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Abstract: The beneficial role of combining fiber reinforcement with lime stabilization in altering soil
behavior has been established in the literature. However, the coupling effect of their combination
still remains unclear in terms of its magnitude and microscopic mechanism, especially for natural
fibers with special microstructures. The objective of this study was to investigate the coupling
effect of wheat straw fiber reinforcement and lime stabilization on the mechanical behavior of Hefei
clayey soil. To achieve this, an experimental program including unconsolidated—undrained (UU)
triaxial tests and SEM analysis was implemented. Static compaction test samples were prepared
on untreated soil, fiber-reinforced soil, lime-stabilized soil, and lime-stabilized /fiber-reinforced soil
at optimum moisture content with determining of the maximum dry density of the untreated soil.
The lime was added in three different contents of 2%, 4%, and 6%, and 13 mm long wheat straw
fiber slices with a cross section one-quarter that of the intact ones were mixed in at 0.2%, 0.4%,
and 0.6% by dry weight of soil. Analysis of the derived results indicated that the addition of a small
amount of wheat straw fibers into lime-stabilized soil improved the intensity of the strain-softening
behavior associated with mere lime stabilization. The observed evidence that the shear strength
increase brought by a combination of 0.4% fiber reinforcement and 4% lime stabilization was smaller
than the summation of the shear strength increases brought by their presence alone in a sample
demonstrated a coupling effect between fiber reinforcement and lime stabilization. This coupling
effect was also detected in the comparisons of the secant modulus and failure pattern between the
combined treatment and the individual treatments. These manifestations of the coupling effect were
explained by a microscopic mechanism wherein the fiber reinforcing effect was made more effective
by the ways in which lime chemically stabilized the soil and lime stabilization development was
quickened by the water channels passing through the surfaces and honeycomb pores of the wheat
straw fibers.

Keywords: coupling effect; fiber reinforcement; clayey; triaxial compression; combined treatment

1. Introduction

Civil infrastructure such as buildings, roadways, bridges, embankments, and dams is frequently
built upon the usage of soil or rock materials. This kind of material has to be good enough in strength
and deformation characteristics to ensure the safety and sustainability of civil infrastructure [1-7].
To capture and improve the behavior of geological materials, many studies have been carried out [8-17].
In many engineering applications, however, soils with unsatisfactory engineering properties are
encountered [18,19], triggering the rapid development and wide application of soil improvement
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techniques. These techniques fall into three main categories: physical techniques (e.g., vibration [20,21]),
mechanical techniques [22], and chemical techniques (e.g., admixture stabilization [23]).

Reinforcing soil using randomly distributed fibers dates from more than 5000 years ago when
plant roots and stems were used to reinforce building blocks. This technique still remains a hot
research issue nowadays and its application fields are widening [24-27]. The advantages of mixing
fibers into soil include increases in shear, compressive, and tensile strength [28-31]; a reduction in
the swelling tendency of expansive soil [32-34]; reduced brittleness [35-38]; and so forth. Meanwhile,
disadvantages like the slight reduction in initial stiffness with increasing fiber concentration observed
by Michalowski and Cermdk (2003) [38] are involved.

Soil stabilization with lime is a chemical technique that results in marked improvements in
strength, compaction, and compressibility characteristics [39—43]; a reduction in expansive soil’s
swell percentage and swelling pressure [44,45]; and a decrease in plasticity [46-48], which can cause
unfavorable brittle failure. To remedy this reduced plasticity, both synthetic and natural fibers have
been added to lime-stabilized soil [49,50]. Although the beneficial role of a combination of lime
stabilization and fiber reinforcement is an established concept [51-56], the coupling effect of them with
regard to magnitude and microstructural mechanisms is not well understood, especially for natural
fibers with special microstructures such as coir and wheat straw.

