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Experimental investigation on strength
development of lime stabilized loess

Liang Jia,? Jian Guo,? Zhidong Zhou, ©° Yong Fu® and Kai Yao & *<

Lime stabilization has been widely used in pavement subbases and ground improvement, but the
investigation of the mechanical properties and the microstructure of lime stabilized loess is still
insufficient. In this study, the effects of lime content, porosity and curing time on the strength
development of lime stabilized loess were investigated through a series of unconfined compression
tests. The microstructure of lime stabilized loess with different curing time was also investigated by
scanning electron microscopy (SEM). Experimental results revealed that the curing time had a significant
effect on the unconfined compressive strength (UCS) of lime stabilized loess. For a curing time of no
more than 7 days, the influence of lime content on the UCS of stabilized loess was not very obvious. A
lime content of around 16% led to the maximum UCS within the range of lime content investigated.
However, for longer curing periods (like 28 and 90 days), the UCS of stabilized loess tends to increase
with the lime content. For constant lime content, the UCS of stabilized loess decreased almost linearly
with the increase of porosity. Correlation of UCS with lime content, porosity and curing time was also
developed. In addition, the variations in microstructure are analyzed to reveal the strength development

rsc.li/rsc-advances mechanism of lime stabilized soil.

1. Introduction

Loess is a widespread problematic soil in China due to its
unfavorable engineering characteristics, such as collapsibility,
erosion, and friability."® Without proper improvement of loess,
some severe issues may be encountered in engineering prac-
tices, such as landslides, ground fissures and land subsi-
dence.”* Therefore, stabilization of loess by cementitious
materials has been commonly adopted in pavement base layers
and road subgrades.">*

Some previous studies showed that the addition of lime can
significantly improve the engineering properties of soft soils.
Harichane et al. studied the effect of lime on the physical and
mechanical characteristics of cohesive soils, such as plasticity
index, maximum dry density, optimum moisture content and
UCS. It was shown that an increase in lime content resulted in
decreasing of plasticity index and maximum dry density, while
the optimum moisture content and UCS will increase with the
lime content.* Le Runigo et al. conducted a study on the
durability of lime-treated silty soil with different lime content
under long-term hydraulic conditions. Their results indicated
that the shear strength and durability was related to the
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permeability of the treated soil, and the shear strength
decreased significantly once the soil was soaked in water. Also,
when the lime content was beyond the optimum lime content
regarding dry density, the mixture exhibited better homogeneity
and durability.”® Jha et al. investigated the influence of various
lime contents on the strength and volume change behavior of
lime stabilized soil. They found that the pozzolanic reaction in
lime stabilized soil induced the formation of flocculated fabric,
and the cementation products significantly reduced the
compressibility and increased the strength of soil.** Gao and
Qian investigated the effect of lime treatment on the hydraulic
conductivity of the stabilized soil, which indicated that the
addition of lime could result in a decrease of hydraulic
conductivity of loess at the same dry density.*?

The water to binder ratio plays a key role in controlling the
strength of stabilized so0il.*”*®* To establish a methodology for
quantifying the influence of the lime content and porosity on
the UCS of lime stabilized soil, numerous studies were per-
formed by Consoli et al. The results indicated that the UCS
increased proportionally with the increase of lime content, but
decreased with increasing porosity.>*-** Moreover, the void/lime
ratio adjusted by an exponent was proved to be an appropriate
parameter to assess the UCS of lime stabilized soil. Consoli et al.
also confirmed the feasibility of the control parameter for the
target strength of soil-fly ash-lime mixtures.*>**

Loess is remarkably different from other types of soils in
terms of physicochemical and mechanical properties. It is
porous and typically non-stratified, with a pale yellow or buff

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Location of loess in this study.

colour. It contains a large number of angular silt grains and
carbonate. In term of mechanical properties of loess, it is
friable and slightly coherent. It would fail and cleave when
meeting with moisture, which is called collapsibility.** Loess
is mainly distributed along with the Yellow River areas of
China. The total distribution area is about 630 000 km?,
which is about 6.3% of the total land area of China.*® In
recent decades, numerous of geotechnical engineering
projects have been carried out in the Loess Plateau of China,*
so loess is a widely used construction and building material
due to the limitation of other soil sources. Given the various
unfavourable characteristics of loess and the aforementioned
effective functions of lime, lime is a favourable option of
stabilizer to improve the mechanical properties of loess in
this region.

