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Scrap tires filled with granular materials can be used for geotechnical engineering. However, when subjected to earthquakes and
other conditions, shear failure occurs between the tires. In this paper, eight groups of tire-sand composite columns are prepared
and tested under shear strength tests. Different vertical forces, sand densities, and loading modes are considered to investigate the
shear performance.+e failure patterns, load-displacement curves, and stress-strain curves are observed.+e results show that the
shear failure of composite undergoes three typical stages: overall flexural lateral displacement, transverse compression, and
relative interfacial slip. Under monotonic loading, the restriction of the transverse deformation of the composite column is
enhanced with increasing vertical force. +e overall antidisturbance ability of the composite is enhanced with increasing sand
density.+e cyclic loading mode can improve the lateral stiffness of the tire-sand composite.+e relative motion between the tire-
sand interfaces has two forms: elastic creep and interface sliding. Under the hoop effect of the tire, the pores between the particles
produce a pseudocohesive force, which causes the shear strength of the tire-sand composite to be higher than that of common
sand. A formula is obtained to describe the stress-strain variations in the composite under different vertical forces.

1. Introduction

Scrap tires are called “black pollution” because of their large
quantity and lack of degradation under natural conditions.
+e disposal of these scrap tires has become an international
socioeconomic and environmental issue [1]. With the in-
creasing shortage of land resources, it is not feasible to bury
waste tires at will. However, stockpiling of scrap tires is also
undesirable because of the potential fire hazard and con-
sequent environmental damage [2].

+ere are two main ways to recycle scrap tires: one is to
shred or breakdown the tires by secondary processing into
rubber particles or chips, which can be used as an admixture
[3]; the other is to use the whole tire directly [4]. +e du-
rability of whole tires makes them particularly attractive for
use. In particular, the use of tires without shredding or
breaking them down into tire chips is desirable because
energy is not wasted in further processing of this waste

material. Such structures can avoid impacts on the envi-
ronment. At present, the percentage of scrap tires recycled is
not compatible with the growth in the number of scrap tires
[5]. +e world produces approximately 17 million tons of
scrap tires per year, which eventually turn into waste tires
[6]. Approximately 64% of the waste tires were sent to
landfills, and only 13% of them were recycled [7]. Only 5% of
the recycled waste tires are used in construction [8]. It is
estimated that the number of used tires has exceeded 13
million tons in China and will continue to rise along with the
rapid growth of the automobile industry [9].

In their whole form, scrap tires are directly used in crash
barriers [10], slope reinforcement [11], retaining walls [12],
reinforced soil foundations [13], and inmany other potential
applications (Figure 1), especially in reducing settlement and
improving stability. Kang and Zhang [14] analyzed the scrap
tires directly reclaimed and reused application in landscape
engineering. It is suggested that old tires can be used in
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simple, cost-effective, and environmentally friendly way.
Environmental considerations would indicate that the use of
whole tires or tires with one sidewall removed embedded in
soil may be preferable to the use of tire chips [15]. +e
growing interest in utilizing waste materials in civil engi-
neering applications has opened the possibility of con-
structing reinforced soil structures with unconventional
backfills. [16] After the Wenchuan earthquake in China, the
landslide after the earthquake was treated by the technology
of reinforcing retaining walls with waste tires and ecological
slope protection [17]. Sayão et al. [18] built a 60m long
prototype soil-tire retaining wall with layers of tires filled
with compacted soil. +e soil-tire interaction mechanism
was studied by a series of field pull-out tests with several
arrangements of scrap tire mats that were subjected to
different confining levels. +e research revealed that scrap
tires are an attractive low-cost construction material for
slope-stabilization projects. An innovative and inexpensive
slope-stabilization scheme was presented by Poh and Broms
[19]. Rubber tires were filled with granite aggregate and
quarry waste and used for construction of a wall. +e total
cost was less than 40% of the estimated cost of a conven-
tional retaining wall. Garga and O’Shaughnessy [20] tested
approximately 10 000 whole tires and tires with one sidewall
removed, tied together with polypropylene rope, in retaining
walls and slope reinforcement. +e test results showed that
the lateral deformation of the wall section constructed with
whole tires was significantly larger than that with cut tires
(one sidewall removed). +e lateral displacements of walls
using whole tires filled with sand were approximately 60%
larger than those measured in the cut tire wall section.
O’Shaughnessy and Garga [21] performed a large number of
pull-out tests on whole tires and tires with one sidewall
removed embedded in sand and cohesive backfill. +e test
results showed that the pull-out resistance of tire mat re-
inforcement was primarily governed by the effective shear
strength of the soil, and therefore it can provide an efficient
means of reinforcement. A series of field-scaled pull-out
tests were carried out by Kim et al. [22] to investigate the
pull-out behavior of cell-type tires in reinforced soil
structures. +e results showed that the ultimate pull-out
resistance of cell-type tires was approximately 1.25 times
that of the geocell reinforcement. +e treads and sidewalls of
tires were combined by Yoon et al. [23] to make a tire mat as
a reinforcing material in sand. Plate load tests were

conducted to study the reinforcing effect under various
conditions of the tire segments. +e effects of reinforcement
and settlement reduction are higher at lower sand densities.
+e reinforced sand’s bearing capacity is more than twice
that of unreinforced sand. +e combinations of both treads
and sidewalls resulted in the highest bearing capacity.

If the bearing capacity of the foundation cannot meet the
requirements under the action of the building load, the
foundation will incur local or overall shear damage, which
will affect the safety and normal use of the building and even
cause the destruction of the building.+e bearing capacity of
a natural foundation is mainly related to the shear strength
of the soil. In the construction of an embankment and
retaining wall, the whole tire or tire with one sidewall re-
moved can be used as building material to solve the problem
of low shear strength of the original soil layer. Scrap tires can
effectively replace the original building material made of
nonrenewable resources (e.g., geosynthetics) [24]. +e
performance of retaining walls under static and seismic
loading conditions depends upon the type of backfill soil;
generally, clean granular cohesion with less backfill material
is preferred. However, new lightweight fill materials, such as
shredded tire chips, are currently being explored as alter-
native backfill materials [25]. +ese materials are beneficial
in reducing earth pressures on and lateral displacements of
retaining walls [26]. Discarded tires used with other stabi-
lization materials to reinforce an unstable highway shoulder
or protect a channel slope have remained stable. Discarded
tires were banded together and partially or completely
buried on unstable slopes. Construction costs were reduced
from 50 to 75% of the lowest cost alternatives, such as rock,
gabion (wire mesh/stone matting), or concrete [27]. +e
road embankment was rebuilt by reinforcing the soil with
tire sidewall mats that were vertically spaced at 0.6m. +e
individual tire sidewalls were joined together by steel clips to
form a continuous mat, which resulted in saving of some
expensive fill [28]. Scrap tires with one sidewall (top side)
removed for better soil compaction were tied together with
polypropylene rope into a mat configuration and staggered
layer by layer. +e tire-reinforced scheme had good slope
repair performance and reduced the cost of materials and
construction [29]. Wang et al. [30] proposed the use of scrap
tires to constrain the granular material and form scrap-tire
columns (STCs) with good bearing capacity, which trans-
forms the tensile strength of a discarded rubber tire into a