Wheat straw is an abundantly produced agricultural residue of which disposal by burning results
in large amounts of air pollutants. An alternative way to dispose of wheat straw is utilization of it for
soil reinforcement. The reinforcing effect of wheat straw fiber on the strength behavior of Shanghai
clayey soil was reported in a study by Qu and Sun (2016) [57], and the feasibility of combining
SH-treated (i.e., modified polyvinyl alcohol) wheat straw fiber reinforcement with lime stabilization
to improve the properties of saline soil was verified by Li et al. (2012) [58]. They found that SH
filled the pores distributed evenly on wheat straw’s characteristic cross-sectional honeycomb pattern,
thus improving the water resistance and tensile strength of the wheat straw fiber [59,60]. Nevertheless,
the honeycomb pattern of untreated wheat straw fiber inevitably influences the coupling effect of wheat
straw fiber reinforcement and lime stabilization. This influence has not been fully investigated [61,62].

This study is aimed at ascertaining the coupling effect of wheat straw fiber reinforcement and
lime stabilization on the triaxial behavior of Hefei clayey soil. Based on results derived from a series
of unconsolidated—undrained (UU) triaxial tests and scanning electron microscopy (SEM) analysis,
the coupling effect is discussed and interpreted on a microcosmic scale.

2. Experimental Program
2.1. Materials

2.1.1. Hefei Clayey Soil

The soil used in this study was Hefei clay soil collected from a foundation for a metro station in
Hefei, China. This kind of soil is brownish red in color and contains calcareous concretions within it.
A high plastic limit and a slight expansive tendency differentiate Hefei clayey soil from other kinds
of clayey soil. A series of laboratory experiments identified the basic properties of Hefei clayey soil,
as presented in Table 1.

Table 1. Basic properties of Hefei clayey soil.

Property Value
Specific gravity 2.75
Unit weight (g/ cm?) 1.56
Grain Size Analysis
Sand (%) 15.4
Silt (%) 47.8

Clay (%) 36.8
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Table 1. Cont.

Property Value
Atterbery Limits
Liquid limit (%) 57.1
Plastic limit (%) 19.7
Plasticity index 37.4
Compaction Study
Optimum moisture content (%) 20.1
Maximum dry density (g/cm?) 1.68
Shear Strength Parameters
Cohesion (kPa) 64
Angle of internal friction (Deg) 21

2.1.2. Wheat Straw Fibers

The wheat straw fibers used in this study are presented in Figure 1. They were considered natural
because they were not treated with any chemical additive such as the SH agent used by Li et al. (2012) [58].
The natural characteristics of wheat straw fibers were retained to achieve the objective of investigating
how the coupling effect of wheat straw fiber reinforcement and lime stabilization was affected by the
intact honeycomb pattern of wheat straw fibers. After having been dried in the sun, the wheat straw
fibers were peeled and cut into slices with a complete cross section of one-quarter of the original and a
length of 13 mm. This cross section and length of the wheat straw fiber slices were selected because they
were optimal for mobilizing the reinforcing effect [58]. The physical and mechanical properties of the
wheat straw fibers provided by the manufacturer are summarized in Table 2.

Figure 1. Photographs of wheat straw fibers: (a) natural wheat straw fibers, (b) peeled wheat straw
fibers, and (c)wheat straw fibers trimmed to the required shape and length.

Table 2. Basic properties of wheat straw fibers.

Property Value
Average diameter (mm) 3.1
Wall thickness (mm) 0.53
Ultimate tensile strength (N) 67
Ultimate elongation (%) 4.8
Bulk density (kg/m®) 35.2
Water absorption capacity (20 °C, 28 days, %) 316

Chemical Composition

Cellulose (%) 45.23
Hemicellulose (%) 34.02
Lignin (%) 16.90

2.1.3. Lime

Hydrated lime, in which calcium hydroxide predominates, was used in this study as the
stabilization material. Calcium hydroxide accounts for approximately 90% of the lime weight.
The other parts of the composition were calcium carbonate (1.8%), aluminum oxide (0.4%), ferric
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oxide (0.3%), magnesium oxide (0.7%), silica (1.2%), and some impurities (5.9%). The impurities were
removed by sieving (2 mm) before mixing the lime into the soil.