This paper aims to quantify the influence of lime content,
porosity and curing time on the strength properties of lime
stabilized loess. The scanning electron microscope (SEM) is
also conducted to investigate the microstructure of lime
stabilized loess with various curing time.

2. Materials and experimental
program

2.1. Materials

The loess was obtained from a foundation pit located in
Lanzhou City, China (Fig. 1). To ensure its homogeneity, the
collected loess was air-dried, then crushed by a wooden
hammer, and thereafter passed through the sieve with
0.5 mm opening size. After that, a serious of experiments
were carried out to determine the physical properties of
loess. Specific gravity of loess was obtained using the
pycnometer method in accordance with ASTM D854 (2014).%”
Atterberg limits of loess were measured through the fall cone
test by following the Chinese standard procedures GB/
T50123 (1999).*® The physical properties of loess are
summarized in Table 1. The lime was an industrial hydrated
lime that produced by Hengwang Environmental Protection
Company in Shandong Province, China. The lime was very
fine and contained more than 98% of particles passing
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Table 1 Physical properties of loess
Properties Values
Liquid limit 24.67%
Plastic limit 13.51%
Plasticity index 11.16%
Particle size =0.5 mm
Specific gravity 2.71
Table 2 Chemical compositions of lime
Compositions Values
Ca(OH), =94%
CaCo, =4%
MgO =2%
Sio, =2%
Pb =0.4 ppm
As =2.71%
Free moisture =1.0%

through a 0.075 mm sieve. The chemical composition of lime
is determined by X-ray diffraction and material parameters
provided by the manufacturer and listed in Table 2.

(@
Fig. 2 Apparatus for (a) compaction test and (b) UCS test.
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Fig. 3 Moisture content-dry density relation curves of lime stabilized
loess and the corresponding molding points.

Table 3 Characteristics of molding points

Point pa (g em™) o (%)
A 1.71 16.8
B 1.66 17.97
C 1.58 19.4
D 1.48 19.4
E 1.38 19.4
2.2. Specimen preparation

The lime, loess and water were measured by mass according to
the predesignated mix ratios. The loess was first mixed with dry
lime thoroughly. The required amount of water was then added
to the dry mixture and the mixing process was continued to
ensure the uniformity of the mixture. Then the mixture was
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Fig.4 UCS of lime stabilized loess at molding points A (lime content of
10%), B (lime content of 16%) and C (lime content of 23%) under various
curing time.
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Fig. 5 Effect of lime content and curing time on the UCS of lime
stabilized loess at molding point D.

sealed in a plastic bag to avoid any moisture loss. The mixture
was stored for 24 hours to achieve moisture equilibrium before
subsequent compaction. To obtain a uniform lime stabilized
loess, the prepared sample was compacted in five layers inside
a cylindrical steel mould with 61.8 mm diameter and 125 mm
height. After compaction, the specimens were extracted from
the mould. They were labelled and placed in a covered
container. After all specimens were fabricated, they were cured
in a humid room with a temperature of 20 + 2 °C and relative
humidity above 95%, for 3 days, 5 days, 7 days, 28 days and 90
days, respectively.

2.3. Test procedure

2.3.1 Standard compaction test. To obtain the maximum
dry densities and the optimum moisture contents of different
lime stabilized loess samples, standard compaction tests were
performed on all mix ratios in accordance to ASTM D698
(2012).** The apparatus for compaction test is shown in
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Fig. 6 Variations of UCS with porosity.
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Fig. 7 Variation of UCS with voids/lime ratio for different curing time

Fig. 2(a). Fig. 3 shows the moisture-dry density relationship
curves of lime stabilized loess from the standard compaction
tests.

