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Abstract: Fiber reinforcement technology can significantly improve the mechanical properties of soil and has been
increasingly applied in geotechnical engineering. Basalt fiber is a new kind of environment-friendly and high-
performance soil reinforcement material, and the mechanical properties of basalt fiber-reinforced soil have become a hot
research topic. In this paper, we conducted monotonic triaxial and cyclic triaxial tests, and analyzed the influence of the
fiber content, moisture content, and confining pressure on the shear characteristics, dynamic modulus, and damping ratio
of basalt fiber-reinforced silty clay. The results illustrate that basalt fiber can enhance the shear strength of silty clay by
increasing its cohesion. We find that the shear strength of reinforced silty clay reaches its maximum when the fiber
content is approximately 0.2% and the moisture content is 18.5% (optimum moisture content). Similarly, we also find
that the dynamic modulus that corresponds to the same strain first increases then decreases with increasing fiber content
and moisture content and reaches its maximum when the fiber content is approximately 0.2% and the moisture content is
18.5%. The dynamic modulus is positively correlated with the confining pressure. However, the change in the damping
ratio with fiber content, moisture content, and confining pressure is opposite to that of the dynamic modulus. It can be
concluded that the optimum content of basalt fiber for use in silty clay is 0.2%. After our experiments, we used scanning
electron microscope (SEM) to observe the microstructure of specimens with different fiber contents, and our results show
that the gripping effect and binding effect are the main mechanisms of fiber reinforcement.
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1 Introduction

As an effective soil improvement technology,
reinforcement has been widely applied in many

projects, such as slopes [1], retaining walls, dams
[2], highways, and railway subgrades [3]. In
conventional reinforcement technology, continuous
strips, sheet piles, or grid-like geotechnical
materials are laid in the soil in a certain direction to
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improve the strength and stability of the soil.
However, these reinforced materials laid in a certain
direction tend to form potential fracture surfaces in
the soil and increase the anisotropy of the soil [4−7].
The fiber reinforcement technology is to randomly
distribute fibers in the soil, and can effectively
solve the problem of soil anisotropy caused
by conventional reinforcement technology [8 − 9].
More importantly, fiber reinforcement technology
can significantly improve the shear strength
[10−11], compressive and tensile strength [12−13],
liquefaction resistance [14], and bearing capacity of
the soil [12], reducing expansion [15−16] and dry-
wet cycle cracking problems [17]. For these
reasons, fiber reinforcement technology has been
increasingly applied in geotechnical engineering.

Basalt fiber is a kind of environmentally
friendly reinforced material and has the advantages
of high strength, corrosion resistance, and high-
temperature resistance [18]. In recent years, the
mechanical properties of basalt fiber-reinforced soil
have been widely studied. ZHENG et al [19] found
that basalt fiber could improve the peak strength of
tailings. RAMESH et al [20] studied the mechanical
properties of basalt fiber-reinforced silt, and found
that the basalt fibers with a length of 50 mm could
improve the California bearing ratio (CBR) and
unconfined compressive strength (UCS) of silt.
GAO et al [21−22] conducted a UCS test on basalt
fiber-reinforced clay and found that the UCS of
basalt fiber-reinforced clay was significantly higher
than that of pure clay. YOU et al [23] and XU et al
[24] studied the influence of basalt fiber content on
stress−strain curves of expansive soil and found that
the optimum fiber content was approximately 0.4%.
The research results of QU et al [25] also showed
that basalt fiber can improve the shear strength of
clay, and here the reinforcement effect was the best
when the fiber content was 0.5%.

Most of the existing studies focus on the shear
behavior of basalt fiber-reinforced soil, but studies
on its dynamic characteristics are relatively lacking.
As a soil improvement technology, basalt
fiber-reinforcement has been increasingly applied
in geotechnical engineering, especially in
foundation reinforcement [26−28], and its dynamic
characteristics should be further studied. In this

paper, we conduct experimental research on shear

behavior and dynamic parameter characteristics of

basalt fiber-reinforced silty clay. We also use

scanning electron microscope (SEM) to observe the

microstructure of specimens with different fiber

contents after triaxial tests to explore fiber

reinforcement mechanism.