2.2. Sample Preparation

Four kinds of sample, differentiated according to the material added to soil, were considered in
this study: (1) an untreated sample; (2) a lime-stabilized sample; (3) a fiber-reinforced sample; and (4) a
lime-stabilized sample reinforced with fibers. In the samples containing lime, lime was added in three
different content levels of 2%, 4%, and 6% as a percentage of the dry weight of the soil. For the samples
into which wheat straw fibers were mixed, fiber contents of 0.2%, 0.4%, and 0.6% by dry weight of soil
were chosen.

Cylindrical samples with a diameter of 39.1 mm and a height of 80 mm were prepared at the
optimum moisture content and maximum dry density determined for untreated soil, no matter what
material was added to the specimen. This operation was reasonable because the effect of the addition
of these materials on the compaction characteristics of Hefei clayey soil was negligible according to the
compaction testing results from this study. To achieve the desired maximum dry density, untreated soil
and a mixture of soil and added material were poured progressively into a steel tube of inner diameter
39.1 mm and height 100 mm and then subjected to static compaction by a hydraulic jack.

The mixing of soil and fibers involved two steps. First, fibers were manually mixed into soil with
approximately 10% water until a random distribution of fibers by visual examination was achieved.
In this step, 10% moisture content was considered for the prevention of segregation of fibers from the
soil. Second, a certain amount of water was then added to the mixture of fibers and soil prepared in the
first step to achieve the optimum moisture content. On the other hand, three steps were involved in
the mixing of mixture of soil, fiber, and lime. The first step was thoroughly mixing lime with soil with
approximately 10% water. The following two steps were as those for the preparation of the mixture of
soil and fiber. After the completion of the static compaction, all the samples were transferred into a
curing room of 25 + 1 °C and 95% humidity in which they were cured for 21 days.

2.3. Triaxial Testing Procedure

Conventional undrained triaxial tests were conducted on unconsolidated samples using a
strain-controlled apparatus as per ASTM D2850-15 [63]. For each of the four kinds of sample, samples
were tested at four different confining pressures of 100, 200, 300, and 400 kPa at a strain rate of
0.8 mm/min. During the loading process and continuing through to the post-failure regime, deviatoric
stress was recorded as a function of axial strain. The maximum axial strain reached in a triaxial test was
determined by the sample failure mode. If the sample failed in a strain-hardening mode, the maximum
axial strain was 20%; otherwise, it was slightly greater than the axial strain at which the peak deviatoric
stress was observed. The sample deformation was measured by using a dial indicator attached to the
testing apparatus. The measured sample deformation was normalized by the height of the sample,
which gave the axial strain of the sample. All of the samples were cured for 28 days before testing.

3. Results and Discussion

The results derived from the UU triaxial tests are presented and compared in terms of stress—strain
relation, shear strength parameters, secant modulus in the early loading process, and failure pattern.
During these comparisons, the coupling effect of wheat straw fiber reinforcement and lime stabilization
is discussed in regard to magnitude. The microstructural mechanisms of the coupling effect are
interpreted using the results of SEM analysis.