2.3.2 Unconfined compression test. Unconfined compres-
sion test is one of the widely used laboratory tests to evaluate the
strength of geomaterials. The apparatus for UCS test is shown in

This journal is © The Royal Society of Chemistry 2019

(e)

. (a) 3 days; (b) 5 days; (c) 7 days; (d) 28 days; (e) 90 days.

Fig. 2(b). To determine the factors (i.e., lime content, porosity
and curing time) influencing on the UCS of lime stabilized
loess, a series of unconfined compression tests are performed in
accordance to ASTM C39 (2012).*

The molding points of the lime stabilized loess specimens
are also illustrated in Fig. 3. Specimens at points A, B and C

RSC Aadv., 2019, 9, 19680-19689 | 19683
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Fig. 8 Variation of UCS with adjusted voids/lime ratio for different curing time: (a) 3 days; (b) 5 days; (c) 7 days; (d) 28 days; (e) 90 days.

represent the maximum dry density and optimal moisture
content of lime stabilized loess with lime contents of 10%, 16%
and 23% (the percentage of dry mass of lime to the mass of the
lime-loess mixture), respectively. The corresponding volumetric
ratios of lime to loess are 2: 8, 3:7 and 4 : 6, respectively. At
points C, D, E, the compacted specimens have same moisture
content but different dry density. Point D was molded with three
different lime contents: 10%, 16% and 23%. While the lime
content at point E is 23%. The dry density, moisture content and

19684 | RSC Adv., 2019, 9, 19680-19689

molding point of each group are summarized in Table 3. For
each scenario, three specimens were prepared and tested, and
the mean value of UCS was calculated for further analysis, and it
was stipulated that the individual strength of three specimens,
molded with the same characteristics, should not be deviated by
more than 10% from the mean strength.

2.3.3 Microstructural analysis. Effect of cementitious
materials on the microstructure of compacted mixture has been
reported by various researchers.”™** In this study, scanning

This journal is © The Royal Society of Chemistry 2019
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electron microcopy (SEM) was employed to investigate the
microstructure of lime stabilized loess (with 10% lime content)
after 7 days, 28 days and 90 days of curing. First, small pieces of
samples (about 2 g in mass) were obtained from the central part
of specimens. Then, these samples were oven-dried to remove
the moisture in the pores and blown by a blower to remove the
dust on the surface. Afterwards, all the samples were sprayed
a layer of conductive metal and fixed on the SEM pedestal with
conductive adhesive. Finally, microstructural observations were
performed on the samples after a vacuum-pumping process.

3. Results and discussion

3.1.
ucs

Effect of lime content, porosity and curing time on the

Fig. 4 shows the UCS of lime stabilized loess fabricated at
molding points A (lime content of 10%), B (lime content of 16%)
and C (lime content of 23%) with different curing time. It can be
seen that the UCS of 3 days cured lime stabilized loess almost
remain stable for various lime contents. After 5 days and 7 days
of curing, the lime content of 16% leads to maximum UCS of
lime stabilized loess. For longer curing time (i.e. 28 and 90
days), the UCS of lime stabilized loess increases with the
increasing lime content gradually. It can be also seen from
Fig. 4 that the UCS of lime stabilized loess will increase obvi-
ously with the curing time for certain lime content.

Fig. 5 illustrates the effect of lime content and curing time on
the UCS of lime stabilized loess at molding point D. It can be
seen the changing trend of UCS is similar to that shown in
Fig. 4. There is no doubt on the small values of the coefficient of
determination (R*) for short-term curing time from 3 days to 7
days, due to the maximum UCS obtained at lime content of
16%. However, for long-term curing, the UCS can be assumed to
be proportional to the lime content. Also, both the coefficient of
determination (R*) for 28 and 90 days seem reasonable. This
indicates that for the ultimate state of the stabilized loess (long-
term curing), the UCS is likely to exhibit linear growth with lime
content.

