 2 g each of the treated and
untreated crumb rubber modifier were weighed and placed

Table 1: Performance indices of 70# asphalt.

Design index Unit Detected result
Penetration (25°C, 100 g, 5 s) 0.1mm 70
Penetration index PI — −0.87
Softening point R and B °C 49
Dynamic viscosity (60°C) Pa.s 230
Ductility (10°C, 5 cm/min) cm 37
Ductility (15°C, 5 cm/min) cm >100
Density g/cm3 1.040

Aging of rotating thin films (RTFOT)
Mass loss % −0.328

Ductility (10°C, 5 cm/min) cm 6.2
Penetration ratio % 63.8

Table 2: Physical properties of KH550.

Item Property
Appearance Colorless transparent liquid
Proportion (25°C/25°C) 0.946
Boiling point/°C 217
nD25 1.420
Solubility Water-soluble
Acid-base property Alkalinity

Table 3: 40-mesh crumb rubber performance indices.

Technical index Detected result Technical index (%) Detected result
Relative density 1.2576 Acetone extractives 12.4
Water (%) 0.1 Carbon black content 34.8
Metal content (%) 0.002 Rubber hydrocarbon content 48.6
Fiber content (%) 0.3 Ash 3.1
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on a loading platform. A metal conductive film was evap-
orated on the surface of each sample using a vacuum
membrane plate machine. +en, the loading platform was
put into the scanning electron microscopy equipment for
testing.

2.9. Infrared Spectrum Test. Infrared spectrum testing pro-
vides both a quantitative and qualitative method for ana-
lyzing functional group changes in materials. In order to
analyze the changes in the asphalt rubber treated with
KH550, it was subjected to infrared spectrum testing. +e
specific test process was as follows: 1 g of each of the two
kinds of asphalt rubber was weighed and put into a test tube
containing a carbon tetra-chloride solution. +is was fully
stirred until the asphalt rubber had completely dissolved.
Two to three drops of the liquid samples were squeezed
between two KBr crystal windows to form a thin liquid film.
+is was gently clamped with a fixture and put into an
infrared spectrometer to determine the spectrogram.

3. Results and Discussion

3.1. Test Results of the High-Temperature Performance.
+e softening points of four kinds of asphalt rubber were
tested using a ring and ball method, and the viscosities of the
asphalt rubber were measured by a dynamic shear rheometer
(DSR). +e 60°C complex shear viscosities were selected as
evaluation indices. +e test results are shown in Figure 3.

It can be seen from Figure 3 that as the KH550 con-
centration increased, the softening point and 60°C complex
shear viscosity of the modified asphalt rubber also gradually
increased, with the growth trend for both being basically the
same. +is indicates that pretreating the crumb rubber with

KH550 effectively improves the high-temperature perfor-
mance of asphalt rubber. It specifically suggests that KH550
improves the surface activity of the crumb rubber, enhances
its wettability and dispersibility in asphalt, and promotes the
compatibility of the crumb rubber and the asphalt.

When the concentration of the KH550 solution was
between 0 and 1.0%, the high-temperature performance of
the asphalt rubber increased at a continuous rate. However,
when the concentration of the KH550 solution was between
1.0% and 1.3%, the growth rate decreased significantly. +is
suggests that there is a certain concentration at which a
KH550 solution will most effectively treat crumb rubber,
with the optimum value being about 1.0%.

3.2. Test Results of the Low-Temperature Performance.
Values for the 5°C ductility, creep stiffness modulus, S, and
creep rate, m, were acquired using −6°C low-temperature
bending beam rheological tests, to evaluate the low-tem-
perature performance of the four kinds of asphalt rubber. As
the purpose of these tests was to determine the influence of
the KH550 concentration on the performance of the asphalt
rubber, the tests were also carried out using unmodified
asphalt rubber (asphalt aged without being put in the ro-
tating film oven or subjected to pressure aging). +e test
results are shown in Table 4.

Table 4 shows that treating crumb rubber with different
concentrations of KH550 has little effect on the low-tem-
perature performance of the asphalt rubber.+e effect on the
5°C ductility was no more than 6.7%, and the effect on the
creep modulus S and m values was only 5.6% and 5.1%.
Crumb rubber is an elastic material that reacts with asphalt
to enhance its elasticity. However, after the KH550 treat-
ment, the rubber powder is coupled with the asphalt and

Pretreated
CRM

200 r/min Dry

100°C30 min

Anhydrous
ethanol

Water CRMKH550

KH550
solution

Figure 1: +e process flow for pretreating CRM with KH550 solution.
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5000 r/min
30 min 30 min

5000 r/min
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170~180°C

170~180°C170~180°C

170~180°C170~180°C

1 h

Development
in oven

Swell in oven

Modified
asphalt
rubber

Pretreated
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Figure 2: +e process of preparing the modified asphalt rubber.
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other complex reactions occur, the crumb rubber absorbs
the lighter components of the asphalt to produce swelling,
penetrating into the asphalt to form a gel layer, but at the
same time, the lighter components of the asphalt are re-
duced, the deformation capacity of low temperature is
weakened, and the low-temperature performance of asphalt
rubber appears slightly reduced. However, after treatment
with KH550 solution, the organic functional groups grafted
onto the crumb rubber can react with the asphalt to produce
stable covalent bonds, which can significantly improve the
performance of asphalt rubber. However, as the crumb
rubber can never be completely dissolved in the asphalt, the
location of the crumb rubber is prone to stress concentration
during the low-temperature stressing process, resulting in
premature damage to the specimen.

3.3. Test Results of the Temperature Sensitivity. A penetration
index, PI, was used to evaluate the temperature sensitivity of
the modified asphalt rubber. +e bigger the PI value, the
lower the temperature sensitivity of the asphalt, that is, the
better its temperature sensitivity performance. +e PI value
was calculated from penetration tests conducted at 15°C,
25°C, and 30°C. +e results are shown in Table 5.

Table 5 shows that as the KH550 concentration in-
creased, the PI value also increased, which indicates that
KH550 improves the surface properties of the crumb rubber,
improving the elasticity and thixotropy of the asphalt

rubber, transforming it from sol-type to gel-type, enhancing
its compatibility with the asphalt and thereby reducing and
significantly improving the temperature sensitivity of the
modified asphalt rubber.

3.4. Test Results of the Storage Stability Performance.
Storage stability performance tests confirmed the compat-
ibility between the crumb rubber modifier treated with
KH550 and the asphalt. +e results are shown in Table 6.

Table 6 shows that the difference in softening point for
the original asphalt rubber MAR0 was 6.9°C, which is much
larger than the 2.5°C maximum specified in JTG F40-2004
[23]. As the KH500 concentration increased, the softening
point difference of the modified asphalt rubber gradually
decreased. +e main reason is that the crumb rubber and
asphalt undergo a complex physical and chemical reaction at
the high temperature. Although some of the crumb rubbers
swell after the reacting with asphalt, they cannot be com-
pletely dissolved in asphalt. During the storage process of the
asphalt rubber, segregation occurs under the action of
gravity, which affects the storage stability of asphalt rubber.
After the surface treatment with KH550, the surface of the
crumb rubber is grafted with functional groups that react
with inorganic and organic substances, which can react with
inorganic and organic substances in asphalt and form stable
covalent bonds, promoting the compatibility and cross-
linking of crumb rubber and asphalt, enhancing the stability
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Figure 3: Effect of KH550 concentration on the asphalt rubber’s high-temperature performance: (a) softening point; (b) 60°C complex shear
viscosity.

Table 4: Test results of the low-temperature performance of the asphalt rubber.

Modified asphalt rubber 5°C ductility/cm
−6°C

S/MPa m
MAR0 10.3 125 0.454
MAR0.7 10.2 131 0.431
MAR1.0 10.6 129 0.443
MAR1.3 11.0 132 0.448
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of asphalt rubber, reducing the generation of segregation at
the high temperature, and improving the storage stability of
asphalt rubber.

According to the high-temperature test, low-tempera-
ture test, temperature sensitivity test, and segregation and
dispersion performance test, the optimum concentration of
KH550 pretreated crumb rubber is about 1.0%.

3.5. Test Results of the ScanningElectronMicroscopy. In order
to study the surface modification effects of KH550 on the
crumb rubber, scanning electron microscopy (SEM) was
used to examine and compare the surface characteristics of
ordinary crumb rubber and modified crumb rubber. +e
SEM results are shown in Figure 4.

+e following can be seen from Figure 4.
After treating the surface with KH550, the crumb rubber

was noticeably changed, with a prismatic rather than a
smooth surface, indicating that the coupling groups in the
KH550 reacted with the crumb rubber surface, forming
stable chemical bonds and changing the previously dis-
connected surface to a continuous surface.

A silane coupling film was formed on the surface of the
modified crumb rubber. +is film can form a solid chemical
bond with the black carbon in the crumb rubber, also
helping to connect the crumb rubber with the asphalt to
form a stable continuous system.

+e surface properties of the crumb rubber were sig-
nificantly changed after treatment. At a high temperature,
the silane coupling film in the crumb rubber has a strong
reaction with the asphalt and forms a stable structure. +is
can improve the performance of the asphalt rubber in re-
lation to high temperatures, temperature sensitivity, storage
stability, and segregation.+e low-temperature performance
of the modified crumb rubber, however, is limited because of
the slowing down of intermolecular activity.

3.6. Test Results of the Infrared Spectrum. Changes in the
configuration and functional groups of the modified asphalt
rubber were analyzed by comparing it with the original

asphalt rubber using infrared spectroscopy. +e location of
the infrared spectral band of the asphalt rubber and its
attributions are shown in Table 7. +e results are shown in
Figure 5.

+e following can be seen from Figure 5.
+e saturated C-H bond in the main absorption peak of

the modified asphalt rubber was significantly lower than it
was in the original asphalt rubber. +is shows where the
saturated C-H bond breaks to form an unsaturated bond. It
therefore appears to be the case that the strong chemical
reaction between the modified crumb rubber modifier and
the asphalt is more productive of breaks in chemical bonds
and the formation of other stable chemical bonds. +is
makes the bonding between the modified crumb rubber and
the asphalt better and increases its capacitance.