3.1. Stress—Strain Relation

Deviatoric stress—axial strain relations for untreated soil, lime-stabilized soil, fiber-reinforced soil,
and fiber-reinforced soil stabilized with lime are shown in Figure 2. Note that the deviatoric stress—axial
strain relations for treated soil are discussed for only one confining pressure (i.e., 200 kPa) due to
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the similarity of the stress—strain behavior between different confining pressures. It can be seen that
untreated soil and fiber-reinforced soil exhibit strain-hardening behavior while strain-softening occurs
in lime-stabilized soil and fiber-reinforced soil stabilized with lime. The strain-softening behavior
of fiber-reinforced soil stabilized with lime is not as severe as that of lime-stabilized soil comparing
Figure 2b with Figure 2d, indicating that the addition of wheat straw fibers into lime-stabilized
soil contributes to the change of the stress—strain behavior of lime-stabilized Hefei clayey soil from
strain-softening to a more ductile one. The magnitude of this contribution varies depending on fiber
content at a constant lime content and seems to increase with increasing fiber content from 0.2% to
0.4% and then decrease slightly when further increasing the fiber content. Therefore, the optimum fiber
content for the fully mobilized fiber to improve the strain-softening behavior of the lime-stabilized
soil is approximately 0.4%. The shear strength of the tested samples also displays the difference in
the effects of fiber reinforcement, lime stabilization, and a combination of them. The effect of fiber
reinforcement on the shear strength is of benefit subjected to the control of an upper bound. The upper
bound is an increase of 133.7 kPa in the shear strength achieved by the addition of 0.4% fibers. A higher
amount of fibers tends to induce segregation and tangling of fibers which jeopardizes the effective
interaction of fibers and soil particles. Lime stabilization enormously increases the shear strength of
Hefei clayey soil. When the lime contents were 2%, 4%, and 6%, the shear strengths of the samples were
243.2,307.8, and 226.2 kPa, respectively. The increases in shear strength brought by lime stabilization
are almost 2 times that derived from fiber reinforcement. A combination of 0.4% fiber reinforcement
and 4% lime stabilization produces a 322.2 kPa strength increase compared to the shear strength of
untreated soil, which is smaller than the sum of strength increase brought by 0.4% fiber reinforcement
(133.7 kPa) and the strength increase caused by 4% lime stabilization (307.8 kPa). This difference in
strength increase indicates that the combined effect of fiber reinforcement and lime stabilization is not
a simple summation of their respective effects. Therefore, the effect of fiber reinforcement and that of
lime stabilization are coupled. This coupling effect can be accounted for through SEM analysis.
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Figure 2. Stress—strain relations for untreated soil tested at various confining pressures and treated
soil tested at 200 kPa: (a) untreated soil, (b) lime-stabilized soil, (c¢) fiber-reinforced soil, and (d)
fiber-reinforced soil stabilized with lime.
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3.2. Shear Strength Parameters

The shear strength parameters (i.e., cohesion and angle of internal friction) of the treated soil
varied depending on the type and content of additives. Figure 3 shows a comparison of the shear
strength parameters at different contents of wheat straw fiber and lime. It is shown that until reaching
a fiber content of 0.4%, both the cohesion and the angle of internal friction increased nonlinearly with
increasing fiber content. After that, a slight reduction was observed. The maximum cohesion of the
fiber-reinforced soil, achieved at a fiber content of 0.4%, was 1.13 times the cohesion of untreated soil.
That value for the angle of internal friction was 1.17. When lime was introduced to soil samples
reinforced with 0.4% fiber, the maximum cohesions and angles of internal friction increased observably.
The maximum cohesions were, respectively, 1.18, 1.28, and 1.16 times that of untreated soil for lime
contents of 2%, 4%, and 6%. These values for the maximum angles of internal friction were, respectively,
1.27,1.26, and 1.30. In addition, it was indicated that the effect of lime content on cohesion was slightly
different to that on the angle of internal friction. At a fixed fiber content, the cohesion decreased with
a further increase in lime content above 4%. However, the angle of internal friction increased with
increasing lime content from 4% to 6%. Generally, a combination of fiber reinforcement and lime
stabilization led to shear strength parameters much greater than those achieved when fiber and lime
were used separately.
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Figure 3. Shear strength parameters for soil samples with additives of different contents: (a) cohesion
and (b) angle of internal friction.