(a) (b) (c)

Figure 1: +e reinforced applications using scrap tires.
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hoop-tightening force on granular sand soil, that is, hoop
capacity. Lu et al. [31] preliminarily investigated the feasi-
bility of STC-reinforced sand for horizontal and vertical
damping. Wang et al. [32] investigated the effect of the filler
type on the cyclic shear behavior of STC-reinforced geo-
materials. It was found that the inside filling geomaterials
significantly affect the energy dissipation and that the scrap
tires mainly act as reinforcements.

After compaction with granular materials, scrap tires can
be used for foundation treatment and retaining walls. When
subjected to earthquakes, landslides, and other effects, there
will be relative dislocation between the tire layers, which will
cause shear failure of the foundation or retaining wall.
+erefore, it is very important to evaluate the material
characteristics of the backfill and the interface behavior
between the backfill and tire rubber. In this paper, three tire
units overlap to form a cylindrical composite column. +e
unit in the middle is the test unit. +e horizontal dis-
placement of the two adjacent units above and below is fully
constrained, and two shear interfaces are formed among
them. +e shear behavior of the composite column was
performed with different vertical forces, density, and loading
modes under monotonic load and cyclic load.

2. Experimental Program

2.1. Test Materials and Specimens. +e properties of natural
sandy soil and gravel soil are quite discrete. To ensure the
repeatability of the test, Xiamen standard sand (according to
national standard GB/T17671-1999), as shown in
Figure 2(a), is used as granular material to fill the interior of
scrap rubber tires. +e test tires are discarded by taxis. +e
specificmodel is 185/60R14, as shown in Figure 2(b), and the
specific size is shown in Figure 2(c). To ensure the accuracy
and stability of the test results, the scrap tires are of the same
brand, and the degree of wear is approximately the same.+e
texture depth of the scrap tires is between 0.5mm and
1.0mm.+e surface of the tire is not obviously damaged, and
the cord layer is not cracked.

Eight groups of composite column specimens are fab-
ricated and tested. +e experimental parameters used to
determine the shear behavior of the specimens are the
vertical force, the relative density of the sand, and the
loading mode. +e tires, shape, size, and manufacturing
process of the specimens remain unchanged. +e lateral
shear tests are conducted on the scrap tires filled with sand
under five vertical forces of 100 kN, 150 kN, 200 kN, 250 kN,
and 300 kN. +e dry density of the sand is 1.5×103 kg/m3,
1.7×103 kg/m3, and 1.9×103 kg/m3. +e loading modes are
monotonic loading and cyclic loading. By comparing the
specimens SD-1, SD-2, SD-3, SD-4, and SD-5, the effect of
different vertical forces on the shear performance of the
composite can be studied. By comparing SD-6, SD-2, and
SD-7, the effect of the sand density on the shear resistance of
the composite can be studied. Similarly, by comparing
specimens SD-6, SD-2, and SD-7, the effect of the loading
mode on the shear resistance of the composite specimens
can also be investigated. +e main details of the specimens
are given in Table 1.

2.2. Specimen Design

2.2.1. Unit Design. First, the standard sand is made into sand
with 10% water content. According to the “Standard for Soil
Test Method” (GB/T50123), a compaction hammer made by
us is used for compaction. Sand is filled into the compacting
barrel in three layers. Each layer is compacted 31 times, and
the compacting energy density is 2735.62 kJ/m3. +e
homemade compaction hammer is shown in Figure 3. +e
weight M of the hammer is 13.5 kg, the drop distance H is
685.5mm, the total length L of the guide rod is 800mm, and
the diameter d of the compaction bottom plate of the guide
rod is 153mm.

To improve the self-sealing and antidisturbance ability of
the specimen, the rim of the mouth of the tire is cut off, as
shown in Figure 4. +en, the standard sand is filled into the
rubber tire, and the surface of the unit is smooth and regular
after compaction, as shown in Figure 5.

2.2.2. Composite Column Specimen Design. To conveniently
transport and install the specimens and improve the anti-
disturbance ability of the specimens during in situ debug-
ging, a cover is set at the bottom of the three-layer composite
specimen. To reduce the influence of the bottom sealing on
the performance of the specimens, the thickness of the
bottom sealing is limited to less than 20% of the vertical
dimension of the tire unit. Combined with the specific size of
the tire used in the test, the thickness of the bottom sealing is
determined to be 35mm. +e bottom of the tire is sealed
with M15 mortar, and reinforcing mesh is arranged inside.
+emesh is woven using 8mm round bars, and the diameter
of the round bars is denoted as Φ. +e concrete structure is
shown in Figure 6.

+e manufacturing steps of the sealing bottom and the
composite column specimen are as follows: +e first step is
shown in Figure 6(a). +e 8mm round bars are cut to
450mm each so that they can be tangent to the rim of the
mouth of the tire and placed inside the tread.+e truncated 8
steel bars are tied into a well-shaped reinforcing mesh and
placed in the tire. +e second step is shown in Figures 6(b)
and 6(c). A short and thick anchorage bar with sufficient
stiffness is tied on the reinforcing bar mesh and a steel
mooring strand with a diameterΦ of 6mm is placed through
a snap in the middle of the anchoring steel bar. +e tire is
lifted by the steel strand, and the reinforcing mesh is
temporarily consolidated with the tire. By adjusting the
relative position of the steel strand clamp and anchoring
steel bar, the static balance of the “tire-steel mesh-steel
strand” system is ensured. +e function of the steel strand is
to act as a force-bearing member when the prefabricated
three-layer composite column specimen is hoisted and put
in place. +e third step is shown in Figure 6(d). M15 mortar
is filled into the system, which has achieved static equilib-
rium and then watering and maintenance are finished after
the final setting of the mortar. Finally, the sealing work is
completed.+e fourth step is shown in Figures 7 and 8. First,
the first tire is filled with sand, and the sand is compacted.
Second, the second empty tire is placed on the first tire. +e
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centerline and edge of both tires should be aligned; then sand
is filled into the tire, and the sand is compacted. +ird, the
third empty tire is placed on the second tire. +e centerline
and edge of three tires should be aligned; then sand is filled
into the tire, and the sand is compacted. Finally, the com-
posite specimens are completed.

