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Abstract.A unconsolidated-undrained triaxial test of vertically reinforced clay was carried out.
Fiberglass geogrid was used as reinforced material in the form of centrally symmetrical arrangement.
The stress-strain relationship, strength characteristics and failure modes of reinforced clay were
studied. The effects of different reinforced diameters, different height of vertical bars and different
confining pressures on the strength of reinforced clay were discussed. The results showed that the
vertical reinforcement has played a role in the performance of the reinforcement from the beginning
and greatly improved the shear strength of the soil. The installation of the vertical reinforcement has
a significant effect on the reinforcement effect, and there is an optimal form of reinforcement.
Introduction
Reinforced soil is widely used in all areas of civil engineering with the formation of reinforced
concrete and soil complex. The addition of the reinforcement changes the stress-strain field of the soil
and improves the deformation condition of the soil, thus improving the engineering performance of
the soil. With the development and application of new geosynthetics, it is a new trend to study the
performance of geosynthetics.
Hongwei Wei et al[1] used reinforced material with geotextile and geotextile for the unsaturated
sample of the consolidated drainage test, pointed out that there was a hysteresis in the improvement
of the strength of the soil with horizontal reinforcement.Chenggang Bao et al[2] studied the working
mechanism of reinforced soil with unconfined and consolidated undrained test, analyzed the
interfacial characteristics between the reinforcement and the soil. The study showed that the friction
resisted the lateral deformation of the soil, and the interface changed stress station on both sides of
soil within a certain range. Xiaofeng Zhou et al[3] has studied reinforced sand with dry sand samples
on different forms of geogrid. The results show that multi-geogrid reinforced soil strength improved
the effect most obviously. However, these reinforcement methods are based on the horizontal
reinforcement.
As for the new vertical reinforcement, domestic and foreign research results are relatively a little.
Weijian Zhuang[4] put forward the "reinforced ring" in the form of cloth for the first time. The annular
material blocked the lateral pressure from the outside to inside of the ring, making the strengthen ring
to bear the lateral pressure.Xiequn Wang[5] used the expansive soil as the object for the comparative
test in full height of the vertical reinforcement and horizontal reinforcement. The results showed that
Copyright © 2018, the Authors. Published by Atlantis Press.
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the increase of cohesion is better than that of the traditional horizontal reinforcement. Mengxi Zhang
et al[6-8]proposed the H-V (horizontal-vertical) three-dimensional reinforcement concept in
conjunction with the traditional reinforcement method. On the basis of the horizontal reinforcement,
the influence of different height of height on the strength characteristics of soil is discussed. There
are also scholars [9,10] carried out triaxial test in different forms of reinforcement with geocell for
stiffened materials.
In a word, this new reinforcement type of the "reinforced ring" was studied rarely. In this paper,
the fiberglass geogrid in the form of center symmetrical vertical bar was used as the reinforcement
material in the unconsolidated-undrained test. The influence of different "stiffened ring" dimensions
(reinforcement diameter, stiffening height and reinforcement layer) on stress-strain characteristics
and shear strength parameters were analyzed in order to find the most reasonable reinforcement form.
Testing Scheme
Test Materials.The soil samples selected from the samples are typically filling materials in
Chongqing, which are generally reddish-brown. The physical properties of the soil are determined
according to the Test Methods of Soil for Highway Engineering as Table.1. Due to the limitation of
the size of the triaxial specimen, the EGA1 (50×50) fiberglass geogrid is used as the test material,
and the mechanical properties are as follows: Glass Fiber Geogrid by the tensile test, the results
shown in Table 2.
Table 1 Physical properties of clay
Proportion

Maximum dry density

Optimum moisture content

Gs

ρdmax/g.cm-3

ω/%

2.72

2.04

10.6

Liquid limit

Plastic limit

32.5

17.3

Table 2 Tensile test results of reinforced materials
specification
EGA1（50×50）

Breaking strength /kN.m-1

Mesh size /mm

Mesh amount

Warp

Weft

Warp

Weft

Warp

Weft

Warp

Weft

20

20

1

1

57.1

54.4

2.49

1.46

Elongation at break /%

Preparation of the Sample.The sample was made in the best moisture content of 10.6%. Because
the changes of the soil strength to the moisture content are sensitive [11,12], the sample was mothballed
with plastic wrap after added water and mixed well, and put into the conservation equipment for 24
hours after the sample preparation in order to ensure the uniformity of the sample moisture content
and stability.
The literature [1] shows that reinforced specimen with high compactness tended to be dilatancy, the
lateral deformation of the specimen by the constraints of the material is conducive to play the high
tensile strength of the characteristics. So in the study, the test compaction degree was 93% and the
sample dry density was 1.90 g/cm3.
The triaxial specimen has a height of 20 cm and a diameter of 10 cm. The fiberglass grating was
cut into strips, and was made into different diameter and height of the ring with the adhesive. The ribs
are placed hierarchically in the center of the specimen, and the vertical spacing between the tendons
was controlled at 2 cm, as shown in Fig. 1. As the fiberglass grating texture is soft, coupled with the
specific form of vertical reinforcement, the reinforcement into the soil to achieve the ideal state of
Fig. 1 is much difficult. Refer to the relevant literature [5], the sample was buried in the vertical
reinforcement in the way of hollow. The middle of the soil sample was hollowed out with the custom
diameter of the cylinder, then put the preformed good ring into sample, lastly compacted the sample
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in the ring with corresponding diameter of the hammer. When placing the tendons, the soil was
properly shaved and the friction between the soil and the tendons would be increased.