This journal is © The Royal Society of Chemistry 2019
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The variations of UCS of lime stabilized loess concerning
porosity are shown in Fig. 6. It can be seen that the UCS
decreases proportionally with increasing porosity, regardless of
the curing time. The variation of UCS with porosity can be
contributed to the variation of the amount of interlocking in
soil.>”*

3.2. Effect of void/lime ratio on the UCS

From previous studies, it reveals that the strength of stabilized
soil is mainly governed by the amount of stabilizing agent and
the porosity of the mixture.**** Fig. 7(a)-(e) present the varia-
tions between UCS and the voids/lime ratio for lime stabilized
loess with various curing time. The voids/lime ratio can be
defined by eqn (1). While the lime volume (Vy;) and voids
volume (V) can be defined by eqn (2) and (3), respectively.?® The
nomenclatures and measure units for all the parameters are
listed in appendix A.

V, _ absolute volume of voids

= . 1
Vi absolute volume of lime (1)
Li
()
o 100 )
Li GSLi
Li Lo

Vspq (7) Vspq (7)

V, = Vs — 100/ 100 3)

GSLi GSLO

It can be seen that the UCS decreases with voids/lime ratio
for a certain lime content. However, no clear correlations is
achieved between the voids/lime ratio and the UCS of the lime
stabilized loess with various lime contents. Moreover, it also
shows that the points with the same voids/lime ratio but mol-
ded by different combinations of lime content or porosity show
distinct strength values.

For a more unified correlation, a power (g) is applied to the
parameter Vy;. Fig. 8 shows that a power function can correlate

RSC Adv., 2019, 9, 19680-19689 | 19685
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days (x10 000); (e) 28 days (x10 000); (f) 90 days (x10 000).

UCS and V,/(Vy;)° reasonably (see eqn (4)—(8) for curing time
from 3-90 days, respectively). Note that the power (¢) varies with
the curing time for lime stabilized loess. It can also be seen that
the power (¢) increases approximately linearly with the increase
of the curing time, and the best fitting line is shown in Fig. 9. A
good correlation (R> = 0.9805) can be observed between the
power (¢) and curing time of lime stabilized loess (see eqn (9)).

—2.8789
UCS (kPa) = 3.2801 x 10° |
(Vi)™

19686 | RSC Adv., 2019, 9, 19680-19689

—2.5769
UCS (kPa) = 6.4422 x 10’ W (5)
0.07
(Vi)
—2.2081
UCS (kPa) = 9.929 x 10° N (6)
0.11
(Vi)
—1.1506
UCS (kPa) = 92 105.45 S (7)
0.17
(Vi)
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For a further view of eqn (4)—(9), a unique relationship can be
achieved for linking the UCS with voids volume (V,), lime
volume (Vy;) and curing time (¢). Fig. 10 shows that when all the
points for all curing time, lime contents and dry densities are
plotted together, a good correlation can be still achieved
between V,/(V;)*°%*?*7%-0%2 and the UCS of the lime stabilized
loess (R* = 0.9616, see eqn (10)).

0.9707
Vy

Therefore, the use of void volume over volumetric lime
content, adjusted by a power (this power can be defined as
a function of the curing time) is capable of assessing the UCS of
lime stabilized loess.