2.2.3. Test Measurements. To obtain the vertical and hori-
zontal forces, two cylindrical tension-compression load cells
are used. During the test, they are placed between the piston

head of the hydraulic jack and the loading head.+e range of
the vertical load sensor is 0∼600 kN. +e range of the
horizontal load sensor is 0∼400 kN. +e physical object is
shown in Figure 9.+e displacement of the specimens under
external load is measured by a displacement sensor (YWD).
+e measuring range is 100mm to 200mm. +e output of
the whole process is 20,000 με, as shown in Figure 10.

+e load cell and displacement sensor are arranged as
shown in Figure 11. +e load transferred from the super-
structure to the composite specimen is recorded as the
vertical force L1, and the horizontal load applied to the test

Table 1: Design parameters of specimens.

Specimen Tire size Vertical force (kN) Sand density (103 kg/m3) Loading mode
SD-1 R14 100 1.7 Monotonic loading
SD-2 R14 150 1.7 Monotonic loading
SD-3 R14 200 1.7 Monotonic loading
SD-4 R14 250 1.7 Monotonic loading
SD-5 R14 300 1.7 Monotonic loading
SD-6 R14 150 1.5 Monotonic loading
SD-7 R14 150 1.9 Monotonic loading
SD-8 R14 150 1.7 Cyclic loading
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Figure 3: +e improved hammer. (a) Material object. (b) Bottom plate of guide rod. (c) Rammer.
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Figure 2: Test materials. (a) Standard sand. (b) Scrap rubber tires. (c) Tire size.
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unit is recorded as L2.+e horizontal displacement of the test
unit to the ground is recorded as Disp1 and Disp2. At the
same time, the two displacement meters are also used to
monitor the deformation of the unit in the horizontal plane.
+e overall lateral deformation of the superimposed spec-
imen driven by L2 is recorded as Disp1, Disp3, and Disp4.
+e difference among the three measured values is the
relative slip of the interface between the test unit and the
upper and lower units. +e vertical displacement of the
composite specimen is recorded as Disp5 and Disp6. +e

measured values of these two displacement meters can re-
flect the compressibility of the composite specimen and the
compressibility of both sides of the composite specimen
during the test. At the same time, the uniformity of the
compressibility can reflect the geometrical uniformity, the
physical uniformity of the specimen, and the relation be-
tween the force line of the vertical force and the centroid of
the specimen.

+e tests are carried out in the State Key Laboratory of
Structural Engineering of Shenyang Jianzhu University. A

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

Figure 6: +e concrete structure construction step of back cover.

Figure 4: +e improved tire.

Figure 5: Tire-sand unit.
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vertical force is applied on the composite column specimen
by hydraulic jack. +e horizontal loads are applied to the
middle of the intermediate tire of the composite column
specimen through a lateral hydraulic actuator. +e test
chamber and loading plate are welded with 30mm thick steel
plate. +e loading device is a 9 m high reaction frame in the
laboratory, and the vertical bearing capacity can reach
1200 kN. Oil jacks (600 kN) with a maximum travel of
400mm, a displacement meter, and a measuring system are
involved in the test.

2.3. Test Setup. +e loading procedure of the specimens
consists of two main steps. During the first stage, the hydraulic
jack is used to impose a vertical load on the top of the

composite specimen until the vertical force is loaded to the
design value. +e loading speed is 5 kN/min, and the lateral
load increment is 20 kN. +e vertical deformation of the
specimen is monitored by the displacement meter on the
loading plate. When the readings of the two displacement
meters on the loading plate are stable and the difference be-
tween them is not large, the constant vertical force is main-
tained, and the next stage of loading is carried out. In the
second stage, the electrohydraulic servo actuator applies a
horizontal load on the middle tire of the composite specimen.
+e loading speed is 2mm/min, and there are two loading
modes: monotonic loading and cyclic loading. When the
horizontal load on the specimen drops below 85% of its peak
value or the horizontal displacement exceeds 10% of the tire
diameter (i.e., greater than 58mm), the test is stopped.

Fill, and then compact

Overlay, fill and compact

Figure 8: Solid structure of tires.

(a) (b)

Figure 9: +e load cell. (a) BLR-1/400. (b) BLR-1/600.

(a) (b)

Internal packing

Tire

(c)

Figure 7: +e final composite specimens.
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3. Results and Discussion

3.1. General Observations and Failure Modes

3.1.1. Failure Modes under Monotonic Loading. Under
monotonic loading, all the specimens experienced overall
flexural lateral displacement, transverse compression, and
relative interfacial slip despite the different vertical loads.

From the initial stage of loading to 50%～60% of the
horizontal ultimate load, the tires of the composite specimen
are closely combined. +ere is no relative dislocation between
the test unit and its upper and lower adjacent tires, and there is
no relative horizontal displacement relative to the ground. +e
upper and lower tires are deflected as a whole under the driving
of the test unit. +e test unit maintains a circular section in the
horizontal direction, the three tires work together, and the
vertical deformation of the specimen remains stable.

With the increase in horizontal load, the cross section of
the test unit changes from circular to elliptical in the hor-
izontal plane, and the larger the horizontal load is, the larger
the proportion of the long axis to the short axis of the cross
section is. +e more visible relative dislocation occurs be-
tween the test unit and the interface of the adjacent upper
and lower tires, and the relative dislocation is visible to the
naked eye. With the loading proceeding, the change in the
cross-sectional shape of the test unit and the relative dis-
location between the various surfaces of the specimen
continue to occur and develop until the horizontal load
reaches its ultimate load.

When the horizontal load reaches its ultimate load, it
then decreases slightly and then remains constant until the
specimen is destroyed. At this stage, the ratio of the long and
short axes in the cross section of the test unit remains
unchanged, and the shear surface between the tires of each
specimen has obvious relative dislocation. +e test unit is
pushed out. +e standard sand filled in the tire leaks out
along the contact surface of the tires, and the specimen is
damaged. Take SD-2 as an example, as shown in Figure 12.

3.1.2. Failure Process under Cyclic Loading. Under the cyclic
loading mode, a load-controlled step is adopted at the initial
stage of loading. During the load-controlled stage, the lateral
load increment is 20 kN until the specimen yields. +e cyclic
loading mode is
0 kN⟶ 20 kN⟶ 0 kN⟶ 40 kN⟶ 0 kN⟶ 60 kN and
so on. Each stage is loaded and unloaded once.

From the initial stage of loading to the peak value of the
horizontal load, the horizontal cross section of the test unit is
roughly circular. During each stage of cyclic loading, the test
unit drives the adjacent upper and lower tires to move
together. In the loading stage, the specimen is deflected. In
the unloading stage, the contact surfaces between the test
unit and the adjacent upper and lower tires have elastic
creep, and the initial slight dislocation between the two
contact interfaces occurs. With the increase in the cyclic
series, this kind of microdislocation accumulates
continuously.

