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In order to study the mechanical behavior of lime-treated soil under different loading rates, a series of monotonous three-axial
compression tests are carried out under different lime contents, different loading rates, and different curing periods. The test
results indicate that the lime content can significantly improve the mechanical behaviors of soil, such as shear strength and elastic
modulus. On the other hand, three-axial compression test of soil is carried out under the loading rate ranging from 0.1%/min
to 8%/min. Experimental results indicate that the mechanical behavior of lime-treated soil is sensitive to loading rate. Besides,
the corresponding relationship between internal friction angle, cohesion, lime content, and loading rate is discussed. The results
indicate that the loading rate almost has no influence on internal friction angle but significant influence on lime content. Cohesion
is affected by lime content and loading rate. Shear strength, elastic modulus, and cohesion all increase with the increase of loading
rate. Longer curing period is associated with greater parameter value. Shear strength, elastic modulus, and internal friction angle
all firstly increase and then decrease when lime content increases, which all reach the maximum at 6%.

1. Introduction

During the construction of highways, railways, and airports,
although there are rich soil resources in the railway line,
they cannot be used as filling materials for subgrade due to
poor mechanical properties. Lacking of high-quality filling
materials along the railway line to be constructed and
transporting large quantities of high-quality filling materials
from outside result in a substantial increase in project costs,
which makes the treated soil come into being. Lime can
stabilize subgrade, pavement, and the soil with low bearing
capacity [1]. It is of practical significance to study its physical
andmechanical properties, for the soil treatedwith lime is the
most commonly used subgrade filler.

So far, lots of research results on whether mixing lime
into soil can improve its mechanical properties have been
achieved. Bian et al. [2] have carried out relevant exper-
iment to study the strength and expansion properties of
lime-treated expansive soil. Phanikumar et al. [3, 4] have
studied the physical and mechanical properties of the soil,

respectively, treated with lime, fly ash, and cement. Amu
et al. [5] have carried out relevant research on the strength
of the soil which has been mixed with lime. Yarbaşi et al. [6]
have studied the parameters such as compressive strength,
California bearing ratio, ultrasonic wave, and resonance test
and other parameters of the soil, respectively, treated with
lime, fly ash, and cement after freeze-thaw cycles. Zhang and
Cao [7] have studied the properties of the expansive soil,
respectively, treated with lime and fly ash. Bekki et al. [8] have
studied the bearing capacity and durability of lime-treated
soil and cement-treated soil.

The mechanical property of geoengineering materials
under different loading rates has always been an important
research topic. Zhang et al. [9] studied the mechanical
behavior and particle breakage characteristics of subgrade
material under different strain rates. Dı́az-Rodŕıguez et al.
[10] studied the impact of loading rate on undrained three-
axial shear strength. Martindale et al. [11] proposed a plastic
constitutive model that is related to the strain rate of clay
and verified the sensitivity of model parameters. Sorensen
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Table 1: Index properties of the soil materials.

Serial number Physical property index Values
1 Specific gravity 2.68
2 Liquid limit/% 56%
3 Plastic limit/% 35%
4 Plasticity index/% 23%
5 Maximum dry density/(g/cm3) 1.69
6 Optimum moisture content/% 20.60
7 Silt content/% 62
8 Clay content/% 38

et al. [12] studied the influence of strain rate on the small
strain shearing rigidity of clay. Zhu et al. [13] thoroughly
discussed the loading rate effect of soft clay from many
aspects, such as the unity of one-dimensional and three-
dimensional, the unity of compression and elongation, and
the unity of different overconsolidation ratio conditions.
Chen et al. [14] studied the acoustic emission characteristics
of rock under different loading rates. Di Herve et al. [15]
and Tatsuoka et al. [16] performed a series of compression
tests with various loading rates in an attempt to establish a
constitutive model of sand, taking rheological characteristics
into consideration. Consequently, the authors of both papers
concluded that the stress-strain relationship of sand is not
affected in the range of strain rate they used. Schimming et
al. [17] conducted experiments to study shearing resistance of
various soil types under both rapid static and dynamic testing
conditions using a direct shear device.

Currently, the research on the mechanical properties
of lime-treated soil under different loading rates is rarely
reported and the curing period is also related to the mechan-
ical properties of lime-treated soil [18]. In view of this, the
mechanical properties and long-term strength of lime-treated
soil under different loading rates and different curing periods
are studied in this paper, which provides services for the
design of improving lower subgrade filler.