+e treatment applied to the modified asphalt rubber
increased the C≡≡C bond vibration zone. So, the treated
crumb rubber and the asphalt had greater internal cross-
linking, leading to the further formation of chemical bonds.
+is improved the compatibility of the two materials,
resulting in an increase of viscosity at high temperatures.

+e increase in the methylene C-H bond shear vibration
absorption peak for the modified asphalt rubber indicates
that the internal crosslinking of the treated crumb rubber
decreased while the reaction with the asphalt increased,
promoting bonding and further reaction between the treated
crumb rubber and the asphalt.+is resulted in a reduction in
the degree of segregation.

3.7. Comparative Road Performance Analysis. At present,
SBS modified asphalt is the most widely used product for
high-grade highways. +is kind of asphalt generally per-
forms well, but it has high production costs, so it is difficult
to justify its use for lower-grade roads or ones where there is
high traffic volume. +e treated crumb rubber in modified
asphalt rubber can improve the road performance of asphalt
and has a very broad range of possible applications. To
undertake a cost–benefit analysis of using modified asphalt
rubber, 20% modified asphalt rubber (with a KH550 con-
centration of 1.0%) and 4.5% SBS modified asphalt (the

Table 5: Asphalt rubber PI index.

Modified asphalt rubber
Penetration/(0.1mm)

PI index
15°C 25°C 30°C

MAR0 18.9 35.8 54.3 1.95
MAR0.7 18.4 34.5 52.0 2.07
MAR1.0 18.3 33.5 51.2 2.17
MAR1.3 17.8 32.1 49.2 2.26

Table 6: Asphalt rubber segregation test results.

Modified asphalt rubber
Softening point/°C

Upper Lower Difference
MAR0 68.8 75.7 6.9
MAR0.7 75.2 77.8 2.6
MAR1.0 78.1 79.9 1.8
MAR1.3 79.3 81.0 1.7
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current content for SBG modified asphalt is generally be-
tween 4.0% and 5.0%) were subjected to a cost comparison.
A comparison of the performance indices of the two types of
modified asphalt is shown in Table 8. +e results of the
economic benefit comparison are shown in Table 9.

Table 8 shows that after surface modification by KH550,
the high-temperature performance of the crumb rubber

modifier was significantly improved, with its performance
index exceeding that of SBS modified asphalt. Although the
low-temperature ductility of the crumb rubber modifier was
clearly lower than that of SBS modified asphalt, according to
recent research, the presence of crumb rubber modifier
particles in asphalt rubber can make it easier for a con-
centration of stress to occur during tensile processes,

Table 7: +e asphalt rubber’s position and home form in the infrared spectrum.

Absorption peak Absorption peak position/cm−1

Saturated C—H bond stretching vibration 2 924
C� �C bond stretching vibration 1 599
Methylene C—H bond shear vibration 1 458
C≡≡C bond vibration area 2 360
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Figure 4: SEM photos of ordinary and modified crumb rubber: (a) ordinary crumb rubber (1500x); (b) modified crumb rubber (1500x).
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affecting test results. In addition, the low-temperature PG
standard for modified asphalt rubber and SBS modified
asphalt is the same, indicating that their low-temperature
performance is similar.

Table 9 shows that the product price of modified asphalt
rubber is 462 CHY·t−1(12.9%) lower than that of SBS
modified asphalt. In the production process, only needing a
device to treat the surface of the crumb rubber can produce
obvious economic benefits. In addition, the preparation of
modified asphalt rubber using just a surface treatment of the
crumb rubber can also reduce the amount of solid waste
pollution.+is has resulted in the process receiving extensive
support from the state in terms of both investment and
policy, with what promises to be good economic and social
outcomes.

4. Conclusions

+e consumption of crumb rubber, as a processed product of
waste tires, can deal with the problem that crumb rubber is
difficult to handle in the natural environment, and also by
adding crumb rubber to asphalt, modified asphalt rubber
can be prepared, which improves the performance of asphalt
pavement. +e paper uses KH550 solution to pretreat the
surface of crumb rubber and prepare the modified asphalt
rubber. +rough a series of tests to study the performance of
coupled surface modified asphalt rubber, the main con-
clusions were as follows.

As the concentration of KH550 solution increases, the
softening point and viscosity of the modified asphalt rubber
show a rising trend, with small changes in 5°C ductility and
bending stiffness modulus S and m, indicating that KH550
solution can improve the high-temperature performance of
asphalt rubber, while KH550 solution has little effect on the
low-temperature performance of asphalt rubber.

After the surface pretreatment of the crumb rubber with
KH550 solution, the penetration index PI of the modified

asphalt rubber gradually increases and the softening point
difference gradually decreases, indicating that the pre-
treatment of the crumb rubber with KH550 solution can
promote the compatibility of the crumb rubber and asphalt
and enhance the temperature sensitivity and storage stability
of the asphalt rubber.

+rough high-temperature performance test, low-tem-
perature performance test, temperature sensitivity test, and
segregation performance test, the optimum concentration of
KH550 for the surface treatment of crumb rubber was de-
termined to be 1.0%.

+e results of the scanning electron microscope test
show that KH550 solution reacts with the crumb rubber and
forms a silane coupling film on the surface of the crumb
rubber, which can promote the chemical reaction between
the crumb rubber asphalt to form a stable structure.

+e results of infrared spectroscopy tests showed that the
reaction between KH550 surface pretreatment and the
crumb rubber and asphalt resulted in a new C≡C bond,
which promoted the crosslinking and compatibility of the
crumb rubber with the asphalt and enhanced the perfor-
mance of the asphalt rubber.
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With the increasing number of infrastructures constructed in marine and cold regions, research on and applications of calcium
sulphoaluminate (CSA) cement have been flourished, but the hydration process of CSA at low temperature has not been
systematically investigated. To characterize the influence of low temperature on the hydration characteristics, freshly mixed CSA
mortars were cured at −10, −5, 0, 5, and 20°C, respectively. *e hydration process was investigated by electrical resistivity,
compressive strength, and microstructure analyses. Results show that the hydration process (especially the induction period) is
lengthened by low curing temperature. Both the electrical resistivity and compressive strength increase with an increase in the
curing temperature. *e compressive strength was reduced at a low curing temperature. Among these five curing temperatures,
5°C is the optimal curing temperature. Low temperatures do not change the kinds of hydrates, but reduce their amount. *e
scanning electron microscopy results illustrate that fewer hydrates fill the pores in specimens cured at low temperatures, while
more hydrates form at higher temperatures. Moreover, low curing temperature contributes to the formation of coarse ettringite
crystals. For the cement used at low temperature, the induction period should be reduced by adjusting the calcining process and
composition proportion.

1. Introduction

Over nearly three decades, many infrastructures have been
constructed in China, which has greatly promoted the de-
velopment of concrete structures and cements [1].*e future
development of cold and polar regions has become a trend.
However, traditional Portland cement cannot meet the
needs of engineering constructions in these low temperature
areas, such as high-early strength and better expansion fill
performance. Compared with other types of cement, calcium
sulphoaluminate (CSA) cement has the advantages of fast
setting, high early strength, and short construction period
[2]. CSA cement is not only suitable for projects with high
resistance to erosion, but is also very suitable for projects in
cold regions. Moreover, CSA cement is one of the most
economical rapid hardening cements with an annual output
about approximately 1.3 million tons [3]. Motivated by the

demand for environment protection and other special re-
quirements, research on and applications of CSA have re-
ceived increasing attention [4–6]. However, the hydration
process of CSA at low temperatures is not well characterized.

To date, many methods have been used to quantify the
hydration degree of cement [7–11]. During the hydration
process, with the consumption of free water, the resistivity of
mortar exhibits a large change. *erefore, the hydration
process can be indirectly reflected bymeasuring its resistivity
[12]. Moreover, resistivity can combine the chemical reac-
tion with the changes in physical properties. *us, it has
been used to describe the hydration characteristics of cement
at an early age [13]. Tamas noted out that two maxima
appeared in the resistivity curves: the first one occurred at
1–3 hours, and the second one occurred at 6–10 hours [14].
Furthermore, the time of the first maxima is close to the
initial setting time [15, 16]. Because the plasma impedance
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can accurately reflect the variation in the ion concentration
and structure [17], the electrical resistivity method has been
adopted as a standard method in cement engineering [18].
Based on the electrical resistivity and its differential curves,
the hydration process was first divided into three stages [12]
and then four stages [19].

*e hydration process is accompanied by the variation in
the pore structure. *e resistivity is an effective parameter
for describing the formation of the pore structure [20]. It is
found that the diffusion coefficient of ions in porous media
has a proportional relationship to their resistivity, and that
their permeabilities can be evaluated by their resistivities
[21]. However, results have indicated that the diffusivity
measured by the resistivity method is larger than that
measured by other methods. Moreover, there is no signif-
icant association between the diffusivity and porosity when
the admixtures are added [22]. As an improvement, on the
basis of the Nernst–Einstein equation, the resistivity has
been adopted as a rapid test method for determining the
permeability of concrete. *is method can be applied only
when the pores are saturated with saltwater. Even so, this has
not prevented the resistivity method from becoming the
standard method for determining the permeability of con-
crete [23, 24]. Moreover, there is a quantitative relationship
between the electrical resistivity and pore structure during
the hydration process [20]. Because the porosity and pore
structure are closely related to strength, the compressive
strength can be predicted through resistivity [25, 26]. In
addition, studies have demonstrated that resistivity can not
only describe the evolution of the pore structure, but also can
be used to evaluate the damage degree [27]. In other words,
the resistivity is a key parameter for the evaluation of the
pore structure and durability of concrete [28, 29].