When the lateral loads reach the maximum lateral load,
the test unit is noticeably pushed out. +e elastic contraction
suddenly occurs between the test unit and the adjacent upper
and lower tire interfaces, and the direction is opposite to the
direction of the horizontal loading. +e horizontal dis-
placement of the test unit increases suddenly, and then the
horizontal load decreases slightly by 4%. While the test unit
is obviously pushed out, the standard sand filled in the tire
leaks out along the contact of the two tires, and the whole
specimen undergoes nonconvergent compression defor-
mation under the action of the vertical force. +us, the
damage of the specimen is substantial, as shown in Figure 13.

When the horizontal load is completely unloaded, the
horizontal displacement of specimen SD-8 is measured after
it reaches a stable level. Compared with the specimens under
monotonic loading, the horizontal displacement recovery of
the damaged specimens under cyclic loading is smaller. +e
proportion of recovery is 4.14% of the residual deformation.
Under the same conditions, the proportion of the horizontal
displacement recovery of specimen SD-2, which is damaged
under monotonic loading, is 17.21% of the residual defor-
mation, which is 4.16 times higher than that of specimen SD-
8 under cyclic loading.

3.2. Load-Displacement Curve under Monotonic Loading

3.2.1. 1e Vertical Force. +e horizontal load-displacement
curves of the specimen are shown in Figure 14 when the dry
density of the standard sand is 1.7×103 kg/m3 and the initial

Figure 10: +e displacement sensor (YWD).
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Specimen

Load cell

Displacement sensor

Figure 11: +e arrangement of load cell and displacement sensor:
(1) BLR-1/600, as L1; (2) BLR-1/400, as L2; (3) YWD-200, as Disp1;
(4) YWD-200, as Disp2; (5) YWD-100, as Disp3; (6) YWD-100, as
Disp4; (7) YWD-100, as Disp5; (8) YWD-100, as Disp6.
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vertical forces are 100 kN, 150 kN, 200 kN, 250 kN, and
300 kN.

As shown in Figure 14, the load-displacement curve
patterns of the specimen are similar. At the initial stage of
loading, the curve changes linearly. As the horizontal loads
increase to the maximum horizontal load, the growth rate of
the horizontal load begins to decrease compared with that in
the previous stage, while the displacement of the specimen

continues to increase. After loading to the peak load, the
load-displacement curve presents a horizontal section.
When the horizontal load is the same, the larger the initial
vertical force is, the smaller the horizontal displacement of
the specimen under the monotonic loading mode is. +is
shows that the lateral deformation restraint ability of the
tire-sand composite increases with increasing vertical force.
During the loading process, the load-displacement curve of
the specimen under different vertical forces can be roughly
divided into three stages.

+e first stage is the elastic stage. From the initial stage of
loading to 50%～60% of the horizontal ultimate load, the
horizontal load on each specimen is linear with the hori-
zontal displacement of the specimen, and the specimen is in
the stage of elastic work. When other parameters are similar,
the load-deformation curve patterns of the elastic stages of
the specimens with different vertical forces almost coincide.
+is indicates that the initial stiffnesses of the five specimens
are similar. If the specimen is unloaded at this stage, most of
the horizontal deformation of the specimens can be restored.
Taking SD-1 as an example, its vertical force is 100 kN, as
shown in Figure 15. When the horizontal displacement of
specimen SD-1 is loaded to 4.47mm, its horizontal load is
unloaded. When the unloading is completed, the residual
deformation is 0.93mm and the residual strain is 0.16%.

+e second stage is the elastoplastic stage. With the
increase in the horizontal load, the load-deformation curve
inclines to the abscissa axis, and the slope of the curve

(a) (b)

Figure 12: Failure state of specimen SD-2. (a) Misalignment between tires. (b) Sand leakage.

(a) (b)

Figure 13: Failure state of specimen SD-8. (a) Misalignment between tires. (b) Sand leakage.
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Figure 14: Curve of load displacement under monotonic load.
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decreases. +is trend of the load-displacement curve con-
tinues until the horizontal load reaches its ultimate load. At
this stage, the curve no longer maintains a straight line, the
lateral stiffness of the specimens decreases gradually, and the
specimens are in the elastoplastic stage. +e horizontal
displacement of the specimen is mainly caused by the overall
flexural lateral displacement of the specimen, the elastic
creep between tire interfaces, and the deformation of the
middle test unit itself in the composite column specimen. At
this stage, if other parameters are the same, the slope of the
load-displacement curve increases with increasing vertical
force, which indicates that when the horizontal displacement
of the test unit is the same, the horizontal load that the
specimen can bear increases with increasing initial vertical
force. +is is mainly because the five tire-sand composite
specimens under different working conditions have not been
damaged under the initial vertical force. Because of the hoop
effect of tires, the internal voids of the tire-sand composite
specimen are more compacted. With the increase in the
initial vertical force, the internal earth fills of the composite
specimen are more compacted, and the hoop constraints of
the external tire are strengthened. +erefore, the internal
sand can better work in coordination with the external
rubber tires. In addition, the tire structure is relatively
strong, has greater elasticity, and can provide greater vertical
deformation. When the vertical load reaches the peak value,
there is a certain reduction in the vertical deformation of the
tire-sand composite specimen after stopping loading;
therefore, the friction between the tires in the composite
specimen increases. For specimens SD-1 and SD-2, there is
an obvious inflection point in the ascending curve, while for
specimens SD-3, SD-4, and SD-5, there is no obvious in-
flection point in the ascending curve. +e ascending curve
transitions smoothly to the peak load and then gradually
becomes flat. +is is mainly because the tire has a great
influence on the stress transfer between sand particles,
and the tire can limit the lateral deformation of the sand.
In addition, because the inner sand is wrapped by the
tires, the vertical load on the tires is larger than that on
the sand. With the increase in the initial vertical force, the
tighter the inner part of the tire-sand composite is, the

better the performance of the tire and sand working
together is.