2. Experimental Section

2.1. Test Process. The soils used in the experimental study
were collected from a construction site of Jintan construction
section, which belongs to the Highway Project from Zhen-
jiang to Liyang, Jiangsu, China. Tables 1 and 2, respectively,
show the index properties and chemical composition of the
soil. The grain size distribution curve for test specimens is
shown in Figure 1. According to the standard [19], the soil
sample is a kind of high liquid limit clay (SC). The lime used
in this experiment is a kind of calcium quicklime, which
contains 8.5% CaO, 7.03% CaCO

3
, 79.03% Ca(OH)

2
, and

11.4% loss on ignition.
Lime content was varied as 0%, 3%, 6%, 9%, and 12%

by dry weight of the clay. The maximum dry density and
optimum moisture content of treated soil are shown in
Figure 2. The moisture of the soil was first determined in
order to calculate the quantity of water that should be added
to each soil-lime mixture, in order to have the optimum

Table 2: Chemical composition of the soil.

Chemical composition Quantity
SiO2 63.17
Al2O3 19.36
Fe2O3 4.32
TiO2 0
K2O 1.73
Na2O 8.73
MgO 1.79
CaO 0.67
Loss of ignition 0.23
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Figure 1: Grain size distributions of tested soil.

moisture content for each of the tested samples with differ-
ent lime contents. Following the mixing process, the soil-
lime mixture was compacted, according to the compaction
degree of 98%. The samples are 39.1mm in diameter and
80mm in height. Immediately after compaction, the lime-soil
specimens were removed from the molds and were placed on
rigid board in order to prevent handling damage. They were
then marked, placed in plastic bags, and sealed. The plastic
bags provided an effectivemeans ofmaintaining the optimum
moisture content in the compacted specimens during the
curing period.The specimens were then placed in desiccators
at room temperature. For the samples prepared, two periods
of curing were used alternatively, that is, 7 and 21 days.

The experiment is carried out on the GDS unsaturated
triaxial apparatus. It is a kind of strain-controlled instrument,
the confining pressure of which is, respectively, 100, 200,
and 300 kPa and the strain loading rates are, respectively,
0.1%/min, 1.0%/min, 2.0%/min, 4.0%/min, and 8.0%/min.

2.2. Test Results and Analysis. Taking the lime-treated soil
sample under the confining pressure of 100 kPa as an example,
the curves of stress and strain for lime-treated are shown
in Figure 3. It can be seen from the figure that, after the
incorporation of the lime, the strength of soil has been
significantly improved. When the lime content is 0, the curve
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Figure 2: Variation of lime contents withmaximumdry density and
optimum moisture content under different curing periods.

shows strain hardening, while, after the incorporation of the
lime, it presents strain softening. The shear strength and the
slope of curve (namely, elastic modulus) increase with the
increasing of the loading rate, which shows that the larger the
loading rate, the steeper the curve.

Taking the confining pressure of 100 kPa as an example,
the shear strength and elastic modulus of lime-treated soil
with different lime contents and at different loading rates are
shown in Figures 4 and 5. As can be seen from the figures,
with the increasing of the loading rate, the shear strength
shows linear increase in semilogarithmic coordinates. When
the curing period is 21 days and the loading rate is increased
from0.1%/min to 8%/min, the shear strength of soil with lime
content from 0 to 12% is, respectively, increased by 62.6%,
44.4%, 37.4%, 59.2%, and 57.7%. The linear increase of the
shear strength in semilogarithmic coordinates is consistent
with the opinions of Watanabe [20].

The elastic modulus also increases with the increase of
loading rate. When the curing period is 21 days and the
loading rate is increased from0.1%/min to 8%/min, the elastic
modulus of soil with lime content from 0 to 12% is increased
by 126%, 50.5%, 44.3%, 24.6%, and 48.1%, respectively.

Under the same loading rate, the shear strength and
the elastic modulus firstly increase and then decrease with
the increase of the lime content. When the lime content is
increased from 0 to 6%, the shear strength and the elastic
modulus increase with the increase of the lime content.When
the lime content is increased from 6% to 12%, the shear
strength and the elastic modulus gradually decrease.

Themechanical behavior after the curing period of 7 days
is basically consistent with that after the curing period of 7
days. The shear strength and the elastic modulus after the
curing period of 7 days are less than those after the curing
period of 21 days.When the curing period is 7 days, the curing
strength and rigidity can reach 70% ∼90% of those of 21 days.