Because ettringite (AFt)/monosulphoaluminate (AFm)
has an obvious influence on compressive strength, many
laboratory tests have been conducted to investigate the
formation conditions of AFt/AFm. It is found that tem-
perature has a great influence on the hydration process of
cement paste. However, some researchers have found that
the amount of AFt and AFm reaches the maximum at 20°C
and 40°C [30], while some researchers have noted out that
the stable product is AFt at 80°C, while AFm at 120°C,
respectively [31]. Researchers believe that ettringite starts to
dehydrate rapidly at approximately 50°C under normal
humidity conditions [32]. *ese results indicate that an
elevated temperature can accelerate the formation of AFm
[33]. It can be seen that temperature not only influences the
hydration process, but also influences the kinds of hydration
products. At present, there are few studies on the hydration
mechanism of CSA cement at low (subzero) temperatures.
Furthermore, the influence of temperature on the hydration
process is not uniform, which provides an opportunity to
study the hydration mechanism of CSA cement cured at low
(subzero) temperatures.

It can be concluded that the resistivity method has been
widely used to characterize the hydration behavior of cement
in the early stage. However, few studies have focused on the
resistivity of CSA cement cured at low temperatures, es-
pecially at subzero temperatures.*e lack of data on the CSA

cement cured at low temperatures has hampered the further
application of CSA cement in cold regions. *erefore, a
series of macro- and microtests were conducted. In this
study, the hydration characteristics at low temperatures were
investigated, and the variations in resistivity, compressive
strength, and hydration products were analyzed.

2. Materials and Methods

2.1. Raw Materials. A rapid hardening calcium sulphoalu-
minate cement, which was taken from Tangshan, China, was
used in this study. Tables 1 and 2 show the chemical
components and the physical properties of the CSA cement,
respectively. Figure 1 presents the X-ray diffraction pattern.

A commercial standard sand was used, and its particle
size distribution is shown in Table 3.

*e antifreeze was ethanediol (C2H5OH, analytical pure,
with a mass fraction greater than 99.7% and a density of
0.789∼0.791 g/ml at 20°C), with a mass fraction of 10% of
water (this content can keep the water from freezing at
−10°C). Tap water was used to mix the mortar.

2.2. Specimen Preparation. According to the national
standards (methods of testing cement-determination of
strength (GB/T 17671)), the cement-sand ratio was deter-
mined as 1 : 3. Two water-cement ratios (w/c� 0.4 :1 and w/
c� 0.5 :1) were adopted in the laboratory tests. *e raw
material was stirred uniformly by a planetary-type mixer.
First, the cement, ethanediol, and water were mixed for 30 s
at 60 rpm. Second, sand was added and mixed for 30 s at
60 rpm. *ird, mixing was stopped 90 s and further mixing
was continued for 90 s at 120 rpm. *en, the mortars were
ready for electrical resistivity and compressive strength tests.
*ese sample preparation steps were conducted at room
temperature (approximately 25°C).

2.3. Curing Conditions. A thermostat (temperature range
−30∼60°C with an accuracy of 0.1°C) was used to provide the
required temperature. Before the electrical resistivity test,
the thermostat’s temperature was set at the required value
for at least 12 hours. Later, specimens were placed into the
thermostat, and the temperature remained unchanged until
the resistivity test was completed. *e specimens were
wrapped with plastic bag, so they were cured under airtight
conditions.

2.4. Testing Procedure. *e samples were only prepared for
electrical resistivity and compressive strength tests. *e
samples used for scanning electron microscopy (SEM),
X-ray diffraction (XRD), and Mercury intrusion porosim-
etry (MIP) tests were selected from the crushed samples
(after the compressive strength test).*e flow chart is shown
in Figure 2.

2.4.1. Electrical Resistivity. *e electrical resistivity test
methods included two phase electrodes, four phase elec-
trodes, and noncontact test techniques. Here, to reduce the
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disturbance caused by the electrodes, the two phase elec-
trode method was used in the resistivity test. A content of
500 g of mortar was placed into a plastic bucket (with a
diameter of 65mm and the length was measured after the
test), and, then, one copper plate was fixed at each sidewall of
the specimen. *e copper plates and the resistivity testing
equipment (type: TH 2830) were connected by a conducting
wire. After sample preparation, the specimens for the re-
sistivity test were placed into the thermostat. *e resistance
was automatically recorded by TH 2830 resistivity testing
equipment at an interval of 5min. *e testing frequency is
10 kHz. *e schematic diagram of the resistivity test is
shown in Figure 3. *e resistivity can be calculated as
follows:

ρ � R
A

L
, (1)

where ρ is the resistivity, R is the resistance, A and L are the
area and length of the sample, respectively.

2.4.2. Compressive Strength Tests. *emortar was poured in
a steel mold (with a size of 40mm× 40mm× 40mm), and
the mold was vibrated. *en, the mold was wrapped in a
plastic bag. Finally, the specimens were cured at constant
temperatures of −10, −5, 0, 5, and 20°C for 24 hours, and
then demolded and kept at the required temperature. *e
compressive strength tests were carried out at days 1, 3, and 7
on a universal testing machine with a loading rate of 2.4 kN/

Table 2: Physical properties of the CSA cement.

Material Specific surface area (m2/kg) Density (kg/m3)
Setting time (min)

Initial setting Final setting
CSA cement 460 2900 26 43

Table 1: Chemical components of the CSA cement (wt/%).

Material Al2O3 CaO SiO2 SO3 Fe2O3 MgO TiO2 LOI
CSA cement 33.36 43.01 8.28 7.90 1.95 1.69 1.35 0.89
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Figure 1: X-ray diffraction pattern of the tested cement.

Table 3: Particle size distribution of the sand.

Size (mm) 2.0 1.6 1.0 0.5 0.16 0.08
Accumulated retained
(%) 0 7± 3 32± 3 65± 3 87± 3 99± 1

CSA cement Sand

Tap water

Ethanediol

CSA mortar

Cured at -10, -5, 0, 5 and 20°C

Macro test Micro test

Electrical
resistivity

Compressive
strength

XRD SEM MIP

Hydration characteristics

Figure 2: Flow chart of the laboratory tests.

TH2830
LCR meter

�ermostat

Electrodes

Sample

Figure 3: Schematic diagram of the electrical resistivity test at
different temperatures.
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s. *e average value of the three specimens was used to
determine the compressive strength. If the range was more
than 30% of the average value, the value with the largest
deviation was eliminated, and the average of the other two
values was taken as the compressive strength.

2.4.3. SEM, XRD, and MIP Tests. After the compressive
strength, the crushed specimens with a size of 10–20mm
were selected and immersed in ethyl alcohol for 7 d to stop
hydration and then dehydrated in a drying oven at 45°C for
24 hours. After that, the specimens were crushed again, and
the specimens with a size of 5–10mm were selected. A fresh
fractured surface was scanned by using the field emission
scanning electron microscope (ESEM, QUANTA FEG 450).
Phase analysis was conducted by using X-ray diffraction
(type: Bruker D8A). *e diffraction patterns were recorded
within 10°–75° (2θ) with 0.01°/step. Finally, the pore
structure characteristics were investigated by using the MIP
tests (type: Autopore IV 9500).

3. Results

3.1. Electrical Resistivity. Figure 4 presents the development
of the electrical resistivity of the mortars cured at different
temperatures. *e laboratory results indicate that the re-
sistivity of mortar increases with curing time. *e resistivity
method actually tests ion migration in cementitious mate-
rials [11]. After water was added to the cement, the amount
of ions released by the cement particles in the liquid phase
continuously changed. In the dissolution and induction
stages, less water and ions were consumed, and there was
little change in the resistivity. At the acceleration stage, the
fast consumption of ions and water led to the formation of a
large amount of hydrates and gradually reduce the liquid
phase space. *is results in poor water connection. *ere-
fore, the resistivity gradually increased [19]. However, there
is the same difference between the results of two water-
cement ratios. As presented in Figure 4(a), at the same cured
age and temperature, the samples with low water-cement
ratio (0.4) have a larger resistivity than the samples with a
high water-cement ratio (0.5).

CSA cement is a rapid hardening cement, it enters the
acceleration stage quickly at 20°C, and thus the resistivity
rapidly increases from 2 hours [11]. However, low tem-
peratures delay the hydration process. As shown in
Figure 4(b), the electrical resistivity is relatively large at 30
hours when the samples are cured at 5 and 20°C. *e
electrical resistivity is relatively small before 60 hours when
the samples are cured at −10 and −5°C. Compared with the
samples cured at a low temperature, the samples cured at a
high temperature have larger changes in the resistivity rate,
no matter the water-cement ratio. Moreover, when the
curing temperature is above 5°C, the resistivity curves have a
consistent trend and include four parts: a slight increase, a
decrease, stabilization, and then an increase followed by a
gradual stabilization. With the decreasing curing tempera-
ture (at −10°C), the stabilization part does not appear on the
resistivity curve. It is evident that the acceleration stage

appears significantly earlier with an increasing curing
temperature, and this indicates that a lower temperature
lengthens the induction stage and delays the hydration
process.

Previous studies have indicated that ions released by
cement cause a decrease in electrical resistivity [11, 16]. As
shown in Figures 4 and 5, there is a slight increase in
electrical resistivity and the increment increases gradually
with the decrease in the curing temperature. *ere are two
reasons for the change in resistivity in the dissolution stage.
One reason is the temperature decrease (from room tem-
perature 25°C to the tested temperature), and the other
reason is the dissolution of soluble ions from cement par-
ticles.*e former increases resistivity, and the later decreases
resistivity. *e diminution of resistivity is not apparent, and
resistivity shows an increasing trend. *e result shows little
difference from the results presented by literature [11]. *is
can be explained by the fact that (1) low temperatures
impede the dissolution of ions and (2) the decrease in re-
sistivity has little change (less than 0.5Ωm) [11, 16]. Fur-
thermore, the hydration process gradually reaches the
acceleration stage. However, the hydration process is sig-
nificantly delayed by the low curing temperature (−10°C and
−5°C). As seen in Figures 5(a) and 5(b), the curves of
variation rate of resistivity have similar change trends: there
are two peaks in the curves of the variation rate of resistivity
when the samples are cured at 20°C, 5°C, and 0°C. Only one
peak is observed at −5°C and −10°C. However, the node time
is different for different water-cement ratios. For the sample
with low water-cement ratio cured at 0°C and 5°C, the ac-
celeration stages start from 30 hours to 8.6 hours, respec-
tively (Figure 5(a)). For the sample with high water-cement
ratio cured at 0°C and 5°C, the acceleration stages start from
15.7 hours to 7.5 hours, respectively (Figure 5(b)). As shown
in Figure 4, the horizontal segment (induction stage) is
extended with the decreasing temperature, especially at
−10°C and −5°C. In the acceleration stage, the hydrates are
continuously formed [34].*e length of the conducting path
increased, which caused the increase in resistivity. In ad-
dition, the rate of electrical resistivity decreases with de-
creasing curing temperature, which can be explained by the
fact that a higher temperature can improve the activity of the
raw materials and promote the hydration process.