As shown in Figure 16, in the horizontal cross section of
the test unit, a is assumed to have a long axis, and its di-
rection is the same as the direction of the horizontal load
acting on the cross section, and b is assumed to have a short
axis, and its direction is perpendicular to the direction of the
horizontal load. △ is the difference between b and the
original length (577.6mm) of the tire. +e horizontal cross
section of the test unit changes from circular to elliptical in
this stage. According to the numerical reading of the dis-
placement meters in the field test, the length changes in the
long axis a and the short axis b of the test unit are calculated.
+e results are shown in Table 2. +e smaller the initial
vertical force is, the more substantial the cross-sectional
deformation of the test unit is. +e larger the initial vertical
force is, the smaller the proportion of the cross-sectional
deformation in the horizontal deformation is. During
loading, the horizontal displacement of specimens SD-1 and
SD-2 is mainly caused by the cross-sectional deformation of
the test units. +erefore, the linearity of the load-displace-
ment curve under low vertical force is better than that under
high vertical force, which is mainly caused by the elastic
properties between the tire and its standard sand in the
process of lateral extrusion deformation. If the specimen is
unloaded at this stage, a small proportion of the horizontal
deformation of the specimens can be restored. Taking SD-1
as an example, its vertical force is 100 kN, as shown in
Figure 17. +e horizontal displacement of the SD-1 speci-
men is loaded to 27.05mm, and then its horizontal load is
unloaded. When the unloading is completed, the residual
deformation is 18.15mm, and the residual strain is 3.14%,
which is 19.6 times that of the previous stage.

In Figure 17, the starting point of the curve is marked as
O, the inflection point is marked as A, the peak point is
marked as B, and the end point is marked as C. +e tangent
OD of the curve extends through the O point. +e ligature
between the peak point and the end point of the curve is
recorded as BC, and the ligature between the starting point
and the inflection point is recorded as OA. It is not difficult
to find that straight line BC is approximately parallel to
straight line OD, and the slope of both lines is larger than
that of straight line OA. +e slope of OD represents the
initial stiffness of the specimen, and the slope of OA rep-
resents the stiffness of the elastic section. +us, the initial
stiffness of the specimen is greater than that of the elastic
section, and the initial stiffness can be measured by the
secant slope between the peak point and the end point.

+e third stage is the plastic flow range stage. When the
horizontal load reaches its ultimate load, it then decreases
slightly, and the ultimate bearing capacity of each specimen
decreases between 2.8% and 3.8%. +en, the load remains
basically constant, and the displacement increases continuously.
At this time, the specimen enters the stage of plastic flow range
and forms a plastic platform on the load-displacement curve.

3.2.2. 1e Relative Density of Sand. When the initial vertical
force of the specimens is set at 150 kN and the loading mode
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Figure 15: +e load-displacement curve of elastic stage.
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and other changing factors of the specimen are the same,
three densities of standard sand are used to study the effect of
the dry density of the sand on the load-displacement curve.
+e dry densities ρd of the standard sands are 1.5×103 kg/
m3, 1.7×103 kg/m3, and 1.9×103 kg/m3. +e horizontal
load-displacement curves of the specimens are shown in
Figure 18.

When the dry density of the sand is 1.5×103 kg/m3, the
sand in SD-6 is relatively soft, and the stiffness of the test unit
in the horizontal plane is not enough tomaintain its integrity
under the horizontal load. At the initial stage of loading,
there is a local depression at the contact point between the
test unit and the loading head. With the increase in hori-
zontal load, the degree of depression is further deepened. On
the opposite side of the loading head, the test unit has only a

small deformation, and there is no relative slip between the
interfaces. When loading continues, the loading head is
embedded in the specimen, and the standard sand filled in
the tire leaks out along the gap between the loading head and
the tire. At this time, the data collected by the horizontal load
sensor show that the horizontal load increases slowly and
tends to be stable. Because of the depression in the test unit
in the horizontal plane, the quality and geometry of the
composite specimen become uneven in the vertical direc-
tion. With the increase in the depression, the eccentricity of
the specimen is further increased, and the tire of the
composite specimen deflects. Finally, the test unit suddenly
loses its stability and is squeezed out to one side. +is failure
process does not conform to the actual failure form of the
construction foundation.

+e load-displacement curves of SD-2 and SD-7 are
approximately three-stage broken lines when the dry den-
sities of the specimens are 1.7×103 kg/m3 and 1.9×103 kg/
m3, as shown in Figure 18.

In the first stage, it can be seen from the figure that the
initial slope of the load-displacement curve increases with
increasing sand density. +e dry density of the sand in-
creases from 1.7×103 kg/m3 to 1.9×103 kg/m3, the ampli-
fication is 20%, and the slopes of the curves are 10.74 kN/mm
and 35.05 kN/mm, respectively; the amplification is 326%.
+ere is a substantial increase in the bearing capacity
coupled with a substantial decrease in the horizontal de-
formation due to the increasing density of the sand at this
stage. When the specimen is in the stage of overall flexural
lateral displacement, it is evident that increasing the com-
pactness of the sand in the tire can significantly improve the
lateral stiffness of the whole specimen and enhance the
overall antidisturbance ability of the composite specimen.
When the other parameters are similar, the horizontal loads
at the inflection point are 113.9 kN and 119.2 kN, and the
growth rate is 4.65%. +erefore, the effect of increasing the
compactness of the specimens on the interfacial contact
properties between the tire elements is not significant.
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Figure 18: Load-displacement curve of specimen with different
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Figure 16: Horizontal section of test unit.

Table 2: Size of horizontal section of specimens.

Type +e major axis a
(mm)

+e short axis b
(mm) a/b △

(mm)
SD-1 577.7 535.6 1.0823 42.0
SD-2 580.3 549.6 1.0559 28.0
SD-3 582.9 563.3 1.0348 14.3
SD-4 583.8 572.4 1.0199 5.2
SD-5 584.2 574.3 1.0113 3.3
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In the second stage, the growth rate of the horizontal
load of specimen SD-7 decreases with increasing horizontal
displacement. +is is because the lateral displacement of the
specimen is mainly caused by the deformation between the
tire interfaces under the horizontal load. +e deformation of
the horizontal cross section of the test unit is small, and the
load-displacement curve transitions smoothly to the peak
load. With the increase in horizontal displacement, the
growth rate of the horizontal load of specimen SD-2 is not
much different from that of the first stage. +is is mainly
because the lateral displacement of the specimen is mainly
caused by the deformation of the test unit itself under the
horizontal load.+e deformation of the horizontal section of
the test unit is larger. +e horizontal load initially increases
and then decreases slightly when the load-displacement
curve approaches the peak point. +e curve shows an up-
ward convex trend, which indicates that the standard sand in
the test unit is squeezed and compacted.With the increase in
horizontal displacement, the peak values of the load-dis-
placement curves of the two specimens coincide approxi-
mately at point C, and the horizontal load no longer
increases with the increase in displacement, which indicates
that the peak values of the horizontal load in the two cases
are close when the tire-sand interface is completely damaged
to form a sliding shear surface.