The shear strength of material includes the cohesion 𝑐
and the internal friction angle 𝜙 [21]. The cohesion and the
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Figure 3: Stress-strain curves with different loading rates and lime
contents of (a) 7 days and (b) 21 days.

internal friction angle are important physical andmechanical
parameters, which can be calculated according to the Mohr
stress circle under a different confining pressure that is
obtained from triaxial test. The curve about the relationship
of loading rate and lime content and that of cohesion and
internal friction angle are, respectively, shown in Figures 6
and 7. Due to space limitations, only the change curve of
the cohesion and the internal friction angle under the curing
period of 21 days are given in this paper.
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Figure 4: Relation between shear strength and lime content and loading rate of (a) shear strength three-dimensional curved surface (7 days),
(b) shear strength lime content (7 days), (c) shear strength loading rate (7 days), (d) shear strength three-dimensional curved surface (21
days), (e) shear strength lime content (21 days), and (f) shear strength loading rate (21 days).
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Figure 5: Relation between elasticity modulus and lime content and loading rate of (a) modulus of elasticity three-dimensional curved
surface (7 days), (b) modulus of elasticity lime content (7 days), (c) modulus of elasticity loading rate (7 days), (d) modulus of elasticity
three-dimensional curved surface (21 days), (e) modulus of elasticity lime content (21 days), and (f) modulus of elasticity loading rate (21
days).
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Figure 6: Relation between cohesion and lime content and loading rate of (a) cohesion three-dimensional curved surface (21 days), (b)
cohesion lime content (21 days), and (c) cohesion–loading rate (21 days).

The cohesion increases almost linearly with the increase
of loading rate.The influence of lime content on the cohesion
is basically the same as that on the shear strength and elastic
modulus, which means that they all reach the maximum
when the lime content is 6%. The loading rate almost has
no influence on the internal friction angle, so the curves of
friction angle against loading rate exhibit straight horizontal
lines. Accordingly, curves of friction angle against lime
content overlap with each other and appear as one line. The
internal friction angle also reaches the maximum when the
lime content is 6% and then decreases gradually.

The influence of curing periods of 7 days on shear
parameters is basically the same as that of 21 days. The
cohesion with a curing period of 7 days is smaller than that
of 22 days, the strength of which equals 70% to 90% of that
with a curing period of 22 days. The curing period has less
influence on the internal friction angle, which means only a
slight decrease whose biggest drop is 7% can be observed.

3. Discussion

3.1. Improvement Mechanism of Lime to Soil. There are many
aspects for the improvement effect of lime to soil:

(1) Because lime has a flocculation effect on expansive
clay particles, which can change the organizational
structure of soil particles, the Ca2+ and Mg2+ ions in
expansive soil increase greatly with the incorporation
of lime. However due to the digestion action and
the exchange interaction of cations when we mix
lime with water, the Na+ and K+ ions in expansive
soils are gradually replaced by Ca2+ and Mg2+, which
significantly reduces the plasticity index of expansive
soil [22].

(2) When the mixture has a low content of lime, it con-
tains mainly prime soil and the lime particles just fill
in pores formed by the skeleton of prime soil particles.
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Figure 7: Relation between internal friction angle and lime content and loading rate of (a) internal friction angle three-dimensional curved
surface (21 days), (b) internal friction angle lime content (21 days), and (c) internal friction angle loading rate (21 days).

When the porosity decreases, the density increases
and lime and soil play a role as skeleton, which forms a
force chain structure and enhances the strength.With
the constant increase of lime content, the soil particles
are separated, the link between which disappears. As
a result, the structure is damaged and the strength
decreases.

(3) When the lime enters the pores of soil particles, due to
the small friction on lime surface, which plays a role
of lubricating, the cohesion and internal friction angle
will be reduced.

(4) The strength development in the soil-lime mixture
specimen is controlled by liquid alkaline activator.
In the present work, the liquid alkaline activator is
the lime. The lime leaches the silicon and aluminum

in amorphous phase of lime and the calcium sil-
icate solution (CaSiO

3
) acts as a binder. The soil

contains alumino-silicates layers with both external
and internal negative layer surfaces that act as a
huge anion and a swarm of positively charged cations
(such as Na+, K+, Ca+, and Mg+) [23]. Therefore,
some of the input lime content to leach the silicon
and aluminum in amorphous phase of lime were
absorbed by the negative charges between clay layers
(diffusion double layers) and form an ionic interlayer.
Consequently, the lime-treated soil specimens need
NaOH for geopolymerization, hence the strength
increases rapidly with lime content until 6% lime
content. The reduction in strength at relatively high
lime content is because the amount of OH− from the
liquid alkaline activator exceeds the requirement for
geopolymerization process.
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In this paper, the best lime content is 6%, which may be
different for different kinds of soils.