3.3. Secant Modulus

The secant modulus is defined as the ratio of the deviatoric stress to the corresponding axial
strain at a particular point on the stress—strain curve. Based on this definition, the secant moduli of
untreated soil, fiber-reinforced soil, lime-stabilized soil, and fiber-reinforced soil stabilized with lime
were calculated at four small strain levels. The variations in these moduli with strain level are shown in
Figure 4. In this figure, the characteristics of the variations vary from case to case. For fiber-reinforced
soil and fiber-reinforced soil stabilized with 2% lime, the secant moduli increase with increasing
strain level. For fiber-reinforced soil stabilized with 6% lime, an increase in strain level leads to a
reduction in the secant moduli. However, no consistent trend is observed for either lime-stabilized soil
or fiber-reinforced soil stabilized with 4% lime. The varied characteristics of the variations in these
moduli can hardly be explained using the experimental evidence collected in this study, showing the
need to conduct more relevant laboratory work.

The secant moduli at a 1.2% axial strain level for untreated soil, fiber-reinforced soil,
lime-stabilized soil, and fiber-reinforced soil stabilized with lime are shown in parallel in Figure 5,
where the percentages represent the rates of increase in the secant moduli compared to that of
untreated soil. Note that each of the percentages presented below the bars was calculated by adding
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the rate of increase in the secant modulus produced by fiber reinforcement to that produced by lime
stabilization. From this figure, it is indicated that lime stabilization can increase the secant modulus of
Hefei clayey soil at a 1.2% axial strain level. The increase in the secant modulus reaches a maximum of
249.2% at 4% lime content. On the other hand, the secant modulus is reduced by fiber reinforcement.
The reduction in the secant modulus increases with increasing fiber content. At 0.6% fiber content,
the reduction reaches 31.3%.
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Figure 4. Secant moduli at four strain levels tested at 03 = 200 kPa: (a) samples reinforced with fibers
or stabilized with lime and (b) fiber-reinforced samples stabilized with lime.

40
= X X
~ IR ~
1 o se o oi
! 8 R SR
— Yo TR DN
© 35 2 g o
o + = L)
= + +
<
e ]
=
>
- 30 =
g
X
€157 3 £
© o o) N o} [0}
O 1 AN £ N £ £
D 10 X D N X
U) N N N
4 + + +
i N "
5 - ofl 8 of 8 ofl 3
=R = B3 = BN
1 =N =51 =f <
o - of o o f o ofl o
— — —
+191.8% +180.3% +171.4%
(a)
45 = = <
X X X LY ¥ e <
S 88 IS 40 S5 S8 S
3 5 2] N o N o ©
V) 8¢ o + + N D]
Y3 I N — S ] +
— + + N + < o Pl
© ¢ + N © + + S
40 ~+ o +
< s
=3 =
- 351
0
= =)
= =
3352 3 .
o o
£ € 15
+ 15 £ 154
& ) 9] [} % o 9] o
8 E E : o £ E £
O 10 R R = D 10 P B X
Z : : 3 o] e E g
54 HEE HRE B.02 5+ HEE = A = A
SNELR SIELE S|EL= N E NEK NH S
Q & < < ) ) 1 & & < < © )
0. sislc S ] sixlc o cjol s S S slols
\_Y_/
+238.3% +226.8% +217.9% +219.5% +208.0% +199.1%
(b) ()

Figure 5. Secant moduli at a 1.2% strain level tested at o3 = 200 kPa: (a) 2% lime content, (b) 4% lime
content, and (c) 6% lime content. The percentages represent the rates of increase in the secant moduli
compared to the untreated one.
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Despite the fact that fiber reinforcement reduces the soil’s secant modulus, a combination of
fiber reinforcement and lime stabilization greatly increases the secant modulus. This increase in
the secant modulus decreases with increasing fiber content when the lime content is kept constant.
Meanwhile, keeping a constant fiber content, the increase in the secant modulus due to a combination
of fiber reinforcement and lime stabilization reaches its maximum at a lime content of 4%. Besides this,
the increase in the secant modulus due to a combination of fiber reinforcement and lime stabilization
is greater than the summation of the respective increases in the secant modulus produced by fiber
reinforcement and lime stabilization for all of the considered cases except for 0.2% fiber-reinforced soil
stabilized with 2% lime. Therefore, the coupling effect of fiber reinforcement and lime stabilization on
the secant modulus of the soil at a 1.2% strain level is that the presence of fibers improves the ability of
lime to increase the soil’s secant modulus.