In the third stage, there is an obvious horizontal section
on the load-displacement curve of specimen SD-7 after
reaching the peak value, and the flow amplitude reaches
19.94mm. At this time, the horizontal load no longer in-
creases, and the horizontal displacement increases contin-
uously. +e interface friction force and the horizontal load
are approximately balanced, and the specimen moves uni-
formly under the condition. +e force characteristics of the
specimen are similar to the sliding friction of the rigid body
under equilibrium force. +e centered dislocation distances
between the test unit and the upper and lower tires increase
before failure, and the upper tire rotates under the con-
tinuous increase in eccentricity. +e tire interface no longer
remains level, indicating the failure of the specimen.

3.2.3.1e Time Effect. According to the shape characteristics
of the load-displacement curves of the specimens in the
preceding chapters, the horizontal loads are set to three
grades: 55%, 75%, and 95% of the peak loads. Taking SD-2 as
the research object, its vertical force is 150 kN and the
density is 1.7×103 kg/m3. +e horizontal loads on the
specimens are loaded to 100 kN, 140 kN, and 180 kN, and
then the specimen is under sustained load. +e load-dis-
placement curves obtained under the three conditions are
plotted in the same coordinate system as the load-dis-
placement curves of specimen SD-2 under the monotonic
loading mode, as shown in Figure 19.

During the loading process of specimen SD-2, the path of
the load-displacement curve basically coincides under the
three loading conditions, as shown in the figure. Due to the
different horizontal loads, the occurrence and development
of the horizontal displacement of the specimens can be
divided into three modes under sustained load: the first is

from 0 kN to 100 kN and then the sustaining load. Under
this mode, the specimen is still in the stage of elastic work,
and its load-displacement curve is approximately a straight
line. During the process of the sustaining load, there is no
development of the horizontal displacement of the speci-
men. +e second mode is that specimen SD-2 is loaded to
140 kN and then the sustaining load. Under this mode, the
specimen is in the elastoplastic stage, and the horizontal
displacement of the specimen increases slowly in the initial
stage of loading. As time passes, the horizontal displacement
of the specimen reaches stability and can be maintained. In
this process, the specimens show certain creep properties,
and the creep deformation is mainly due to the transition
from elastic creep to interfacial slip between the tire and
rubber interfaces.

+e phenomenon of elastic creep is initially manifested
in the drive mechanism of a belt in a mechanical engineering
field. As an elastomer, the strain energy accumulated in the
interior of the belt will be partially released during the
process of passing the drive wheel from the tight edge to the
loose edge in the transmission process. +e macroscopic
performance is the contraction of the stretched elastomer. In
contrast, the belt passes through the driven wheel from the
loose edge to the tight edge, and the belt is stretched and
lengthened.+e relative motion between the belt and the two
pulleys occurs. +e essence of this phenomenon is the stress
transfer and rebalancing in the wheel-belt contact area
during the transmission process. +e precondition of this
phenomenon is that the stress distribution in the elastic body
is not uniform. As shown in Figure 20(a), the distribution of
normal stress in the interface of the elastic composite is not
uniform under concentrated force F. When the composite
body is sheared, the external shear force acting on it is Fs,
which is balanced by the frictional force between the in-
terfaces. Macroscopically, the friction force is proportional
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to the normal pressure N, which exists between the inter-
faces. +e proportional coefficients are the static friction
coefficient μst under static conditions and the sliding friction
coefficient μsl under sliding conditions; it is μst> μsl for the
same interface. In the high normal stress region,
μsldN< dFs< μstdN. At this time, the marker points of the
corresponding positions on both sides of the interface re-
main relatively static, such as point A and point A′.
Meanwhile, in the low normal stress region, dFs> μstdN, the
markers of the corresponding positions on both sides of the
interface slip at this moment, such as point B, point B′, point
C, and point C′. Such inhomogeneity causes the interface of
the elastomer to creep from the high-stress zone to the low-
stress zone. At this time, if the external shear force is re-
moved, the elastomer can fully rebound and the deformation
at the interface can be restored, so the local sliding between
the interfaces is called elastic creep.+e result of creep is that
the stress distribution between interfaces tends to be uni-
form. As shown in Figure 20(b), the normal stress of the
elastic composite specimen between the interfaces is also
uniformly distributed under uniform load q. +erefore,
when Fs＞μstN, the composite specimen will slip at the
interface as a whole, and the relative positions of marker
points at corresponding positions in different parts of the
interface are kept parallel to each other. When the shear
force is removed, the interfacial dislocation cannot be re-
stored, and the macroscopic behavior is the plastic defor-
mation of the composite specimen. As the stress distribution
between the interfaces tends to be uniform, the elastic creep
between the interfaces will transform to the interface slip,
and the proportion of the plastic deformation to the total
deformation will also increase.

Under the second loading mode, the standard sand
filled in the high-stress zone of the tire shows certain
flowability. +e stress distribution between the tire and the
tire-sand interface is adjusted by the flow of the standard
sand so that the stress distribution between the tire rubber
interfaces tends to be uniform. +e elastic creep extends
further toward the interface slip in the process of stress
redistribution at the interface. Macroscopically, the spec-
imens show creep characteristics. When the stress redis-
tribution is completed, all parts of the specimens rebalance,
and the creep is stable.

+e third mode is that specimen SD-2 is loaded to
180 kN and then sustained loading. Compared with the
second mode, the load level of the composite SD-2 is higher

and the horizontal displacement increases rapidly during the
loading stage.+e reason is that the higher stress state causes
the strain energy of the standard sand to accumulate con-
tinuously; as a result, the local shear damage area of the tire-
sand contact area continues to expand. Eventually, it evolves
into a shear zone that develops and penetrates along the
interlayer interface of the composite specimen. At this time,
the sliding friction force on the upper and lower surfaces of
the test unit is almost constant, so the load-displacement
curve shows a horizontal straight line, and the horizontal
displacement shows a nonconvergent and continuous
growth state.

3.3. Load-Displacement Curve under Cyclic Loading. +e
specimen SD-8 is loaded under cyclic loading. +e initial
vertical force is 150 kN, and the dry density of the sand is
1.7×103 kg/m3. +e test results are compared with those of
specimens SD-2 and SD-7 under monotonic loading, and the
effect of different loading modes on the load-displacement
curve is analyzed.

Figure 21 shows the load-displacement curve of speci-
men SD-8 under cyclic loading. In the initial stage of
loading, the upward section of the load-displacement curve
is approximately a straight line, and a cusp appears at the
peak value. A closed ring composed of a group of load-
unload curves presents a shorter semishuttle shape. With the
increase in the cycle order, the load-displacement curve near
the peak point becomes smooth, and the closed loop
gradually becomes full. Continuing loading, the curve
eventually develops into a horizontal line approximately
parallel to the coordinate axis. After unloading at each stage,
the residual deformation of the specimen occurs. From the
density of the curve, it can be seen that the residual de-
formation increases with increasing cyclic order.