3.2. The Influence of Loading Rate on Mechanical Behavior.
General trends observed in compression tests varying a wide
range of strain rate are that lime-treated soil exhibits stiffer
response and higher shear strength when the soil sample
is subjected to faster strain rates, and the rate of strength
increases approximately linearly with an increase in the
loading rate in the semilogarithmic plot. This conclusion
is well in agreement with the findings from soil and clay
proposed by Watanabe and Kusakabe [20] and Ito and
Fujimoto [23].

The influences of loading rate on geotechnical materials
can be summarized as the following three aspects:

(1) When the loading rate is small, there will be sufficient
reaction time for the production of pore water pres-
sure, which decreases the effective stress, making the
strength reduce.

(2) Lee et al. [24] suggested that the change inmechanism
of strength mobilization is mainly due to the effect
of strain rate on the energy required for particle
crushing. Although the evidence of particle crushing
was not provided in their paper, particle crushing
might have occurred in their tests, considering the
data of crushing strength of sand.

(3) Pincus et al. [25] suggested that the reason for this
phenomenon is related with volume change caused
by the particle crushing and rear-ranging during
shear. As the fracturing and rearranging of soil grains
requires time, the increment in strain rate leads to less
time of the fracturing and rearranging for soil grains,
thereby decreasing amounts of the particle crushing
and rearranging.

Based on unsaturated soil mechanics theory proposed by
Fredlund and Rahardjo [26], a three-dimensional manner
composed of two stress state variables can be drawn: the
net normal stress and the lime content. In other words, the
three-dimensional manner is Mohr-Coulomb circles with
respect to the lime content for unsaturated lime-treated soils.
In Figure 8, the failure envelopes for unsaturated specimens
of clean clay are obtained by drawing the Mohr-Coulomb
circles on a two-dimensional plot, as the lime content is 0. In
the case of lime-treated soils, the Mohr-Coulomb circles are
plotted in the same way as Mohr-Coulomb circles. However,
the location of Mohr-Coulomb circle of lime-treated soils
is a function of the lime content in the three-dimensional
manner. The failure envelopes onto the shear stress (𝜏)
versus the net normal stress plane were determined by
Mohr-Coulomb circles. The intersection between the failure
envelope and the ordinate is a total cohesion (𝑐), and tilt
angle is internal friction angle 𝜙. It must be pointed out that
failure states under a higher strain rate are illustrated with the
dashed lines as well as those under a lower strain rate drawn
by the solid lines. The internal friction angle 𝜙 is assumed
to be constant regardless of stress state variables. Note that
the slopes of failure envelopes for lime-treated specimens
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Figure 8: Diagrammatic sketches of three-dimensional failure
surface for unsaturated soils.

commenced at the same angle, because the internal friction
angle tends to be constant irrespective of loading rate, while
the cohesion increases with the increase of loading rate.

This result on the effect of loading rate on internal friction
angle does not agree with that of Fukuoka et al. [27] and
Saomoto et al. [28], at which Fukuoka et al. [27] examined
the influence of internal friction angle of granular materials
including Toyoura sand and glass beads by a high speed ring
shear apparatus and observed the increase in internal friction
angle of Toyoura sand and no change in friction angle of the
glass beads with increasing the rate of shearing. Fukuoka et
al. [27] suggested that the increase in internal friction angle
of Toyoura sand is due to particle crushing, while three-
dimensional DEM simulation of ring shear test reported by
Saomoto et al. [28] shows that the increase in strain rate
results in a slight increase in friction angle.

4. Conclusion

(1) The shear strength, elastic modulus, and cohesion all
increase with the increase of loading rate, among which
the shear strength shows linear increase in semilogarithmic
coordinates.The loading rate has no influence on the internal
friction angle.

(2)Under the same loading rate, the shear strength, elastic
modulus, cohesion, and internal friction angle firstly increase
and then decrease with the increase of lime content. When
the lime content increases from 0 to 6%, the parameter values
increase with the increase of lime content. When the lime
content increases from 6% to 12%, the parameter values
decrease gradually.

(3) The mechanical behavior after the curing period of
7 days is basically similar with that after the curing period
of 7 days. The shear strength and the elastic modulus after
the curing period of 7 days are less than that after the curing
period of 21 days.
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