3.2. Compressive Strength. *e compressive strength of CSA
mortars cured at different temperatures was measured in 1 d,
3 d, and 7 d. *e compressive strength of CSA mortar in-
creases with increasing curing age, regardless of the curing
temperature and water-cement ratio. As shown in
Figure 6(a), the compressive strength of the sample cured at
−10°C is about 3.23MPa at day 1, which is only approxi-
mately 10% of that of the specimens cured at 20°C
(28.83MPa). *e similar result can be found in Figure 6(b).
*e test results indicate that the compressive strength de-
creases sharply at low curing temperature, especially from 0
to 1 d. Although the low temperature slows the hydration
rate, the compressive strength continuously increases with
the curing time.Moreover, at a water-cement ratio of 0.5, the
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compressive strength of the specimen cured at −5°C for 7 d is
only approximately 2MPa lower than that of the sample
cured at 0°C. *e sample cured at 5°C has a compressive
strength of 46.4MPa, while the sample cured at 20°C has a
compressive strength of 43.6MPa.*is trend is similar to the
results presented by Xu et al. [33]. It can be concluded that
there is an optimal curing temperature for CSA cement
cured at temperatures ranging from −10°C to 20°C.

As shown in Figure 6, at these two water-cement ratios,
the early strength of the mortars decreased significantly at
low curing temperature. *is is because a lower curing
temperature delays the hydration process and decreases the

hydration rate, which leads to a decrease in the amount of
hydrates. It is known that the strength of the CSA mortar is
controlled by the amount of AFt crystals and its micro-
structure. When samples have the same hydration degree,
the connection between the hydration products and the
microstructure controls the strength [35]. As mentioned
above, a low curing temperature slows the hydration rate.
*erefore, the sample cured at a lower temperature has a
lower hydration degree than that cured at a high temper-
ature [36]. In other words, a lower curing temperature
decreases the hydration degree and reduces the amount of
hydrates. Consequently, an unstable microstructure is
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Figure 5: Rate of electrical resistivity of the mortar at different curing temperatures for 0–1 d. (a) w/c� 0.4. (b) w/c� 0.5.
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formed in the mortars without the connection provided by
the hydration production. *erefore, the compressive
strength decreases at low curing temperatures, no matter the
water-cement ratio.

3.3. X-Ray Diffraction (XRD). Figure 7 shows the XRD
patterns of CSA mortars cured under different conditions.
Previous study indicates that the main hydration products of
CSA cement are ettringite (AFt), monosulphoaluminate
(AFm), and alumina gel (AH3) [3]. *is can be verified by
the microanalysis (Figures 7 and 8). However, the main
hydration product of the samples cured at −10, −5, and 0°C is
AFt, almost without AFm and AH3 (Figure 8). For the
sample cured at 5 and 20°C, the dominant hydrates are AH3
and AFm. *is can be explain the fact that the formation of
hydrates is determined by the hydration degree, as reflected
by the consumption of gypsum. When calcium sulfate is
completely consumed, hydrates of AFm and AH3 will
gradually form according to (2) [3]. As noted byWang et al.,
the AFm will form in the middle of the hydration process.
*e XRD results show that the specimens cured at 20°C have
early access to the middle of the hydration process, which
illustrates that the hydration process is delayed by low curing
temperature [35].

C4A3S + 18H2O⟶ C4ASH12(AFm) + 2AH3 (2)

As shown in Figure 7(b), with prolonged hydration time,
the diffraction peak of AFt increases gradually and the
diffraction peak of Ye’eliminate decreases. In addition, be-
cause the hydration product AH3 has poor crystallinity, it is
difficult to characterize AH3 by using XRD. From the details
mentioned above, we can conclude that a low curing tem-
perature only suppresses the hydration reaction and does
not change the kinds of hydrates, but the amount of hydrates
obviously decreases. Moreover, because the lower curing
temperature delays the hydration process, the appearance
time of AH3 is postponed.

3.4. ScanningElectronMicroscope (SEM). Figure 8 shows the
microstructure of a hydrated paste cured at different tem-
peratures for 3 d. For the sample cured at 20°C, the hydration
products contain more plate-shaped AFm and pompon-
shaped AH3, almost without AFt (Figure 8(a)). With the
decrease in curing temperature, small, short, and fine needle
AFt gradually appears. At −10°C, more acicular ettringite can
be observed in the specimens. In total, as the curing tem-
perature drops from 20°C to −10°C, the AFm and AH3
gradually disappear, and the AFt becomes coarser
(Figure 8(e)). *is finding can be explained by the fact that
the solubility of ettringite at 20°C is larger than that at −10°C,
so it is easy to form ettringite at low temperature [37]. In
addition, the formation of hydrated calcium silicate gel at
−10°C is slower than that at 20°C, and there is a large residual
space between particles, which promotes the growth of
ettringite [35]. Moreover, when gypsum is completely
consumed, AFm will form according to equation (3) [3].
*erefore, the content of AFt at −10°C is higher than that at
20°C. In addition, a higher curing temperature results in
faster conversion from AFt to AFm,

C6AS3H32(AFt) + 2C3A + 4H2O⟶ 3C4ASH12(AFm)

(3)

As shown in Figure 8, with the elevated curing tem-
perature, the amount of AH3 gradually increases. Combined
with the compressive strength results, it is found that the
compressive strength increases with increasing curing
temperature. *is conclusion agrees well with the previous
results [38]. During the hydration process, AFt forms first,
but its structure is relatively loose and the compressive
strength is low. By increasing the hydration time, the hy-
dration degree increases and AH3 is formed. Because AH3
has a high cohesion and large specific surface area of ap-
proximately 285m2/g [39], the connection between com-
ponents strengthened by AH3. Moreover, as the AH3 phase
fills the pore spaces, the structure becomes relatively dense.
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Figure 6: Compressive strength of mortar cured at −10, −5, 0, 5, and 20°C. (a) w/c� 0.4. (b) w/c� 0.5.
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Figure 8: SEM images of CSA cement mortars cured at different curing temperatures for 3 d. (a) 20°C; (b) 5°C; (c) 0°C; (d) −5°C; (e) −10°C.
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*erefore, the compressive strength increases with hydra-
tion time, and the elevated curing temperature can enhance
the compressive strength.

3.5. Pore Sizes. *e pore structure can be treated as one of
the external manifestations of cement hydration. Figure 9
shows the pore size distribution of the specimens cured at
different temperatures (w/c� 0.5). At day 3, the pore vol-
umes of the samples cured at −10, −5, 0, 5, and 20°C are
0.288, 0.229, 0.213, 0.178, and 0.182mL/g, respectively. *e
porosity results show that the curing temperature has a
noticeable effect on the total porosity, and that 5°C is the
optimum curing temperature to obtain a minimum porosity.
Li et al. [40] pointed out that increasing the amount of
hydration products will decrease the total porosity. As the
temperature decreases, the hydration process is delayed.
Consequently, the amount of the hydration product is re-
duced. *erefore, with less hydrates filling the pore space,
porosity increases with the decreasing curing temperature.
Moreover, the results show that the pore size distribution
shows little difference at different curing temperatures. As
shown in Figure 9, the volume of a pore with a diameter
larger than 0.1 μm is 0.098mL/g at −10°C and 0.031mL/g at
20°C. Compared with the sample cured at 20°C, the number
of coarse pores noticeably increases when the sample is
cured at −10°C. *e change law is consistent with the in-
fluence of high-temperature curing on the pore structure of
the silicate cement [41, 42].

Because pores with different sizes have different effects
on the physical-mechanical properties of concrete, the pores
are divided into four classes depending on the endanger
degree (Table 4) [43]. Total porosity varies little at 5°C and
20°C. However, the proportion of harmful pores is larger at
20°C than that at 5°C. As a result, the specimen cured at 5°C
has a large compressive strength. *is indicates that the
optimal curing temperature can reduce the number of
harmful pores.

4. Discussion

4.1. Influence of Temperature on the Formation of Strength.
*e experimental results indicate that an elevated temper-
ature results in the compressive strength first increasing
(cured at −10°C∼5°C) and then decreasing (cured at
5°C∼20°C). *is changing trend does not completely agree
with the results presented by Li et al., which showed that the
strength tends to decrease with increasing curing temper-
ature (samples were cured at 5°C∼40°C) [40]. It is well
known that concrete has a resistant freezing critical strength
[44]. *e compressive strength of the specimens cured at
−10°C and −5°C for 1 d is lower than the resistant freezing
critical strength of 2.5MPa (the resistant freezing critical
strength is determined by the literature [45]). *erefore,
frost heaving stress, induced by pore water migration and
freezing, will destroy the structure of the mortars cured at
−10°C and −5°C and lead to a decrease in strength. More-
over, the specimens cured at −5°C and −10°C are still in the
deceleration stage at day 7. *is means that fewer hydrates

form and the components in the mortar have a poor con-
nection, which does not benefit in developing strength. For
curing temperature over 5°C, there is no frost heaving stress.
Under this condition, low temperatures are beneficial to the
formation of ettringite and increase in strength [35].
Moreover, the specimens cured at 20°C and 5°C have reached
the stable stage in 7 d. Many hydrates are formed, and the
components are strengthened by the hydrates. Conse-
quently, the mortar has a denser structure and a larger
compressive strength. At a high temperature (20°C), due to
the large hydration rate, more harmful pores will be formed.
Results show that higher and lower curing temperatures
result in an increase in the number of harmful pores. *us,
there is a critical curing temperature for obtaining the largest
compressive strength and lowest porosity. Moreover, as
shown in Table 5, the low temperature increases the total
porosity and results in a decrease in the proportion of
harmless pores.