To compare the effect of cyclic loading and monotonic
loading on the shear failure mode of the specimens, the outer
envelope of the load-displacement curve under cyclic
loading is plotted in the same coordinate system as the load-
displacement curves of specimens SD-2 and SD-7, as shown
in Figure 22. +e initial stiffness, inflection point position,
peak value, and corresponding displacement of three groups
of specimens are compared and analyzed.

+e dry density of specimen SD-8 is the same as that of
specimen SD-2, which is lower than that of specimen SD-7.
+e slope of the load-displacement curve of specimen SD-8
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Figure 20: +e connected type of section. (a) Elastic creep. (b) Interface slip.

12 Advances in Civil Engineering



is obviously higher than that of specimen SD-2, which is
similar to that of specimen SD-7 in the figure. +e loading
and unloading cyclic loading can improve the lateral stiffness
of the specimen when the initial vertical force is 150 kN.
When the specimen is loaded to the peak load, the horizontal
bearing capacity of specimen SD-8 is higher than those of
SD-7 and SD-2 by approximately 6.76%.

With the increase in the horizontal load, the load-
displacement curves of specimens SD-2 and SD-7 show
inflection points. +e horizontal loads at the inflection
points are close to each other, and both are near 65% of the
peak load. +e difference in displacement is approxi-
mately 7mm. +ere is no obvious inflection point in
specimen SD-8. +e curve is smooth and extends to the
peak point. +e reason lies in the interior of the tire. +e
standard sand filled in the tire has a certain fluidity. After
the horizontal load is unloaded, some granular materials
disturbed by the horizontal load will flow and be com-
pacted under the vertical force, which makes the trans-
verse deformation of the test unit itself recover in the
horizontal section. +e whole specimen becomes more
compact, uniform, and integral. Furthermore, the elastic
creep between the tire interfaces can be released, and the
horizontal deformation of the specimen is still dominated
by the overall flexural lateral displacement when the
specimens are reloaded.

With the further increase in the load, the deformation of
the horizontal cross section and the elastic creep between the
interfaces of the test unit can no longer be fully released
during the unloading stage, and the proportion of plastic
deformation in the horizontal deformation of the specimen
increases. At this time, the slope of the load-displacement
curve decreases and inclines to the transverse coordinate
axis. When the horizontal load reaches its peak value, the
shear force between the interfaces of the test unit is greater
than the maximum static friction force, and the sliding
friction force is less than the maximum static friction force
under the same interface condition. +erefore, the load-

displacement curve of specimen SD-8 first decreases slightly
at the peak point and then develops horizontally, as shown in
Figure 22.

Because the vertical force can make the specimen more
compact and repair the shear zone in the local range through
the fluidity of the granular materials during unloading, it
delays the occurrence and development of the shear band at
the tire-sand interface and improves the maximum bearing
horizontal load of the specimen to a certain extent. +e
maximum bearing horizontal load of specimen SD-8 is
5.91% higher than that of specimen SD-2 and is 6.76% higher
than that of specimen SD-7. If it is unloaded at the inflection
point, the residual strains of SD-2 and SD-7 are 0.19% and
0.21%, respectively.

As shown in Figure 22, the yield point of specimen SD-8
is defined as the position corresponding to 0.2% residual
deformation after unloading. +e corresponding load at the
yield point is called the yield load (LY), and the corre-
sponding displacement is called the yield displacement (DY).
+e corresponding load at the peak point is called the ul-
timate load (LU), and the corresponding displacement is
called the ultimate displacement (DU).+e yield ratio of load
is rL � LY/LU, the yield ratio of displacement is rD �DY/DU,
and the relevant parameters of specimens SD-8, SD-2, and
SD-7 are shown in Table 3.

As shown in Table 3, specimen SD-8 can bear the largest
horizontal load, and its strength reserve is obviously better
than those of specimens SD-2 and SD-7. Specimen SD-8 has
good deformation performance under the same compact-
ness conditions. +e deformation performance of specimen
SD-7 is obviously better than those of specimens SD-8 and
SD-2, which shows that increasing the initial compactness of
the specimens is beneficial for improving the deformation
properties of the specimens, and the cyclic loading mode can
significantly improve the lateral stiffness of the tire-sand
composite.
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Figure 22: Load-displacement curve of specimens SD-2, SD-7, and
SD-8.
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3.4. Mechanical Characteristic Parameters of the Composite
Specimen under Shear Force

3.4.1. Strength Envelope of Composite Specimen. Shear
strength is an important index reflecting the mechanical
properties of soil. In 1776, Coulomb proposed the expres-
sion of the shear strength of sand based on direct shear tests
of sand, as shown in formula (1). +e shear strength of soil is
an important parameter in the stability analysis of soil. It has
been considered that the shear strength of reinforced soil
measured by the direct shear test has a linear relationship
with the normal stress, which meets the Mohr-Coulomb
strength theory. In this paper, the friction resistance and
occlusion force between the tire and soil must be overcome if
the relative sliding of the tire and soil occurs on the contact
surface under a normal load. +e ultimate value of the unit
area formed on the contact surface is shear strength.

τ � σ tanφ (cohesionless soil),

τ � σ tanφ + C (cohesive soil),
(1)

where σ is the normal stress exerted on the soil unit, tanφ is
the coefficient of the interface friction, φ is the angle of
interface friction, and C is the interfacial cohesion force,
which indicates the shear strength when the normal stress is
zero. Its magnitude is independent of the normal stress, and,
for noncohesive soil, C= 0.

During the shear process of the composite specimen, the
upper and lower surfaces of the test unit are shear planes,
and the shear force FS on one side is half of the horizontal
load FH.+e normal pressureN on the shear plane is equal to
the vertical force FV acting on the composite specimen.
Under different vertical forces, when the horizontal load
reaches its maximum value and the test unit slips relatively,
the shear surface of the test unit is equal to the vertical force
FV acting on the composite specimen. Normal and shear
stresses are calculated according to the following formulas:

σ �
N

A
�

FV

A
, (2)

τ �
FS

A
�

FH

2A
, (3)

where σ is the normal stress (MPa) on the shear plane, N is
the normal pressure (kN) on the shear plane, FV is the
vertical force (kN) acting on the composite specimen, which
is collected by the load sensor at the end of the vertical jack, τ
is the shear stress (MPa) on the shear plane, FS is the shear
force (kN) on the shear plane, and FH is the shear force (kN)
applied on the test unit. +e horizontal load (kN) is collected
by the load sensor at the end of the horizontal jack. A is the
area of the contact surface between the two tires (mm2).