2 Materials and methods

2.1 Materials

2.1.1 Silty clay

The silty clay tested was taken from a

construction site in Changsha, China. The

undisturbed silty clay was tested for particle sieving

according to the standard for geotechnical testing

method (GB/T 50123—2019) [29], with the grain

size distribution curve shown in Figure 1. In

Figure 1, d10, d30, d50 and d60 are the grain sizes that

correspond to the percentage finenesses of 10%,

30%, 50%, and 60%, respectively. The label Cu is

the non-uniformity coefficient, and Cc is the

curvature coefficient. Figure 1 shows that the silty

clay is well graded.

The silty clay has a natural moisture content

(ω) of 22.00%, a liquid limit (ωL) of 30.76%, and a

plastic limit (ωP) of 16.53%. It has a liquid index

(IL) and plastic index (IP) of 0.38 and 14.23, and is

classified as a low liquid limit silty clay [29]. The

maximum dry density (ρdmax) is 1.71 g/cm3, and the

optimum moisture content (ωopt) is 18.50%.

Figure 1 Grain size distribution curve for silty clay
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2.1.2 Basalt fiber
The basalt fiber tested was obtained from a

basalt fiber manufacturer in Jiangsu Province,
China. The physical and mechanical parameters for
the basalt fiber are listed in Table 1.

2.2 Test methods and programs
This paper analyzes the influence of

basalt fiber content (FC=0%, 0.2%, 0.4% and
0.6%), moisture content (ω =16.0%, 18.5%, 20.0%
and 22.0%), and confining pressure (σ3=50 kPa,

100 kPa, and 150 kPa) on the shear behavior,
dynamic modulus, and damping ratio of silty clay.
The testing program is shown in Tables 2 and 3.

The monotonic triaxial test was carried out
using the TSZ-1 strain-controlled triaxial apparatus,
and the cyclic triaxial test used the DDS-70
microcomputer-controlled electromagnetic vibration

triaxial test system. The test of SEM was performed
with a JSM-IT500 scanning electron microscope.
The monotonic and cyclic triaxial tests were
performed in accordance with the standard
for geotechnical testing method (GB/T 50123—
2019) [29].

For our test we employed a remolded
cylindrical specimen, with dimensions of 39.1 mm
(diameter) and 80 mm (height). The specimen was
prepared by the layered moist compaction and the
under-compaction methods [30]. First, the silty clay
was dried and crushed, and then the dry silty clay
and fiber were mixed evenly according to the
predetermined fiber content. And distilled water was
added to the mixture according to the predetermined
moisture content. After that, the wet soil was placed
in a glassware for 24 h to ensure the uniform
distribution of moisture. Then, the required quality

Table 1 Physical and mechanical parameters of basalt fiber

Density, ρ/(g·cm−3)

2.63−2.65

Length, L/mm

12

Monofilament
diameter, D/μm

7−15

Tensile
strength/MPa

3000−4800

Elastic model/GPa

91−110

Elongation
at break/%

3.2

Note: The physical and mechanical parameters are provided by the manufacturer.

Table 2 Testing program for monotonic triaxial test

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

Confining pressure, σ3/kPa

50

50

50

50

100

100

100

100

150

150

150

150

50

50

50

100

100

100

150

150

150

Fiber content, FC/%

0

0.2

0.4

0.6

0

0.2

0.4

0.6

0

0.2

0.4

0.6

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

Moisture content, ω/%

18.5

18.5

18.5

18.5

18.5

18.5

18.5

18.5

18.5

18.5

18.5

18.5

16.0

20.0

22.0

16.0

20.0

22.0

16.0

20.0

22.0

Compactness/%

94

94

94

94

94

94

94

94

94

94

94

94

94

94

94

94

94

94

94

94

94

Shearing rate/(mm·s−1)

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

1947



J. Cent. South Univ. (2022) 29: 1945－1956

of soil for one specimen was calculated according to

the density of the silty clay, fiber content and other

parameters. The soil was divided into five layers

and compacted. Before compaction of the next

layer, the surface of the compacted layer was shaved

to ensure good contact. Three specimens were

prepared for each test program, and the average

value of the three test results was calculated and

recorded.