4.2. Influence of Temperature on Electrical Resistivity.
Previous results indicated that the liquid phase played a key
role in determining the electrical resistivity [46]. After the
mortar was mixed, the hardening of mortar occurs in three
states: flow state, plastic state, and solid state. At the early
time, both the ion concentration and the volume of the
liquid phase were large. Sands are surrounded by pore water
in the mortar. All the pores were connected with each other,
and the length of the conducting path was short
(Figure 10(a)). Consequently, the electrical resistivity was
small. Due to the formation of hydration products, the
porosity and free water content were reduced continually.
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Figure 9: Pore structure of the CSA mortar at different curing
temperatures for 3 d.

Table 4: Pore-class classification [43].

Pore size/nm <20 20–100 100–200 >200
Hazard
ranking Harmless Less

harmful Harmful More
harmful
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With time going on, the volume of the solid phase increases
and the volume of the liquid phase decreases. Consequently,
the hydration products broke the conduction path and
lengthened the conducting path (Figure 10(b)). Moreover,
the formation of hydrates consumed many ions. *e de-
crease in ion concentration and the increase in the length of
the conducting path led to a dramatic increase in resistivity.

Actually, the variation in electrical resistivity reflects the
evolution of the pore structure. Here, the formation factor
was used for describing the pore structure, which can be
calculated as follows [24]:

F �
ρ
ρ0

, (4)

where ρ is the resistivity of the mortar and ρ0 is the resistivity
of the pore water in themortar. All the ions were dissolved in
water in the induction stage, and the minimum electrical
resistivity was treated as ρ0.

Based on the tested resistivity, the formation factor can
be calculated, as shown in Figure 11.*e results indicate that
at these two water-cement ratios, the formation factor in-
creases with prolonged hydration time. Moreover, as seen in
Figure 6, at the same curing age and temperature, the sample
with a low water-cement ratio has a larger electrical resis-
tivity. With the hydration process going on, free water is
gradually consumed and more hydrated cement is gener-
ated. *is results in a decrease in the volume of the liquid
phase and an increase in the volume of the solid phase [13].
As a result, the resistivity increases. *erefore, the formation
factors increase with hydration time. Moreover, at the same

age, specimens cured at high temperatures have a larger
formation factor. *is can be explained that a higher hy-
dration degree indicates more free water and ions have been
consumed.*erefore, compared with the specimens cured at
lower temperatures, the sample cured at 20°C has the
minimal volume for the liquid phase. A poor connection
between pore water results in the longest conducting path
formed in the sample cured at 20°C. Consequently, this
sample has the largest resistivity and formation factor.
Because the hydration rate is decelerated by low tempera-
ture, more free water exists in the pores, resulting in an
increase in the volume of the liquid phase. Better pore water
connection causes the decrease in resistivity. To some de-
gree, the change in the formation factor can reflect the
hydration degree. In addition, the sample with low water-
cement ratio has a smaller change rate in the formation
factor. A low water-cement ratio means that less water is
added in the cement, and the pore water connection is poor,
so the minimum electrical resistivity is larger in the low
water-cement ratio. When the resistivity of the mortar has
little difference, the formation factor was determined by the
minimum electrical resistivity ρ0.

4.3. Influencing Mechanism of Temperature on the Hydration
Process. *e hydration process can be summarized in three
steps: dissolution of cement particles, consumption of free
water, and formation of hydration products [3]. As seen, the
low curing temperature did not change the final hydration
products [47], but lengthened the hydration process (Table 6).

Table 5: Proportions of hazard ranking of pores.

Test condition
Hazard ranking

Harmless (%) Less harmful (%) Harmful (%) More harmful (%) Porosity (mL/g)
5°C, w/c� 0.4 51.28 21.60 8.38 18.74 0.110
5°C, w/c� 0.5 32.45 54.37 10.36 2.83 0.178
−5°C, w/c� 0.4 39.37 27.70 10.22 22.71 0.163
−5°C, w/c� 0.5 22.23 43.16 21.43 13.17 0.229

Sand

Hydrates

Conducting path

(a)

Sand

Hydrates

Conducting path

(b)

Figure 10: Schematic presentation of the conduction paths in the mortar (a) fresh mortar and (b) mortar hydrated for some time.
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Taking the age of 1 d, for example, the specimens with a water-
cement ratio 0.5 cured at 20°C and 5°C have access to the
deceleration stage, the specimens cured at 0°C have access to
the acceleration stage, but the specimens cured at −5°C and
−10°C are still in the induction stage. Moreover, the speci-
mens cured at −5°C and −10°C still did not enter the stable
stage even at 7 d.

*e results indicate that the hydration process was
lengthened by the low temperature. *e key piece of evi-
dence is that both compressive strength and electrical re-
sistivity decreased with decreased curing temperature at the
same age. *erefore, in some degree, we can conclude that
the low curing temperature decreases the hydration rate. In
this section, we will discuss how the temperature decreases
the hydration rate.

*e hardening of cement is accompanied by chemical
reactions. *erefore, we will analyze the influencing
mechanism from the perspective of chemical reactions. *e
“collision theory” in chemical reaction indicates that a re-
action may occur when reactant molecules collide with each
other [48, 49]. However, not every collision can result in a
reaction, and only an “effective collision” can result in a
reaction. An effective collision must meet two basic con-
ditions: (1) the molecules have high energy and (2) the
molecules collide with each other in a certain direction [49].

*e collision theory also noted that both increasing the
number of activation molecules and increasing the effective
collision times can speed up the reaction rate. At a lower
temperature, the molecules have lower energy and may not
meet the required activation energy compared to that at a
higher temperature, which means that a lower temperature
will reduce the number of activation molecules
(Figure 12(a)). Meanwhile, water is sticky at low tempera-
tures, and ions encounter more resistance during themoving
process. *erefore, the effective collision frequency is re-
duced by lower temperature (Figure 12(b)). As a result, the
decrease in the number of activation molecules and the
decrease in the effective collision frequency lead to a de-
crease in the hydration rate (Figure 12(c)). *us, at the same
age, the specimens cured at high temperature have a high
hydration degree. In other words, the hydration process is
lengthened by a lower curing temperature, as listed in Ta-
ble 4. Moreover, the Arrhenius theorem indicates that the
constant of the reaction rate decreases with decreasing
temperature. Because the hydration process is suppressed by
the low temperature, the amount of hydration products is
reduced. In turn, the compressive strength decreases. In
short, the low temperature decreases the hydration rate.
*erefore, when designing the cement for low temperature,
the induction period should be reduced.
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Figure 11: Variation in the formation factor at different curing temperatures for 1 d, 3 d, and 7 d. (a) w/c� 0.4; (b) w/c� 0.5.

Table 6: *e initial time of the mortar access to different hydration stages (unit: hour).

Hydration stages
Curing temperature

20°C 5°C 0°C −5°C −10°C
Dissolution stage 0.0 0.0 0.0 0.0 0.0
Induction stage 0.8 2.4 3.5 4.2 4.8
Acceleration stage 1.4 7.5 15.7 28.6 80.2
Deceleration stage 2.5 12.5 24.5 77.4 118.1
Stabilization stage 16.2 48.4 101.3 — —
Notes: *e symbol “—” means does not appear. Water-cement ratio is 0.5.
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5. Conclusion

A series of laboratory tests were conducted to investigate the
influence of low temperatures on the hydration character-
istics of CSA cement. *rough systematic analyses, the
following conclusions can be obtained:

(1) Temperature has a significant effect on the macro-
properties of mortar. *e influence degree of the
temperature decreases with the increase in curing
time. *e hydration rate determines the early
strength, but the later strength is controlled by the
amount of hydrates and the microstructure.

(2) Low curing temperatures slows the hydration rate,
lengthens the hydration process, and delays the
transformation of AFt to AFm.*e types of hydration
products are not changed by low curing temperature,
but their quantity decreases sharply with decreasing
temperature, especially at the early stage.

(3) For the tested CSA cement, the optimum curing
temperature is around 5°C. An appropriate hydra-
tion rate can decrease the number of harmful pores
and increase the compressive strength. *erefore, in
the engineering application, an appropriate curing
temperature should be provided.
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In the real environment, besides static load, rock is more affected by cyclic load. )ere is a large difference in the mechanical
properties exhibited by rocks under cyclic and static loading. )erefore, it is particularly necessary to investigate the mechanical
characteristics of rock subjected to cyclic loading. )ese parameters of rock, acoustic emission (AE) and resistivity, are both
sensitive to the failure process of rock, and they are complementary to the different stages of rock damage.)erefore, in this paper,
the AE characteristics and resistivity properties of sandstone subjected to constant-amplitude cyclic loading and unloading were
experimentally investigated using a typical sandstone in Chongqing.)e same three-stage pattern was found for the AE evolution
of sandstones during constant-amplitude cyclic loading. Initial evolution stage: the rock deformation is fast with strong changes in
the AE signal. )e rock deformation developed slowly while the changes of the AE signal were stable in the constant velocity
evolution stage. )e rock deformation developed dramatically while the AE signal became more intense in accelerated evolution
stage. )e change in resistivity is characterized by a rapid decrease during the loading stage and a rapid rebound during the
unloading stage. Overall, from the beginning of the cycle to the end of the cycle, the resistivity of the sandstone showed a general
trend of gradual decrease, until the sudden increase in resistivity at the time of damage. Finally, a damage model based on AE
parameters and resistivity was constructed by combining damage mechanics.

1. Introduction

Rock mass is a discontinuous medium with a complex in-
ternal structure. Many studies [1, 2] have shown that the
phenomenon of particle crushing often occurs in con-
junction with rock particle compaction, and a number of
experimental methods have been carried out to analyze the
crushing behaviour of rock particles. Ma et al. [3, 4] used
laboratory, theoretical, and field studies followed by ex-
perimental data to calculate and analyze the evolution of the
deformation behaviour of gangue grains during compres-
sion tests. Alnedawi et al. [5] monitored the effect of loading
frequency on rock deformation characteristics by using
repeated loading triaxial tests.