+e calculation results are listed in Table 4. In the figure
of the Mohr circle of stress, the Mohr circle of stress of the
soil element reaches the limit equilibrium state, whichmeans
that the points on the Mohr circle of stress are tangent to the
strength envelope. +e surface corresponding to the tangent
point is the failure surface of the shear failure of the soil. As
shown in Figure 23, the Mohr circle of stress of the standard
sand element is located under the strength envelope of the
test unit. +e shear strength of the tire-sand structure
foundation is better than that of the common standard sand.

Assuming that the relationship between shear stress and
normal stress at the tire-soil interface still satisfies the
Coulomb formula, the strength envelope can be expressed as
follows:

τ � 0.5105σ + 0.0705. (4)

Formula (4) shows that the internal friction angle tanφ is
0.5105, φ is 27.04 degrees, and the cohesive force C is
70.5 kPa at the interface.+e standard sand used in the test is
typical cohesionless soil.+e interface friction angles and the
interfacial cohesion force between the tire tread and the sand
for different relative densities were measured by a direct
shear test. +e internal friction angle φ is 26.15 degrees, and
the interfacial cohesion forceC is 0.+e test results show that
the increase in shear strength comes from the increase in the
internal friction angle and the interfacial cohesion force of
the tire-sand composite specimen. +e interfacial cohesion
force of the tire-sand composite specimen made of standard
sand in this test is called pseudocohesion. +e existence of
this interfacial cohesion force is due to the hoop effect of the
tires on the granular materials. Under the hoop effect of the
tire, the standard sand with good particle size distribution
can obtain higher compactness, and the pores between
particles form a capillary channel. Appropriate water con-
tent makes the channel have enough water to form a water
film to adsorb to the surface of the sand particles. Under the
action of additional pressure, the sand particles are bonded
together, which shows the pseudocohesive force of the tire-
granular material on the macro level.

3.4.2. Stress-Strain Curve of the Composite Specimen.
+rough formulas (2) and (3), the load-displacement curves
obtained from the tests are transformed into the stress-strain
curves of the specimens by calculation. +e stress-strain
curves of the specimens under different vertical forces,
different compactness of the specimens, and different hor-
izontal loading modes are summarized in Figure 24(a). To
describe the stress-strain curves of the specimens under
different influencing factors, the stress-strain data are pro-
cessed without dimensions at first:

Table 3: +e relevant parameters of specimens SD-8, SD-2, and SD-7.

Type LY (kN) DY (mm) LU (kN) DU (mm) rL rD
SD-8 104.1 2.95 200.6 10.50 0.52 0.28
SD-2 119.9 11.10 189.4 30.27 0.63 0.37
SD-7 126.9 4.08 187.9 30.04 0.67 0.14
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x �
ε
ε0

,

y �
τ
τ0

,

(5)

where τ is the ultimate shear stress of the specimen and ε0 is
the strain corresponding to τ0.+e calculated values of x and
y are plotted as curves, as shown in Figure 24(b).

Combined with the trend of the curve in Figure 24(a),
the initial value of the curve is zero, and the slope
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Figure 24: +e curve of stress strain.

Table 4: Ultimate load and the corresponding value of stress.

Vertical force FV (kN) Horizontal load FH (kN) Normal stress σ (MPa) Shear stress τ (MPa)
100 139.8 0.382 0.267
150 189.43 0.573 0.362
200 243.53 0.763 0.465
250 286.5 0.954 0.547
300 346.5 1.145 0.661
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Figure 23: +e strength envelope of specimens.
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decreases gradually from the initial loading to the peak
load. When the horizontal load reaches its peak value, the
interfaces between the test unit and the upper and lower
tires slip relatively, and the curve shows a plastic plat-
form with a slope of zero. +e stress-strain curve of the
specimen is continuous and smooth, so the slope of the
curve needs to change continuously and eventually to
zero in the process of rising to the peak value. To fully
describe the above characteristics of the rising section of
the stress-strain curve, the constitutive equation of the
rising section is expressed by a cubic polynomial as
follows:

y � ax + bx
2

+ cx
3
, (6)

where a, b, and c are polynomial coefficients, which can be
determined by fitting the dimensionless test data.

By fitting the stress-strain curves of the composite
specimen under different vertical forces, the mathematical
expression of the rising section of the curve is obtained. +e
correlation coefficient is 0.9765, and the fitting effect is good.
+e fitting curve is shown in Figure 25, and the expression is
given in the following formula:

σ
σ0

� 2.94
ε
ε0

  − 3.436
ε
ε0

 

2

+ 1.51
ε
ε0

 

3

. (7)

As shown in Figure 25, the constitutive equation of the
upward section of the stress-strain curve established above
can better reflect the variations in the stress-strain behavior
of the composite specimen under different vertical forces.
+erefore, formula (7) gives a better description of the
mechanical behavior of the composite specimen in the shear
process.

4. Conclusions

In this paper, eight groups of three-layer single-bundle
cylindrical tire-sand composite specimens were prepared
and tested under shear strength tests. Different vertical

forces, different densities, and different loading modes are
considered to investigate and analyze the shear performance
of the composite columns.

(1) All the specimens experienced overall flexural lateral
displacement, transverse compression, and relative
interfacial slip despite the different vertical loads
under monotonic loading.

(2) Under monotonic loading, the load-displacement
curve of the specimens under different vertical forces
can be roughly divided into three stages: the elastic
stage, the elastoplastic stage, and the plastic flow
range stage. +e lateral deformation restraint ability
of the tire-sand composite increases with the increase
in the vertical force, leading to better performance of
the tire and sand working together.

(3) Under monotonic loading, increasing the com-
pactness of the sand in the tire can significantly
improve the lateral stiffness of the whole specimen
and enhance the overall antidisturbance ability of the
composite specimen. Under loading and unloading
cyclic loading, the lateral stiffness of the specimen is
significantly improved, and the horizontal load-
bearing capacity of the composite specimen is also
improved to a certain extent.

(4) +ere are two forms of relative motion between the
tire and sand interface: elastic creep and interface
sliding. Under the cyclic loading mode, the elastic
creep ability of the element interface is helpful to
restore the transverse deformation of the element
during the unloading stage and to improve the
overall stiffness of the specimen. +e elastic creep
ability depends on the elasticity of the tire rubber and
the uniformity of the stress distribution between the
interfaces.

(5) Under the hoop effect of the tire, the granular ma-
terial with good particle gradation obtains higher
compactness, and the pores between the particles
form a water film, which improves the adsorption
between the surfaces of the sand particles and
produces pseudocohesion, which results in the shear
strength of the tire-sand composite being signifi-
cantly higher than that of the common standard
sand.

(6) +e cubic polynomial is used to describe the stress-
strain variation in the composite under different
vertical forces, and the mechanical behavior of the
composite in the shear process is well described.
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Figure 25: +e stress-strain fitting curve of the specimen.
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