After the specimen preparation was completed,

the specimen was installed in the triaxial cell for

isotropic consolidation under the required confining

pressure. After completion of consolidation, the

monotonic triaxial and cyclic triaxial tests were

carried out. For the monotonic triaxial test, the shear

rate was 0.08 mm/s, and the test was ended when

the shear strain reached 20% [29]. For the cyclic

triaxial test, a staged loading method was adopted

[29, 31]. The loading waveform was sinusoidal with

a frequency of 1 Hz to simulate a train load or

subway load [32− 35]. The load amplitude of each

stage was 0.1σ3, 0.2σ3 and 0.3σ3 (as shown in Figure

2), and the test was ended when the strain waveform

showed obvious divergence [36]. Each stage was

loaded 10 times, and the valve was opened to drain

water and eliminate the influence of pore water

pressure after the previous staged loading was

completed. After these tests, specimens with

different fiber contents were selected in order to

observe the distribution characteristics of fibers in

soil and to examine the microscopic mechanism of

fiber reinforcement with scanning electron

microscope.

3 Test results and analysis

3.1 Shear behavior
3.1.1 Deviatoric stress−strain curves

Figure 3 shows the deviatoric stress (q)−strain
(εa) curves for silty clay and fiber-reinforced silty
clay. From Figure 3(a), we can see that the
deviatoric stress increases with a increase in strain
and shows a strain hardening characteristics.
According to the standard for geotechnical
testing method (GB/T 50123—2019) [29], the shear
strength (qf) is designated as the peak deviatoric
stress or the deviatoric stress for εa=15% when there
is no obvious peak deviatoric stress. qf of the fiber-
reinforced silty clay is greater than that of silty clay,
indicating that the addition of fiber can significantly
improve the shear strength of silty clay, and the
shear strength of fiber-reinforced silty clay reaches
its maximum when FC=0.2%.

The above analysis states that when FC=0.2%,

Table 3 Testing program for cyclic triaxial test

No.

1

2

3

4

5

6

7

8

9

Confining
pressure, σ3/kPa

50

100

100

100

100

150

100

100

100

Fiber content,
FC/%

0.2

0

0.2

0.4

0.6

0.2

0.2

0.2

0.2

Moisture content,
ω/%

18.5

18.5

18.5

18.5

18.5

18.5

16.0

20.0

22.0

Compactness/%

94

94

94

94

94

94

94

94

94

Loading
waveform

Sinusoidal

Sinusoidal

Sinusoidal

Sinusoidal

Sinusoidal

Sinusoidal

Sinusoidal

Sinusoidal

Sinusoidal

Loading
frequency/Hz

1

1

1

1

1

1

1

1

1

Figure 2 Diagram of staged loading
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the fiber-reinforced silty clay shows the best

shearing behavior. Thus, we now further study the

influence of the moisture content for fiber-
reinforced silty clay with a 0.2% fiber content, as
shown in Figure 3(b). The shear strength of fiber-
reinforced silty clay first increases and then
decreases as the moisture content increases. At the

optimum moisture content of 18.5%, the shear
strength of fiber-reinforced silty clay reaches its
maximum; as the moisture content continues to
increase, the shear strength decreases significantly.

Figure 3(c) shows the influence of the
confining pressure on q−εa curves of fiber-reinforced
silty clay. Here we can see that the shear strength is
positively correlated with the confining pressure
because the specimen tends to form a denser state
with a greater consolidation confining pressure and
shows a higher shear strength.
3.1.2 Shear strength parameters c and φ

We used the Mohr-Coulomb criterion to
describe the shear strength characteristics of silty
clay and fiber-reinforced silty clay. From the q− εa

curves, we obtained the shear strength of each
specimen under different confining pressures, and
then the shear strength parameters (cohesion c and
internal friction angle φ) were determined by linear
regression analysis. Figure 4(a) shows the influence
of fiber content on the cohesion and internal friction

Figure 3 q − εa curves: (a) Influence of fiber content;
(b) Influence of moisture content; (c) Influence of
confining pressure

Figure 4 Shear strength parameters: (a) Influence of fiber
content; (b) Influence of moisture content
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angle. Here we see that the cohesion first increases
and then decreases with increasing fiber content,
and when FC=0.2%, the cohesion is the largest. As
the fiber content increases, the internal friction
angle decreases.