In addition, there are also a series of studies on the
evolution of rock damage. Hu et al. [6] performed triaxial

tests on granular rocks under cyclic stress paths and dis-
cussed the linear evolution of the plastic work with respect to
the critical state. Ghebi and Hedaya [7] investigated the
ultrasonic properties, such as longitudinal velocity, principal
frequency, and transmission amplitude, during compres-
sional deformation of granular quartzitic rocks. Rock’s
stability is affected by many natural conditions and human
factors. Furthermore, in practical engineering applications,
the rock mass is often subject to cyclic loading, for example,
coal rock exhibits different damage patterns under cyclic
disturbance and early backfill liquefaction due to cyclic
loading conditions such as far-field mine blasting, rock
blasting, and earthquakes. Under the action of cyclic loading,
rock damage gradually accumulates until the final appear-
ance of fatigue degradation characteristics, which have a
negative impact on the stability of the project and increase
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the risk of engineering safety. )erefore, the study of rock
damage law under constant-amplitude cyclic loading has
important practical value in engineering.

As an elastic wave, AE is produced by the damage of rock
itself, and the rock is bound to be accompanied by the
closure of pores and the initiation and propagation of
microcracks in the process of loading.)erefore, the damage
and failure process of rock is bound to be accompanied by
the generation of AE signals, which can represent the
damage evolution of rocks. )e phenomenon of AE activity
in rock during compression was first found in the 1930s [8].
After years of research by scholars [9–12], the application of
the AE method in rock materials is becoming more and
more mature. Rodŕıguez et al. [13] characterized the fracture
mode of marble and granite in a radial compression test by
AE experiment and lithofacies analysis, so that the main
cracking areas in rock samples and their changes in the test
process can be visualized. Lei et al. [14] researched the
damage evolution of several common lithologies under
differential compression using detailed AE data. Ou et al.
[15] conducted graded loading tests on marble under dif-
ferent stress paths and investigated the AE characteristics
and the changing trend of loading-unloading response ratio
in the deformation and failure process of marble under
variable stress paths. Zhao et al. [16] used the AE system to
study the uniaxial compression process of red sandstone
specimens under different water contents and analyzed the
characteristics of special stress and the evolution of AE (wide
and narrowband) parameters in the deformation and failure
process of specimens. Jiang et al. [17] analyzed the properties
of AE during fatigue injuries of red sandstone, divided the
axial deformation process into three stages and the trans-
verse deformation process into two stages, and discussed the
rationality of the damage variable theory according to axial
strain.

As one of the inherent characteristics of rock, the re-
sistivity is a necessary condition to study its microstructure
and engineering mechanical properties, which can usually
reflect the basic physical characteristics of rock. In practical
engineering, people usually detected the geological con-
ditions of engineering rock based on resistivity charac-
teristics [18]. It was not until 1942 that the study of the
resistivity properties of rocks was gradually developed on
the basis of Archie’s law [19–22]. Brace and Orange [23]
analyzed the variation law of resistivity during rock failure
through an indoor resistivity test and believed that the
change of rock volume and porosity was the fundamental
factor for the change of resistivity. Zhang et al. [24] studied
sandstone under different thermal damage and tested the
resistivity of sandstone at different temperatures, indicat-
ing that monitoring resistivity is a good method for
detecting thermal damage to rocks. Wang et al. [25]
explained the variation characteristics of rock resistivity
from the theoretical level combined with the typical rock
expansion phenomenon. At the same time, the damage
variable based on resistivity was established by the analogy
method, and the resistivity ratio coefficient was introduced
to characterize the damage degree of overburden in coal
mine goaf. In addition, Wu et al. [26] obtained the

theoretical relationship between porosity and rock resis-
tivity based on Archie’s formula. In general, the closure of
pores in rock materials, changes in volume, and the ex-
pansion of microcracks in response to external forces affect
the electrical conductivity of rocks. )erefore, it is possible
to judge the evolution of damage to rocks by the pattern of
changes in resistivity and thus infer the mechanical
properties of rocks for engineering construction.

To sum up, although some studies had been conducted
on the correlation between AE characteristics and rock
resistivity, there has been relatively little research into the
parameters of wave-electric characteristics of rocks under
cyclic stress and the integrated use of the wave-electric test to
investigate the evolution of damage deformation in rocks. In
a previous study [27], under different test conditions, the
two characteristics of AE and resistivity of sandstone were
investigated, such as different stress amplitudes and different
loading frequencies, using sandstone as the object of study.
Furthermore, different saturation levels were tested and the
evolution law of AE was found. Based on existing studies of
the AE and resistivity evolution of sandstones, this paper
further studies the damage evolution process of sandstone
under constant-amplitude cyclic loading and deeply ana-
lyzes the relationship among sandstone AE parameters and
resistivity parameters and damage accumulation. )erefore,
according to the AE parameters and the resistivity param-
eters, the damage evolution model of sandstone under cyclic
loading was established.

2. Test Device and Method

Figure 1 shows the self-designed synchronous testing device
of AE, resistivity, and stress employed in the tests. )e
loaded test system used the RMT-301 rock mechanics test
system, and a fixed device of the AE sensor was designed.
)e four sensors had been installed on the surrounding
surface of the sandstone specimens, and the coupling agent
was applied to ensure that the sandstone specimen is in good
contact with the sensor. Finally, the position of the AE
sensor was fixed by tightening the screws. In the experiment,
as shown in Figure 2, the M300 data acquisition system was
used for the resistivity test, and the SAEU2S AE system was
used for the AE test.

2.1. Sandstone Sample Preparation. )e samples used in this
experiment were all derived from the same area of
Chongqing sandstone rock samples. )e sandstone speci-
mens were obtained by the wet processing method and
drilling, accurately processing into V50mm× 100mm
standard cylindrical specimens, and the flatness error of the
two bottom surfaces was not more than 0.02mm, as shown
in Figure 3. )e height, wave velocity, mass, and diameter of
the specimens are measured. Furthermore, the sandstone
specimens with the closest density, geometry, and wave
speed were grouped and numbered to reduce the dispersion
of test results due to individual differences. For each working
condition, three samples were tested to ensure the accuracy
of the results.
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)rough the analysis of the sandstone composition, the
sandstone studied in the thesis was mainly made up of
quartz, plagioclase, and potash feldspar, with mica, calcar-
eous, and iron cuttings as minor components. )e cement is
mainly made up of argillaceous minerals, calcite, and do-
lomite with the least content of pyrite. )e specific com-
ponent content is shown in Table 1.

2.2. Loading Equipment. )e rock mechanical test system,
RMT-301, developed by Wuhan Institute of Geotechnical
Mechanics, Chinese Academy of Sciences, was used in this
rock loading test. )e system is a multifunctional electro-
hydraulic servo testing machine that can be controlled by a

computer. It is a unique four-in-one function system, which
has the advantages of convenient operation, good control
performance, high automation, and high stiffness. It can be
used for uniaxial, triaxial, shear, and tensile tests.

2.3. Measuring Equipment and Parameters

2.3.1. Acoustic Emission Test Instrument. AE test adopts the
SAEU2S multichannel AE signal measurement system
manufactured by Beijing Shenghua Science and Technology
Co., Ltd., which had 24 parallel detection channels and can
simultaneously measure multichannel signals, as shown in
Figure 4. In the process of signal acquisition, the waveform
of each channel AE signal and various AE characteristic
parameters could be displayed in real time, which could
meet the needs of various field detection and scientific re-
search. )e main amplifier of the AE test device is 40 dB, the
voltage threshold was set to 45 dB, the resonant frequency of
the sensor was 20 ∼ 400 kHz, and the sampling frequency
was 1× 107 times/s. At the same time, the ambient noise is
needed to be standardized before the experiment to mini-
mize the influence of noise on the test data.

2.3.2. Resistivity Test Instrument. Resistivity test adopted
M300 series data acquisition/switching system produced by
Beijing Puyuan Precision Electric Technology Co., Ltd, as
shown in Figure 5. )is system combined precise mea-
surement function with flexible signal connection function,
which could collect voltage, current, resistance, temperature,
and various sensor signals and provide long-term mea-
surement and recording of multiple test points and various
signals. In this experiment, the bipolar method was carried
out to measure the resistance of the sandstone specimen.
)en, the resistivity ρ of the sandstone specimen was in-
directly obtained according to the formula ρ�R (S/L). To
ensure the dependability of the measurement data, copper
sheets with good conductivity should be placed on both ends
of the specimen. At the same time, a plastic gasket should be
placed on both ends of the end face to play the role of

Pressure

Force plate

Plastic film

Acoustic emission probe

Acoustic emission acquisition system

Acoustic emission probe

Force plate

A
Copper sheet

Copper sheet

Rock sample

Plastic film

Resistivity acquisition system

Figure 1: Test system design.

The upper Copper electrode

The bottom Copper electrode

The AE probe The AE probe 

The fixing device for AE probe

Electric Circuit

Loading device

Figure 2: Stress-AE-resistivity synchronous testing device.

Figure 3: Sandstone specimen.
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insulation, and a certain amount of graphite powder should
be applied to the ends of the sandstone specimen to increase
the conductivity of the rock.

2.4. Test Method. Firstly, uniaxial compression tests of
sandstone samples all take axial force as the control pa-
rameter. To maintain the consistency before and after the
test, in the uniaxial compression test, the same axial force as
the constant-amplitude cyclic loading test was used as the
control parameter with 0.5 kN/s of the average loading rate.
Finally, six specimens were selected for the test. According to
the test results, the compressive strength and variance of
specimens are shown in Table 2.

)e lower limit stress value σmin � 12.554MPa and the
upper limit stress value σmax � 53.355MPa for the cyclic
load used in this study, so the average stress and amplitude
are, respectively, 32.955MPa and 20.401MPa.