3.4. Failure Pattern

The failure patterns of samples after the completion of the triaxial tests are compared in Figure 6 for
untreated soil, fiber-reinforced soil, lime-stabilized soil, and fiber-reinforced soil stabilized with lime.
The comparison shows that the failures of untreated soil and fiber-reinforced soil hold a similar pattern
where no noticeable shear band is observed. This failure pattern is known as plastic failure and is
consistent with the observed strain-hardening behavior shown in Figure 2a,c. In spite of this similar
failure pattern, a slightly smaller lateral deformation of the sample can be noticed for fiber-reinforced
soil compared to that of untreated soil. The difference in sample lateral deformation is attributable to
the presence of wheat straw fibers in which the induced tensile stress will restrain the lateral swelling
of Hefei clayey soil.

/O

Wheat straw fiber bridging
the shear band

(@) (b) (@) ()

Figure 6. Photographs of sample failure patterns (at a 20% axial strain level) in triaxial compression
tested at o3 = 200 kPa: (a) untreated soil, (b) 0.4% fiber-reinforced soil, (c) 4% lime-stabilized soil,
and (d) 0.4% fiber-reinforced soil stabilized with 4% lime.

A greatly different failure pattern from the plastic failure pattern discussed above characterizes the
failures of lime-stabilized soil and fiber-reinforced soil stabilized with lime, as indicated in Figure 6¢,d.
Characteristic of this failure pattern is the appearance of a dominant shear failure band oriented
at an angle from the horizontal greater than 7/4 throughout the samples. Besides this, within this
failure pattern, brittleness is involved, which can be referred to as an effect of the strain-softening
behavior observed in Figure 2b,d. Comparison between the shear failure bands which developed in
lime-stabilized soil and in fiber-reinforced soil stabilized with lime indicates that the fibers bridging
the shear failure band in the fiber-reinforced soil stabilized with lime (as shown in Figure 6d) can
restrain the development of the shear failure band and thus contribute to more ductile stress—strain
behavior compared to that of lime-stabilized soil.
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3.5. Microstructural Mechanisms of the Coupling Effect

The coupling effect of wheat straw fiber reinforcement and lime stabilization on the stress—strain
relation, shear strength parameters, secant modulus, and failure pattern of treated Hefei clayey soil
has its explanation in microstructural mechanisms which can be captured through SEM analysis.
SEM micrographs showing the honeycomb pattern of wheat straw fibers are shown in Figure 7.
Figure 8 shows the SEM micrographs for lime, wheat straw fiber surface wrinkles due to friction,
untreated soil, fiber surface morphologies in fiber-reinforced soil and fiber-reinforced soil stabilized
with lime, and soil particle morphology in lime-stabilized soil. It can be observed from Figure 8b
that the mobilization of the fiber reinforcing effect is driven by friction developed during physical
contact between soil particles and the fiber surface. This physical contact can be also inferred from the
experimental evidence presented in Figure 9.

. ¥
/ a2 .
NONE SEI 100Ky X250 100gm WD 8.5mm NONE 100KV  X1,000

-

SEI 10.0kv  X8,000 Tpm WD 85mm NONE SEI 100kV X800 10pm WD 75mm

(c)

Figure 7. SEM micrographs of the wheat straw fiber’s honeycomb pattern ((a) magnification of
250 % ; (b) magnification of 1000x; and (c) magnification of 8000x) and the wheat straw fiber surface
((d) magnification of 800x).