Figure 4(b) indicates that when the moisture
content increases from 16% to 18.5% (the optimum
moisture content), the cohesion increases to its
maximum. With a continuous increase in the
moisture content up to 20%, the cohesion decreases
greatly. After this point, however, the cohesion
decreases slightly with a continuous increase in the
moisture content to 22%. Additionally, the internal
friction angle decreases as the moisture content
increases.
3.1.3 Analysis of the reinforcement effect

To analyze the reinforcement effect of basalt
fiber further, we introduce the concept of the
strength ratio (R) [4, 9], as shown in Eq. (1):

R =
( )qf

r

( )qf
u

(1)

where (qf)r is the shear strength of fiber-reinforced
silty clay, and (qf)u is the shear strength of
unreinforced silty clay.

Figure 5 shows the strength ratios of fiber-
reinforced silty clay with different fiber contents.
The results show that the strength ratios for fiber-
reinforced silty clay are all greater than 1.0, which
again shows that the addition of fiber can increase
the shear strength of silty clay. The strength ratio for
silty clay with a fiber content of 0.2% is
significantly higher than that of other contents,

which indicates that the reinforcement effect is the
most obvious when the fiber content is 0.2%.

3.2 Dynamic modulus
3.2.1 Dynamic modulus−strain curves

Figure 6 shows the hysteresis curves (dynamic
stress (σd)−strain (εd) curves) for cycle number
N=32, 52, 72 and 92 for specimens with a fiber
content of 0.2%, confining pressure of 150 kPa, and
moisture content of 18.5%. The results show that
the hysteresis curve of fiber-reinforced silty clay has
the shape of an unclosed long shuttle. The unclosed
hysteresis curve indicates that the strain cannot be
completely recovered during the unloading process.
That is, accumulative plastic strain is constantly
produced during loading. In addition, with the
increase in cycle number, the long axis of the
hysteresis curve deflects to horizontal direction
gradually, and the area of the hysteresis curve
increases, which indicates the degradation of soil
stiffness and increase in soil energy dissipation.

When we calculate the dynamic modulus and
damping ratio, the unclosed dynamic stress (σd) −
strain (εd) curve is artificially connected from end to
end to form a closed hysteresis curve [35, 37], as
shown in Figure 7, and the dynamic modulus is
defined as [29]:

Ed =
σd1 - σd2

εd1 - εd2

(2)

where Ed is the dynamic modulus; σd1 and σd2 are the
maximum and minimum dynamic stresses in the
hysteresis curve, respectively; εd1 and εd2 are the

Figure 6 Hysteresis curves of fiber-reinforced silty clay
for different cycle numbers

Figure 5 Strength ratios of fiber-reinforced silty clay
with different fiber contents
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maximum and minimum strains in the hysteresis
curve, respectively.

Figure 8 shows the Ed− εd curves for silty clay
and fiber-reinforced silty clay. From Figure 8, we
can see that when εd≤0.1%, the Ed decreases linearly
and rapidly with εd; when εd is in the range of 0.1%−
1.0%, the Ed decreases nonlinearly with εd; and
when εd≥1.0%, the dynamic modulus tends toward a
stable value. With increasing fiber content, the Ed

for a given strain increases first and reaches its
maximum when FC=0.2% and then decreases, and
the Ed of fiber-reinforced silty clay is higher than
that of unreinforced silty clay. Furthermore, as
moisture content increases, the Ed first increases and
then decreases, and the Ed of fiber-reinforced silty
clay reaches its maximum when moisture content is
18.5%. Finally, we see that the Ed increases as the
confining pressure increases.
3.2.2 Normalized dynamic modulus degradation

curves
In 1972, HARDIN et al [38] proposed the

relationship to determine the Ed of soil, as shown in
Eq. (3):

Ed =
1

1 +
εd

εr

E0 (3)

where E0 is the initial dynamic modulus, and εr is the
reference strain. We use Eq. (3) to fit the Ed − εd

curves to obtain the values of E0 and εr, which are
listed in Table 4.

Ed obtained in the test is normalized with E0,
and we obtain the normalized dynamic modulus

degradation curves, as shown in Figure 9. The
normalized dynamic modulus of silty clay and fiber-
reinforced silty clay decreases with increasing
strain, and they are all distributed in a band formed
by two curves. The two degradation curves are the
upper and lower boundary degradation curve, and
the formulas for these curves are as follows.