As shown in Figure 6, the equal amplitude cyclic test uses
axial force as the control variable and the test was conducted
in two stages. In the first stage, the axial stress was loaded
continuously from zero to the average stress value
(σmax + σmin)/2 at a rate of 0.5 kN/s. In the second stage, the

cyclic loading was applied from the average stress value until
the fatigue damage occurred in the sandstone specimen.
Because the AE characteristics of sandstone specimens
under the action of different stress amplitudes are relatively
similar, the yield strength of sandstone will not be exceeded
when the stress magnitude is below 85% of the compressive
strength. So, the loading waveform was sinusoidal, and the
frequency was 0.2Hz, of which the upper-stress limit σmax
was 85% of the uniaxial compressive strength, and the lower-
stress limit σmin was 20% of the uniaxial compressive
strength.)e cyclic loading tests of 3 specimens were carried
out under this condition.

3. Test Results and Analysis

)e number of AE ringing refers to the number of oscil-
lations caused by the oscillating wave generated by the AE
signal crossing the voltage threshold, which has been widely
used in the activity evaluation of AE.)e number of acoustic
emission rings produced per unit time in a rock sample can
reflect the state of damage and deformation of the internal
structure of the sample when subjected to cyclic stress. )e
more the number of AE ringing counts in unit time, the
more serious the damage of the rock sample. On the con-
trary, the damage degree of rock samples was lighter.

)erefore, this paper mainly explores the AE charac-
teristics of sandstone specimens by AE ring number. Based
on the experimental results, as shown in Figure 7, the axial
force and ring number-time curves of two representative
sandstone specimens were plotted.

At present, the characteristic parameter method is widely
used in processing AE signals [28]. )e AE characteristic
parameters contain a lot of information about the material
damage evolution process, and the characteristic parameter
method is to reflect the characteristics of AE signals by
analyzing and processing several simplified waveform
characteristic parameters. From the AE evolution diagram of
sandstone damage evolvement process under constant-
amplitude cyclic loading, it is possible to find that the AE
intensity of two sandstone specimens was different under the
same stress level based on cyclic loading. )e AE intensity of
specimen 1 was greater than that of specimen 2, which was
due to the heterogeneity of the specimen. Rock was het-
erogeneous material, its internal structure characteristics of
different rocks were different, and the mechanical properties
were different.

During the cyclic loading phases, the evolution pattern of
the AE signal closely matches the three-stage law of rock
fatigue deformation proposed by Ge et al. [29, 30]. During
the first few cycles, the original cracks and weak structural
surfaces in the specimen were destroyed, the degree of

Table 1: Sand rock composition.

Debris (%) Cement (%) Cementation
type Granularity (mm)

Quartz Plagioclase/potassium
feldspar Schist/mica Calcareous/iron Argillaceous Dolomite Pyrite Porosity 0.01–0.15

57 23 3 6 8 2 1

Figure 4: SAEU2S multichannel acoustic emission signal mea-
surement system.

Figure 5: M300 series data acquisition/switching system.
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sandstone deformation was rapid, the AE activity evolved
strongly, and the number of AE vibrations was high. )en,
entering the stage of constant velocity development, as can
be seen from the AE local magnification diagram, where the
AE signal of essentially the same magnitude is present in
each cycle, the evolution of the AE activity diminishes and
the number of rings decreases, indicating that the upper
stress had reached the yield strength of the rock and
therefore a small amount of plastic damage occurs in each
cycle. Finally, in the accelerated damage phase, the degree of
deformation of the rock suddenly increases and its strain
reaches the ultimate deformation of the rock in a few cycles.
)e macroscopic fracture was penetrated, and the rock was
destroyed. It can be seen that the evolution of AE activity was
suddenly enhanced, and the number of ringing counts

increased exponentially, which well reflects the destruction
process of the rock material during cyclic loading. Fur-
thermore, most of the AE signals occur near the upper-stress
limit, indicating that the upper-stress limit was more sen-
sitive to the AE signals from the rock [31].

At the same time, the force-time and resistivity-time
curves of specimens were drawn, respectively, according to
the test results, as shown in Figure 8, to investigate the
variation law of sandstone resistivity under constant-am-
plitude cyclic loading.

)e resistivity of the sandstone loaded in equal ampli-
tude cycles follows a basically similar pattern to the loading
path as can be seen from Figure 6. During the loading stage,
due to the heterogeneity of rock specimens, there were many
microcracks and pores in the rock specimen, the stress

Table 2: Results of uniaxial compression test.

No. Compressive strength (kN) Average compressive strength (kN) Variance
DZ01 116.880

120.245 43.089

DZ02 123.600
DZ03 127.050
DZ04 125.100
DZ05 119.670
DZ06 109.170

σ 
(M

Pa
)

t (sec)

σmax

σmin

Figure 6: Loading loop path.
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Figure 7: Evolution law of acoustic emission: (a) acoustic emission evolution law of specimen 1; (b) acoustic emission evolution law of
specimen 2.
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increased, and the pores closed rapidly, which made the
resistivity decrease rapidly. On the other hand, due to the
decrease of stress, the compacted pores and microcracks
gradually opened, the air entered, and the resistivity in-
creased in the unloading stage. During the unloading stage,
the compacted pores andmicrocracks gradually open up due
to the stress reduction, leading to the entry of air and an
increase in resistivity.

In general, the change rules of the two specimens were
consistent. Due to the high level of load stress, after each
cyclic loading and unloading, the specimen yielded and
produced plastic residual deformation, including the plastic
deformation caused by the pressure sealing of microcracks
and the loose particles generated by the convex failure of the
microcrack surface. )is results in better contact between
the mineral particles, between the skeleton and the pore
water, and better connectivity of the hydraulic channels after
each loading cycle than after the previous cycle. )erefore,
the resistivity of the rock specimen tends to decrease as the
cyclic loading proceeds. By the last couple of cycles, when the
sandstone specimen is on the verge of destruction, the in-
ternal cracking accelerates and the contact between the
skeletal particles deteriorates, and the rock resistivity shows
a gradual increase. By the time the fatigue life of the
specimen was reached, the extended microcracks have been
penetrated into large macroscopic cracks, the specimen was
damaged, and the resistivity increased suddenly [26, 32].

4. Analysis of SandstoneDamage Evolution Law

Under the action of cyclic loading, the essence of rock
damage is the damage process of continuous sprouting,
expansion, and penetration of internal cracks. )e resistivity
and AE parameters were very sensitive to the changes of
crack closure, initiation, and coalescence, but the sensitivity
of the two parameters to different loading stages was dif-
ferent. Two kinds of parameters played a complementary

role, so it is feasible to combine the two parameters to
comprehensively determine the failure process of rock. In
this paper, damage mechanics was used to defining the
damage variable based on wave-electric field parameters. On
this basis, the damage evolution model based on wave-
electric field parameters was constructed to analyze the
fatigue damage evolution law of sandstone.

4.1. Damage Variables Based on AE Parameters. Yang et al.
[33] researched the damage evolution law of rock by triaxial
compression test and established a rock damagemodel based
on the cumulative ringing count of AE. )e formula was
used to define the damage variableD as the ratio of the defect
areaAd on the material cross section to the total areaA of the
material cross section [34], and the damage variable D re-
flected the degree of material degradation.

D �
Ad

A
. (1)

WhenD� 0, it was equivalent to the nondestructive state
of the material; whenD� 1, it was equivalent to the complete
failure state of the material. )e larger the D value was, the
more serious the material was damaged.

If the cumulative ringing count of AE was assumed to be
ϕm when the whole section area A of the material was
completely destroyed, the AE rate per unit area was

nυ �
ϕm

A
. (2)

When the damaged area of the section reached Ad, the
cumulative ringing count is

ϕ � nυAd

�
ϕm

A
Ad.

(3)
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Figure 8: Resistivity evolution law: (a) evolution law of resistivity of specimen 1; (b) resistivity evolution law of specimen 2.
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According to equations (1) and (3), the damage variable
based on cumulative ringing count can be obtained:

Dc �
ϕ
ϕm

. (4)

Boundary conditions: N � 0, D � 0; N � NF, D � 1,
where N represents the cycle period and NF represents the
total cycle period of rock failure.

4.2. Damage Variable Based on Resistivity. )e damage
process of rock was always accompanied by the closure and
propagation of cracks, which were the factors that cause the
change of resistivity. Based on Dai’s s definition of damage
variable by porosity, Li et al. [35] firstly creatively established
damage variable based on resistivity by porosity.

We defined damage variable Dφ based on rock
porosity:

Dφ �
ϕ0 − ϕ
ϕ0 − ϕs

, (5)

where ϕ0 is the initial porosity of unloaded rock and ϕs is the
porosity of rock failure.

According to Archie formula [8], the resistivity of rock is
as follows:

ρ �
abρw

ϕm Sr
− n

, (6)

where a, b are coefficients related to rock; ρw is the resistivity
of stratigraphic water; ϕ is the porosity of the rockmaterials;
Sr is the saturability; m is the index of rock cementation; and
n is the index of rock saturation.

Based on the definition of saturation,

Sr �
Vw

Vv

. (7)

For dry rock, unsaturated, its natural water content was
very small. )en, assume that the volume of water has not
changed during the loading process. )e saturation can be
defined, after correction, as

Sr �
Vw

ϕV
, (8)

where ϕ � (Vv/V).
)en, the resistivity is

ρ �
abρw

ϕm

Vw

ϕV
 

− n

. (9)

In order to increase the applicability of Archie’s equa-
tion, the trend of rock resistivity evolution is expressed as the
ratio of resistivity to initial resistivity:

ρ
ρ0

�
ϕ0
ϕ

 

m− n

. (10)

)erefore, we can get the resistivity of rock at any time
in the loading process by measuring the porosity of rock.
)e damage variable Dρ defined on the basis of resistivity

ratio can be obtained by adding formula (5) to formula
(10):

Dρ �
1 − ρ/ρ0( 

− (1/m− n)

1 − ρS/ρ0( 
− (1/m− n)

, (11)

where ρ0 is the initial resistivity of the material; ρS is the
resistivity when material is damaged; m is the bond index
(parameter inversion m is 2.0); and nis the saturation index
(the parameter inversion n is 1.33).

In this way, through formulas (5) and (10), the damage
variable Dρ based on resistivity was established.

4.3. Comprehensive Damage Variables. First of all, the
damage variable-cycle number relationship according to
the resistivity and AE from above was established, re-
spectively, by taking specimen 1 as an example, as shown
in Figure 9.