Fig. 1 Schematic diagram of three layer reinforcement (unit: cm)

Test Plan.The British GDS triaxial tester was used in this test, as the matching GDSLAB number
of mining system can achieve the automatic collection of test data and storage. The strain rate was
1.5 mm / min in the test, and 100, 200 and 300 kPa confining pressures were selected to draw the
complete strength envelope. The peak value of the principal stress difference was used as failure point
to draw the stress-strain curve while 15% axial strain was determined as the failure point if there was
no peak value. The detailed test method refers to the《Highway Geotechnical Test Procedure》(JTG
E40-2007).
According to the "reinforced ring" diameter and height of the different, five kinds of conditions
was designed as Table 3. Case 1 is a soil sample without reinforcement. Condition 2 ~ 4 evenly
arranged 3 layers of reinforcement in the form of the center of symmetry, aiming to compare the
reinforcement effect of different diameter in the reinforcement. Condition 5 and Condition 3 have the
same reinforcement ratio to compare the effects of different stiffening and stiffening layers on soil
strength. Each condition was tested respectively at confining pressures of 100, 200 and 300 kPa to
obtain their stress-strain law. In order to improve the accuracy of the test, three groups of parallel test
in each conditions was done to take its valid data.
Table 3 vertical three-dimensional reinforced test conditions
Reinforcement diameter

Vertical bar height

d/cm

h/cm

M1

0

0

0

M2

4

4

3

M3

6

4

3

M4

8

4

3

M5

6

6

2

condition

Number of reinforcement layers

Test Results and Analysis
Stress-Strain Curve Characteristics.The stress-strain curves of the three-axis test of vertical
reinforced soil are shown in Fig. 2 (limited to length, only 200 and 300 kPa stress-strain maps are
given). It can be seen from the figure that the stress-strain trend of the reinforced soil is similar to that
of the soil, which is basically hyperbolic. The peak value of the stress-strain curve is between 2% and
4% of the axial strain. After reinforcement, both the peak strength and the residual strength of the soil
were improved.
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(a)confining pressure 200 kPa

(b)confining pressure 300 kPa

Fig.2 Stress-strain curves of different stiffened diameters
[1]

Hongwei Wei found that in the axial strain is low, the reinforced soil strength in the form of
horizontally reinforcement grew behind the original soil. However, the experimental results showed
that the deviation stress of the reinforced soil is always higher than that of the soil, and there is no
hysteresis. The reinforcement has restricted the lateral deformation of the soil from the beginning,
because the method of hole-backfill sample preparation in this test made a local compaction area. The
area gave a prestress to reinforcement at the beginning. The reinforcement grew deformation while it
was strechted, which produced some constraints to the surrounding soil of the ring. Thus the material
does not need a certain deformation of the soil before they can play its role.
The stress-strain characteristics of soils with reinforced diameters of 6 cm and 8 cm are mainly
strain hardening while the soils with 4 cm in diameter showed a certain strain softening phenomenon.
After reaching the peak intensity, the deviation stress gradually decreases when the strain gradually
increases. The deviation stress of the 4 cm reinforced soil decreased faster than that of the soil. The
experimental results showed that the reinforcement effect does not increase continuously with the
increase of diameter, and there is an optimal reinforcement diameter. The vertical reinforcement effect
can not be fully exploited when diameter is higher than this limit. From the results of the test, it is
concluded that this optimum diameter should be 6 cm.
According to the above test results, the condition 5 was designed to studied the effect of different
reinforcement heights and reinforcement layers on the strength of reinforced soil. In the case of
working condition 3, the height of the vertical bar is increased by 2 cm, and a layer was decreased,
so that the working conditions 5 and the working conditions 3 have the same reinforcement ratio.and
the stress-strain curve was showed as Fig. 3.

(a)confining pressure 200 kPa

(b)confining pressure 300 kPa

Fig. 3 different stiffening stress-strain curves

The stress-strain characteristics and trends of different reinforced specimens are consistent with
those described above, and their peak intensity and residual strength are greatly increased compared
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with those of the soil. The stress-strain characteristics also show strain hardening. Under the same
reinforcement ratio, the height of the vertical bar h=4cm with the reinforcement of the three-layer
cloth was better than that of the vertical bar height h=6cm with two- layer cloth.
Shear Strength Index of Reinforced Soil.According to the triaxial test results of reinforced soil,
the triaxial test data were processed by electronic form method[13], and the shear strength index of
reinforced soil was calculated shown as Table 4.
In order to evaluate the strength of the reinforced soil after the reinforcement, the reinforcement
effect coefficient R[14] is introduced. According to the for Eq. 1, the reinforcement effect coefficient
under various working conditions was shown in Table 4.