Figure 8 Ed − εd curves: (a) Influence of fiber content;
(b) Influence of moisture content; (c) Influence of
confining pressure

Figure 7 Schematic of a typical hysteresis curve [29]
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Upper boundary:
Ed

E0

=
0.1538

0.1477 + εd

(4)

Lower boundary:
Ed

E0

=
0.0266

0.0252 + εd

(5)

3.3 Damping ratio

3.3.1 Damping ratio−strain curves

The damping ratio λ is defined as [29]:

λ =
1

4π
×

A
AS

(6)

where A is the area of the hysteresis curve, as shown

in Figure 7, and AS is the area of the shaded part (the

triangle ΔOAE) in Figure 7. The area of the

hysteresis curve (A) is calculated by the slice

method. That is, the hysteresis curve is divided into

several vertical slices, and the area of each slice is

calculated according to the area of the resulting

trapezoid.

Figure 10 shows the damping ratio (λ)− strain
(εd) curves for silty clay and fiber-reinforced silty
clay. The damping ratio shows a nonlinear increase
with increasing strain: when εd≤0.1%, λ increases
linearly; when εd is greater than 0.1% and less than
0.5%, λ increases nonlinearly; and when εd≥0.5%, λ
remains stable. Additionally, Figure 10(a) shows the
effect of fiber content on the λ−εd curves. The results
show that as the fiber content increases, the λ for a
given strain first decreases and then increases. The
maximum damping ratio for fiber-reinforced silty
clay with FC=0.2% is approximately 12% less than
that of unreinforced silty clay. Figure 10(b) shows
the effect of the moisture content on the λ−εd curves.
As the moisture content increases, λ first decreases
and then increases. Figure 10(c) shows the effect of
confining pressure on the λ− εd curves. λ gradually
decreases as the confining pressure increases since
the contact between the fiber and the soil becomes
denser with higher confining pressure, which leads
to a decrease in the energy dissipation for fiber-
reinforced silty clay.
3.3.2 Normalized damping ratio curves

The relationship between λ and εd presented in
Figure 10 satisfies the following equation proposed
by HARDIN et al [38]:

λ = λmax( εd /εr

1 + εd /εr ) n

(7)

where λmax is the maximum damping ratio, and n is a
fitting parameter. We use Eq. (7) to fit the λ − εd

curves, and the values of λmax and n are obtained as
listed in Table 5. The coefficients of determination,
R2, are all greater than 0.90, indicating that Eq. (7)
could accurately explain the damping ratio − strain
curves of silty clay and fiber-reinforced silty clay.

Table 4 Values of E0 and εr for Eq. (3)

No.

1

2

3

4

5

6

7

8

9

Confining pressure, σ3/kPa

100

50

100

150

100

100

100

100

100

Fiber content, FC/%

0

0.2

0.2

0.2

0.4

0.6

0.2

0.2

0.2

Moisture content, ω/%

18.5

18.5

18.5

18.5

18.5

18.5

16.0

20.0

22.0

E0/MPa

166.8

163.9

192.6

263.0

202.4

177.7

194.8

152.4

170.7

εr/%

0.078

0.034

0.106

0.161

0.077

0.089

0.076

0.086

0.031

R2

0.99

0.98

0.99

0.99

0.98

0.98

0.99

0.97

0.99

Figure 9 Normalized dynamic modulus degradation
curves
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Figure 11 shows the normalized damping ratio

curves for silty clay and fiber-reinforced silty clay.

The normalized damping ratio for silty clay and

fiber-reinforced silty clay is concentrated in a

narrow range. The fitting formulas for the upper

boundary and lower boundary are shown in Eqs. (8)

and (9), respectively.

Upper boundary:
λ
λmax

= ( εd /0.0032
1 + εd /0.0032 ) 8.764

(8)

Lower boundary:
λ
λmax

= ( εd /0.0063
1 + εd /0.0063 ) 2.051

(9)

4 Discussion on fiber reinforcement
mechanism

Figure 12 shows the SEM images of fiber-
reinforced silty clay with FC=0.2%. Figure 12(a)
indicates that a single fiber is tightly wrapped by
surrounding clay particles, forming a gripping
effect, which may enhance soil strength.
Figure 12(b) indicates that fibers in some areas are
interwoven to form a fiber network, and the binding
effect of this fiber network may effectively restrain
the surrounding soil particles and improve the soil
strength.