The mechanism of stabilizing soil with lime is tripartite. First, the water within the soil reacts with
the added lime, which reduces the soil moisture content and thus speeds up the soil consolidation
process. Second, the sandification effect due to the addition of lime causes hydrophobic behavior in the
soil particles, which can restrain the formation of soil particle packets and densify the soil fabric. Third,
the chemical reaction of lime and soil produces a vast number of cementitious gels which fill most of
the distributed pores and bind soil particles together (as shown in Figure 10), creating a denser soil
fabric. The soil fabric improved by lime through these three ways is reflected in the final soil particle
morphology shown in Figure 8e.
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Figure 8. SEM micrographs showing (a) lime; (b) a fiber surface wrinkle; (c) untreated soil; (d) the
fiber surface morphology in 0.4% fiber-reinforced soil; (e) the soil particle morphology in 4%
lime-stabilized soil; and (f) the fiber surface morphology in 0.4% fiber-reinforced soil stabilized with
4% lime.

The simultaneous existence of fiber and lime within a sample of fiber-reinforced soil stabilized
with lime creates a more effective fiber reinforcing effect and faster lime stabilization development than
when they exist alone. Because of the water channels offered by the surfaces and honeycomb pattern
(as shown in Figure 7) of wheat straw fibers, the process of the chemical reaction between lime and
water becomes faster, causing a higher secant modulus then when lime exists alone. On the other hand,
more effective contact between fibers and soil particles for fiber-reinforced soil stabilized with lime can
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be noticed in the comparison between fiber surface morphologies presented in Figure 8d,f. The reason
for this is that the three ways by which lime stabilization functions contribute to denser soil fabric and
a smaller volume of soil particle packets. Besides this, the coverage of cementitious gels produced by
the presence of lime on wheat straw fiber surfaces can improve the physical interaction between fibers
and soil particles because of the increased friction coefficient caused by the high surface roughness
and rigidity of these cementitious gels.

Breakage or pullout
of fibers due to
friction on the
fiber-soil interface

(@) (b)

Figure 9. Experimental evidence of friction between fiber and soil showing (a) breakage or pullout of
fibers and (b) a scratch formed on the fiber surface (modified from Tang et al. (2007) [64] and Tang et al.
(2010) [65]).

LEI 100kY X800 10um WD 7.5mm

Figure 10. SEM micrograph showing white cementitious gels produced by the chemical reaction of soil
and lime.

4. Conclusions

Conventional triaxial tests and SEM analysis were conducted to study the coupling effect of wheat
straw fiber reinforcement and lime stabilization on the behavior of Hefei clayey soil. Quantitative
estimation of the coupling effect was performed using comparisons of the induced results by fiber
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reinforcement, lime stabilization, and a combination of them in terms of the stress—strain relation,
secant modulus, and failure pattern. The microstructural mechanisms involved in the coupling effect
were analyzed with the help of SEM micrographs. The following conclusions were drawn.

(1) The strain-hardening behavior of Hefei clayey soil was retained by wheat straw fiber
reinforcement but was changed to strain-softening when the soil was stabilized with lime or treated
with a combination of fiber reinforcement and lime stabilization. The addition of even a small amount
of wheat straw fiber improved greatly the strain-softening of soil stabilized with lime alone.

(2) A combination of fiber reinforcement and lime stabilization produced a larger increase in
the secant modulus at a 1.2% strain level than did only stabilizing soil with lime at an identical lime
content despite the fact that reinforcing soil using only fibers could reduce its secant modulus.

(3) The addition of fibers into lime-stabilized soil restrained the development of a shear band.
The restraint was attributable to the tensile stress induced in the fibers bridging the shear band and
was beneficial to the occurrence of brittle failure at a greater strain level compared to the case where
only lime was incorporated.

(4) The microstructural mechanisms by which the coupling effect of fiber reinforcement and
lime stabilization occurs were found to be the development of the chemical reaction between soil
and lime being quickened by the water channels offered by wheat straw fibers and that the effective
physical interaction between fibers and soil particles was strengthened by the dense soil fabric and the
cementitious gels created by lime stabilization.

(5) The shear strength parameters were observably increased by combining wheat straw fiber
reinforcement and lime stabilization. The maximum cohesion and angle of internal friction were,
respectively, 1.37 and 1.30 times those of untreated soil. With increasing lime content, an asymptotic
increase in the cohesion existed, but this was not the case for the angle of internal friction.
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