)en, a comprehensive damage variable D was defined
according to the complementarity of Dρ and Dc in dif-
ferent stages of rock failure, as shown in Figure 10. In the
initial cycle stage, Dρ can better characterize the damage
deformation process of sandstone, and Dρ was selected to
define the comprehensive damage variable D. In the
accelerated failure stage, Dc can better reflect the failure
process of sandstone, and Dc was selected to define
comprehensive damage variable D. In fatigue stability
stage, the part between the two was taken to define
comprehensive damage variable. In this way, compre-
hensive damage variables D can better reflect the failure
process of sandstone under constant-amplitude cyclic
loading.

)en, through data fitting, the piecewise expression of
the comprehensive damage variable can be obtained as
equations (12)–(17):

AA1: D � a0
N

NF

 

4

+ b0
N

NF

 

3

+ c0
N

NF

 

2

+ d0
N

NF

+ e0,

(12)

a0 � − 3596,

b0 � 1304.5,

c0 � − 164.56,

d0 � 9.4655,

e0 � 0.0088,

R
2

 � 0.9877),

(13)

A1B: D � a1
N

NF

+ b1,

(14)

a1 � 0.5538,

b1 � 0.2242,

R
2

 � 0.9999),

(15)
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B1B: D � a2
N

NF

 

3

+ b2
N

NF

 

2

+ c2
N

NF

+ d2,

(16)

a2 � 26.795,

b2 � − 64.637,

c2 � 52.49,

d2 � − 13.664,

R
2

 � 0.9968),

(17)

where N/NF is the cycle ratio.

4.4. Damage Evolution Model. Damage evolution equation
based on low cycle fatigue:

D � 1 − 1 −
N

NF

 

1− c

⎡⎣ ⎤⎦

1/b+1

. (18)

)e damage evolution equation of sandstone can be
obtained by using the comprehensive damage variable
proposed above and equation (18) fitted by Origin software:

D � 1 − 1 −
N

NF

 

0.29
⎡⎣ ⎤⎦

0.41

,

b � 1.437,

c � 0.710,

R
2

� 0.9988.

(19)

)e damage constitutive relation of rock under uniaxial
compression based on existing studies is

σ � E(1 − D)ε. (20)

Under uniaxial constant-amplitude cyclic loading, the
damage model of sandstone can be obtained as follows:

σ � E 1 −
N

NF

 

0.29
⎡⎣ ⎤⎦

0.41

ε. (21)

It can be seen that the comprehensive damage model
established by the combination of resistivity and AE pa-
rameters can well describe the damage process of rock.

5. Conclusions

In this paper, an experimental study of sandstone under
constant-amplitude cyclic loading was carried out. Under
different loading conditions, the two characteristics of AE
and resistivity of sandstone were analyzed, and the damage
model was established by combining the two parameters.
)e research contents of this paper are summarized as
follows:

(1) )e three stages of fatigue deformation correspond
to the evolution of AE under constant-amplitude
cyclic loading conditions: the deformation developed
faster and AE activity was stronger in the initial
stage. )en, in the fatigue stabilization stage, the
deformation developed at a low rate and AE activity
weakened. And cracks expand rapidly and AE ac-
tivity increases suddenly until the rock is damaged in
accelerated damage stage. At the same time, most of
the AE signals occur near the upper-stress limit.

(2) )e evolution trend of rock resistivity with load
shows that, on the one hand, the resistivity drops
rapidly in the loading stage, and on the other hand,
in the unloading stage, it rises rapidly. Overall, the
resistivity of sandstone under cyclic loading gradu-
ally decreased, until resistivity instantaneously in-
creased when the failure occurs.

(3) Based on the existing theoretical basis, mainly the
relationship between rock porosity and resistivity,
the damage variable based on resistivity was de-
duced. Combined with the damage variable estab-
lished by the cumulative AE number proposed by
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Figure 9: Rock’s damage variables based on resistivity and AE.
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Figure 10: Comprehensive damage variables.
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predecessors, a comprehensive damage variable
based on AE parameters and resistivity was estab-
lished by fitting test data. )e comprehensive
damage variable can better reflect the damage pro-
cess of rock. Based on this, under constant-ampli-
tude cyclic loading, the damage model of sandstone
was constructed.
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[13] P. Rodŕıguez, P. B. Arab, and T. B. Celestino, “Character-
ization of rock cracking patterns in diametral compression
tests by acoustic emission and petrographic analysis,” Inter-
national Journal of Rock Mechanics and Mining Sciences,
vol. 83, pp. 73–85, 2016.

[14] X. Lei, T. Satoh, and O. Nishizawa, “Experimental study on
stress-induced pre-failure damage in rocks and its applica-
tions to earthquake source-process research based on AE,” in
Proceedings of the 8e National Seminar on Non-Destructive
Evaluation (NDE), Hyderabad, India, December 2006.

[15] J. Ou, Z. Zhou, Y. Wang et al., “Mechanics and acoustic
emission characteristics of marble under uniaxial cycli-
cloading and unloading conditions,” China tungsten industry,
vol. 32, no. 6, pp. 34–39, 2017.

[16] K. R. Zhao, Z. Peng, S. H. Ran, D. X. Yang, and T. Y. Teng,
“Effect of moisture content on characteristic stress and
acoustic emission characteristics of red sandstone,” Rock and
Soil Mechanics, vol. 42, no. 4, pp. 1–10, 2021.

[17] Y. Jiang, X. Ge, and J. Ren, “Deformation rules and acoustic
emission characteristics of rocks in process of fatigue failure,”
Chinese Journal of Rock Mechanics and Engineering, vol. 23,
no. 11, pp. 1810–1814, 2004.

[18] J. Z. Wang, M. Su, and C. Research, “Review of resistivity
variation characteristics under load conditions on rock,”
Journal of Chongqing Jianzhu University: Natural Science
Edition, vol. 30, no. 3, pp. 419–423, 2011.

[19] G. E. Archie, “)e electrical resistivity log as an aid in de-
termining some reservoir characteristics,” Transactions of the
AIME, vol. 146, no. 1, pp. 54–62, 1942.

[20] O. A. L. Lima, B. C. Michael, G. N. Geraldo, and N. Sri, “A
volumetric approach for the resistivity response of freshwater
shaly sandstones,” 8e Journal Geophysics, vol. 70, no. 1,
pp. F1–F10, 2005.

[21] T. Masao, Y. Isao, and F. Yoshio, “Anomalous electrical re-
sistivity of almost dry marble and granite under axial com-
pression,” Journal of Physics of the Earth, vol. 41, no. 6,
pp. 337–346, 1993.

[22] G. Chen and Y. Lin, “Stress-strain-electrical resistance effects
and associated state equations for uniaxial rock compression,”
International Journal of Rock Mechanics and Mining Sciences,
vol. 41, no. 2, pp. 223–236, 2004.

[23] W. F. Brace and A. S. Orange, “Electrical resistivity changes in
saturated rock under stress,” Science, vol. 153, no. 3 743, pp. 1
525–531 526, 1966.

[24] W. Zhang, Q. Sun, S. Zhu, and S. Hao, “)e effect of thermal
damage on the electrical resistivity of sandstone,” Journal of
Geophysics and Engineering, vol. 14, no. 2, pp. 255–261, 2017.

[25] C. Wang, Y. Xu, and X. Gao, “Electrical resistivity variation of
compressed rock and damage evolution of overburden in coal
mine goaf,” Coal Engineering, vol. 53, no. 2, pp. 117–121, 2021.

[26] G. Wu, K. Wang, M. Zhao, Z. Nie, and Z. Huang, “Analysis of
damage evolution of sandstone under uniaxial loading and
unloading conditions based on resistivity characteristics,”
Advances in Civil Engineering, vol. 2019, Article ID 9286819,
12 pages, 2019.

Advances in Materials Science and Engineering 9



[27] K. Wang, X. Li, Z. Huang, and M. Zhao, “Experimental study
on acoustic emission and resistivity response of sandstone
under constant amplitude cyclic loading,” Advances in Ma-
terials Science and Engineering, vol. 2021, Article ID 6637200,
13 pages, 2021.

[28] Z. Lin, G. Li, T. Dong et al., “Overview on development of
acoustic emission signal analysis technique and processing,”
Materials Reports, vol. 28, no. 9, pp. 56–60+73, 2014.

[29] X. Ge, Y. Jiang, Y. Lu, and J. Ren, “Testing study on fatigue
deformation law of rock under cyclic loading,” Chinese
Journal of Rock Mechanics and Engineering, vol. 22, no. 10,
pp. 1581–1585, 2003.

[30] Q. Zhang, X. Ge, M. Huang, and H. Sun, “Testing study on
fatigue deformation law of red-sandstone under triaxial
compression with cyclic loading,” Chinese Journal of Rock
Mechanics and Engineering, vol. 25, no. 3, pp. 473–478, 2006.

[31] Y. Bai, Experimental Research on the Fatigue Property of Salt
Rock under Cyclic loading, Chongqing University, Chongqing,
China, 2012.

[32] J. Wang, C. Su, and M. Zhao, “Experimental study on re-
sistivity properties of rocks under loading,” Geotechnical
Investigation & Surveying, vol. 41, no. 3, pp. 23–26, 2013.

[33] Y. Yang, D. Wang, M. Guo, and B. Li, “Study of rock damage
characteristics based on acoustic emission tests under triaxial
compression,” Chinese Journal of Rock Mechanics and Engi-
neering, vol. 3, no. 1, 104 pages, 2014.

[34] X. Tang, J. Xu, and B. Yan, “A description of rock fatigue
evolution using acoustic emission damage variables,” Soil
Engineering and Foundation, vol. 27, no. 6, pp. 81–83+110,
2013.

[35] S. Li, X. Xu, Z. Liu et al., “Electrical resistivity and acoustic
emission response characteristics and damage evolution of
sandstone during whole process of uniaxial compression,”
Chinese Journal of Rock Mechanics and Engineering, vol. 33,
no. 1, pp. 14–23, 2014.

10 Advances in Materials Science and Engineering