Figure 13 shows the SEM image of fiber-

Table 5 Values of λmax and n

No.

1

2

3

4

5

6

7

8

9

Confining
pressure,
σ3/kPa

100

50

100

150

100

100

100

100

100

Fiber
content,

FC/%

0

0.2

0.2

0.2

0.4

0.6

0.2

0.2

0.2

Moisture
content,
ω/%

18.5

18.5

18.5

18.5

18.5

18.5

16.0

20.0

22.0

λmax/
MPa

0.208

0.200

0.177

0.182

0.197

0.203

0.183

0.175

0.189

εr/%

0.078

0.034

0.106

0.161

0.077

0.089

0.076

0.086

0.031

n

0.424

0.751

0.402

0.449

0.534

0.453

0.510

0.447

0.723

R2

0.95

0.98

0.95

0.90

0.90

0.90

0.96

0.96

0.94

Figure 10 λ− εd curves with effect of: (a) Fiber content;
(b) Moisture content; (c) Confining pressure

Figure 11 Normalized damping ratio curves
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reinforced silty clay with FC=0.6%. Compared with
Figure 12, we see that when the fiber content is
0.6%, the distribution of fibers in the soil becomes
uneven, and some of fibers are concentrated into
clusters. The clumped fibers have no direct contact
with the soil particles, and the gripping effect
between fibers and soil therefore may become weak.
In fact, an excessive fiber concentration tends to
form a weak structural surface in soil, resulting in a
decrease in soil strength [39].

5 Conclusions

In this paper we studied the the shear behavior
and dynamic parameter characteristics of basalt
fiber-reinforced silty clay experimentally. The main
conclusions are as follows.

1) The addition of basalt fiber can significantly
improve the shear strength of silty clay especially
when the fiber content is 0.2%, which is reflected in
the increase in cohesion. The shear strength changes
nonlinearly with a change in moisture content and is
positively correlated with the confining pressure.

2) The dynamic modulus increases first and
then decreases with the increase in fiber content and
moisture content, and it increases as the confining
pressure increases. However, the change in the
damping ratio exhibits the opposite result. The
upper and lower boundaries of the normalized
dynamic modulus degradation curves and
normalized damping ratio curves for fiber-
reinforced silty clay are obtained.

3) By combining our analysis of the shear
behavior and dynamic parameter characteristics of
fiber-reinforced silty clay, we conclude that the
optimum content of basalt fiber for use in silty clay
is approximately 0.2%.

4) The microstructures of specimens with
different fiber contents reveal what we characterize
as a gripping effect between a single fiber and soil
and a binding effect of the fiber network, which are
the main mechanisms of fiber reinforcement.
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(Edited by ZHENG Yu-tong)

玄武岩纤维加筋粉质黏土力学特性的试验研究

摘要摘要：：纤维加筋技术可以显著改善土体的力学性能，在岩土工程领域得到广泛的应用。玄武岩纤维作

为一种新型环保的加筋材料，其与土体的力学性能得到越来越多的关注。本文通过三轴压缩试验以及

动三轴试验研究了纤维含量、含水率以及围压等因素对玄武岩纤维加筋粉质黏土剪切特性、动弹性模

量以及阻尼比的影响。试验结果表明：玄武岩纤维可以通过提高黏聚力来提高粉质黏土的剪切强度，

当纤维含量为0.2%、含水率为18.5%(最优含水率)时，纤维加筋粉质黏土的剪切强度最大。随着纤维

含量以及含水率的增加，相同动应变对应的动弹性模量呈现先增大后减小的变化趋势，当土体的纤维

含量为0.2%、含水率为18.5%时，其动弹性模量最大；动弹性模量与围压呈现正相关关系。土体阻尼

比随着纤维含量以及含水率的增加先减小后增大，随着围压的增加而减小。综合分析表明，本文所采

用的玄武岩纤维最优含量在0.2%左右。纤维加筋粉质黏土的扫描电镜(SEM)结果表明：单根纤维与土

体间的握裹作用以及纤维网间的约束作用是加筋土强度增强的主要机理。

关键词关键词：：玄武岩纤维加筋粉质黏土；剪切行为；动弹性模量；阻尼比；最优纤维含量
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