3.3. Effect of the curing time on the microstructure of lime
stabilized loess

Fig. 11(a)-(f) present the SEM images (x1000 and x10 000) of
the lime stabilized loess samples (with 10% lime content) after 7
days, 28 days and 90 days of curing, respectively. It is observed
that an increase in curing time has a great influence on the
microstructure of lime stabilized loess. As shown in Fig. 11(a)
(1000x magnification), the surface of stabilized loess is occu-
pied by potholes and macropores after 7 days of curing. And the
pointedness of particles is also very obvious. In addition, the
surface of the sample is covered by a certain number of massive
and flake aggregates, which are loosely arranged and scattered
in distribution. It also exhibits that the soil particles are wrap-
ped by a thin layer of water, and a few rod-like and needle-like
structures can be seen on the surface of some soil particles or
aggregations (Fig. 11(d)). According to Zhang et al., cation
exchange of calcium occurs mainly in the early curing time of
lime stabilized soil, which causes the formation of a little floc-
culation and the decrease in thickness of a diffuse double layer
on the surface of soil particles.*® The rod-like and needle-like
structures on the surface of sample can be inferred as ettrin-
gite crystals which are formed by the presence of gypsum in
lime stabilized loess. After 28 days of curing, the number of
macropores on the surface of samples decreases, while the
volume of aggregations tends to increase (Fig. 11(b)). Moreover,
the flocculation structure and lattice structure appeared on the
surface of aggregations and soil particles (Fig. 11(e)). After 90
days of curing, the number of potholes and macropores on the
surface is greatly reduced. The macropores between aggrega-
tions and soil particles are filled by lamellar structures. Also,
a protection film was observed on the surface (Fig. 11(c)). The
formation of this protection film is due to the setting and

This journal is © The Royal Society of Chemistry 2019
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hardening of cementitious materials. By comparing Fig. 11(e)
and (f), it seems that a small quantity of flocculation structure
and lattice structure have developed into lamellar structures
with a larger volume. The observations mentioned above
suggest that, the longer the curing time, the denser the struc-
ture. These differences in fabric among the three samples can
be explained by the differences in the development of cemen-
tation bond. The cementation products is formed by lime
reaction and filled in the voids among particles, leading to
a higher density of the stabilized loess. Moreover, the number of
cementation products increase with the curing time, which is
also the main reason for strength development of lime stabi-
lized loess. For the mechanism of strength development in lime
stabilized loess is attributed to cation exchange, pozzolanic
reactions and carbonation.* The cation exchange first occurs
when lime is added to loess. This process decreases the thick-
ness of the diffuse double layer on the surface of loess particles,
which results in the decrease of distance between loess particles
and the increase of molecular attraction. Cation exchange of
lime stabilized loess is a short-term process and mainly pre-
sented as the agglomeration of loess particles, which cause
a slight increase in the strength of lime stabilized loess.'®
Whereas, pozzolanic reactions and carbonation are a long-term
and slow process, during which the new cementitious materials
are formed and filled in the porosity among loess particles and
bonded the soil particles together, and thus greatly increase the
strength of lime stabilized loess.*

4. Conclusions

The paper investigates the strength development of lime
stabilized loess based on UCS test and SEM analysis. The
following conclusions are drawn: for short-term curing (i.e. 3, 5
and 7 days), the influence of lime content on UCS of stabilized
loess is not very obvious. While for long-term curing (i.e. 28 and
90 days), UCS of stabilized loess will increase with lime content.
For a certain lime content, UCS of stabilized loess increases
obviously with curing time. Based on the experimental results,
a linear relationship can be used to correlate the UCS with
porosity. Moreover, it was also found that the void ratio and
lime content are closely related to the UCS of lime stabilized
loess. The relationship between void ratio, lime content, age
and UCS can be established using the fitting regression of
experimental data. Finally, SEM photographs show the micro-
structure changes in the lime stabilized loess with the increase
of curing time, which reveals the strength development
mechanism.

Appendix A

Nomenclature and measure units

Li  Lime content (%) UCS Unconfined compressive
strength
Volume of specimen (mm?)

Dry density (g mm?)

Lo Loess content (%) Vs
Vi Volume of lime (mm?) Pd
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(Contd.)

Nomenclature and measure units

Viime Stacking volumes of lime R?>  Coefficient of determination
(mm’)

Vsoil Stacking volumes of soil S Exponential of power
(mm?) function

V,  Volume of voids (mm?) ©  Water content (%)

Gsy; Specific gravity of lime Gsy, Specific gravity of loess
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