(σ − σ )
R =
(σ − σ )

R

1

3

f

1

3

f

（1）

In the formula: R: the strength reinforcement effect factor;
(

(

−

−

)

: the main stress difference when the reinforced soil is damaged;

) :the main stress difference when there is no soil damage.

Table 4 under different conditions of strength index and reinforcement effect coefficient
Shear strength index

conditions

Cohesion
c/kPa

the reinforcement effect coefficient under different
confining pressure (kPa)

Internal
friction angle

100

200

300

φ/°

M1

76.4

29.2

1

1

1

M2

81.5

32.8

1.158

1.157

1.153

M3

132.5

31.5

1.498

1.366

1.291

M4

163.7

27.2

1.466

1.259

1.233

M5

97.0

32.9

1.278

1.265

1.219

Table 4 showed:
①The vertical reinforcement has a different effect on the soil cohesion c and the internal friction
angle φ. With the increase of the diameter of the reinforcement, the cohesion increases sharply while
the internal friction angle φ is limited. The vertical reinforcement had a certain increase on the c, φ
values, but had greater contribution on c value.
②For the same condition of reinforced soil, the reinforcement effect coefficient decreased with
the increase of confining pressure. This was similar to the level of reinforced soil, which the greater
the confining pressure, the more obvious the effect of reinforcement, and the reinforcement would be
better under low confining pressure. In Fig. 3, under the same reinforcement ratio, the reinforcement
effect coefficient was reduced with the confining pressure increasing, and the effect of the
reinforcement was less. At the same time, the stress-strain curve difference between the working
condition 3 and the working condition 5 was less.
③ Under the same confining pressure, the reinforcement effect coefficient increased firstly then
decreased with the increase of the reinforcement diameter. It showed that the "reinforced ring" has an
optimal reinforcement diameter. Different diameters of different layers formed different local areas
in the"soil-cake", and the "cake" area changed the stress and strain field of the soil, having an impact
on the strength characteristics of soil.
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④ Compared with the reinforcement effect coefficient of the working condition 3 and the working
condition 5, the reinforcement of the three layers showed a better reinforcement effect under the same
reinforcement ratio. But compared with conditions 3, reinforced effect coefficient changed little with
the variety of confining pressure in the working conditions of 5, which means more stable. This
showed that the performance of reinforced concrete in the form of 5 is not able to play fully, only part
of the material played a role.
The Destroyed Form Soil Samples. Fig. 4 was the shape of specimen after the destruction. the
destruction of soil samples was along with the entire rupture surface, and the middle part was of the
extrusion-like, which was seriously damaged. The cracked specimen of the reinforced soil specimen
was narrower and was not completely penetrated. It was lateral bulging in the middle and lower parts.
There are obvious signs of contraction in the reinforced part, showing irregular arc shape, which said
that the vertical reinforcement made a great contribution on limit lateral deformation of soil. The
specimens were made an incision to observe the shape of the vertical bars after the test. It was found
that the ribs at the top layer were not deformed, while the middle and lower layers were mainly
inclined and stretched. The soil had a sign of lateral extrusion from the web of the fiberglass geogrid,
and the vertical reinforcement does not show a significant traces of damage. This phenomenon was
due to the structure of the reinforcement itself-the mesh structure. Another reason may be the higher
tensile strength and modulus of the reinforcement. The friction coefficient between the reinforcement
and the soil was relatively small, causing relative motion of the reinforcement and soil during the
shearing process. In addition, the method of sample preparation is one of the reasons for this
phenomenon.

（a）Unreinforced soils

（b）Reinforced soil

Fig. 4 Typical failure pattern of the specimen

Conclusions
1.When the strain is small, the strength growth rate of the specimen with vertical reinforcement
does not appear to lag behind the unreinforced soil, for the reinforcement acts at the beginning.
2. Compared with unreinforced soil , vertical reinforcement forms can enhance the shear strength
parameters including cohesion c and the internal friction angle φ , but it has a greater contribution to
the cohesion c.
3. The vertical reinforcement can effectively restrain the soil lateral deformation, forming a "cake
area" in the soil. The cake-shaped area changes stress-strain field of soil, which is the core of the
reinforcement effect is better than that of horizontal reinforcement.
4.The increase of the vertical reinforced soil strength does not increase continuously with the
diameter of the reinforcement, and there is an optimal reinforcement diameter. meanwhile, the
reinforcement height and the number of reinforced layers have significant influence on the effect of
reinforcement. According to the results of this triaxial test, Reinforcement diameter of 6 cm,
reinforced height of 4 cm and the three-layer layout is the best reinforcement form.
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