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ABSTRACT

This paper studies the microstructure variation induced by super-absorbent polymer (SAP) to understand
the mechanism of macroscopic strength improvement of stabilized soil. The fabric changes of cement
—lime stabilized soil were analyzed with respect to the variation of SAP content, water content, lime
content and curing time, using mercury intrusion porosimetry (MIP) tests. It can be observed that the
delimitation pore diameter between inter- and intra-aggregate pores was 0.2 um for the studied soil,
determined through the intrusion/extrusion cycles. Experimental results showed that fabric in both
inter- and intra-aggregate pores varied significantly with SAP content, lime content, water content and
curing time. Two main changes in fabric due to SAP are identified as: (1) an increase in intra-aggregate
pores (<0.2 pm) due to the closer soil—cement—lime cluster space at higher SAP content; and (2) a
decrease in inter-aggregate pores represented by a reduction in small-pores (0.2—2 um) due to the lower
pore volume of soil mixture after water absorption by SAP, and a slight increase in large-pores (>2 pm)
due to the shrinkage of SAP particle during the freeze—dry process of MIP test. Accordingly, the strength
gain due to SAP for cement—lime stabilized soil was mainly due to a denser fabric with less inter-
aggregate pores. The cementitious products gradually developed over time, leading to an increase in
intra-aggregate pores with an increasing proportion of micro-pores (0.006—0.2 pm). Meanwhile, the
inter-aggregate pores were filled by cementitious products, resulting in a decrease in total void ratio.
Hence, the strength development over time is attributable to the enhancement of cementation bonding
and the refinement of fabric due to the increasing cementitious compounds.
© 2021 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

activities avoidably generated a large amount of excavated soils and
rocks during construction, which was (220.7 + 11) x 10 m? in

The explosive growth of urban population during last three
decades in major cities of China resulted in the depletion of urban
land space and overwhelmed road traffic system. Hence, there were
raising demands for development of underground space. For
example, about 32 cities in China have been building or planned to
build subway system, which will consist of the largest subway
systems in the world (Zhang et al., 2020). These underground
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2016—2018 just for subway construction (Liu et al., 2017; Wang
et al., 2018). According to the geological composition, the exca-
vated materials consisted of rock, gravel, sand, clay and other ma-
terials. Commonly, coarse particle materials such as rock, gravel
and sand can be easily reused on site as raw materials, whereas the
clayey soil excavated was characterized as problematic materials
with poor engineering properties, possessing high water content
due to underground excavation technology such as tunnel boring
machine (TBM) (Shi and Zhao, 2020). In the region of eastern and
southern China, most of cities were located along the river, in
coastal and piedmont plain, covered by thick Quaternary sedi-
ments. Hence, the clay-rich soil was the main component,
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Table 1
Composition (%) of Portland cement and lime (after Bian et al., 2018).

Table 2
Test program.

Binder Cao Si0, Al,03 Fe,03 SO3 MgO CO, Other

Cement  59.3 224 424 3.46 4.11 3.48 - 3
Lime 95.3 006 - - - 213 0.33 2.18

consisting of 30%—50% of total amount of excavated soil due to the
local geological conditions in this area (Zhang et al., 2020). This
clayey soil with high water content was regarded as waste mate-
rials dumped into the landfill, with very low recycling rate in China.
Another source of urban clay slurry was generated from dredging
projects against flooding from climate change. The volume of
dredged soil from Yangtze River Economic Belt region in China was
about 60 x 10® m® annually (Zeng et al., 2015; Bian et al., 2016,
2018). Due to the fact that the disposal of clayey soil and import of
raw material for urban construction were high-cost, accounting for
5%—30% of total infrastructure project fee (Magnusson et al., 2015),
there is increasing awareness to reuse excavated soil as construc-
tion raw materials, which possesses potential benefits of reducing
environmental and ecological impacts.

From the geotechnical and geological engineering view, certain
treatment (physical or chemical method) should be implemented
to improve the engineering properties of excavated soil, meeting
the mechanical requirements of earthwork constructions
(Horpibulsuk et al., 2009; Jiang et al., 2015; Du et al., 2016). Lime—
cement stabilization is widely recognized as an effective technique
for the clayey soil. The engineering properties such as strength,
modulus, permeability, and durability due to environmental
change of stabilized soil have been extensively studied (Chew et al.,
2004; Consoli et al., 2009; Horpibulsuk et al., 2010; Choobbasti and
Kutanaei, 2017; Atahu et al., 2019; Wu et al., 2020; James, 2020). To
deal with soils with high water content, additional additives such as
fly ash, metakaolin, and phosphogypsum were commonly added to
consume the water and improve the cementation strength for
economical purpose (Horpibulsuk et al., 2009; Zhang et al., 2014;
Zeng et al., 2021). However, the effectiveness of water reduction
among these conventional materials was limited. Bian et al. (2016,
20173, b) has proposed a method using super-absorbent polymer
(SAP) to improve the mechanical characteristics of stabilized soil
with notably high water content. The unconfined compressive
strength, compressibility and triaxial strength properties were
significantly enhanced due to addition of SAP. Specifically, to ach-
ieve the same extent of strength properties, the cost of treatment
via SAP was lower than that of fly ash, phosphogypsum and others
at the same initial water content (Bian et al., 2017a, b). Hence, the
usage of SAP can be regarded as an effective method to improve the
engineering properties of clayey soil with high water content.

It has been recognized that the mechanical characteristic
improvement of stabilized soil due to chemical additives is directly
correlated with microstructure as well as mineralogy change (Bell,
1996; Horpibulsuk et al., 2009; Du et al., 2014, 2020; Wang et al,,
2017). Quantitative and qualitative analyses of microstructure
changes during stabilization have been linked with macroscopic
mechanical properties, using scanning electron microscope (SEM),
mercury intrusion porosimetry (MIP), environmental SEM coupled
with energy dispersive X-ray spectrometry (SEM-EDX) and other
test methods. It can be summarized that the chemical reaction
between binders and soil resulted in the bonding of soil particle, as
well as the refinement of pore size distribution of soil, improving
the mechanical characteristic of stabilized soil (Du et al., 2014; Le
Runigo et al., 2009; Cui, 2017; Wang et al., 2017). Bian et al.
(2018) conducted a series of SEM observations on stabilized soil
with SAP, and showed that the pore distributions of stabilized soil
were refined by SAP, resulting in strength improvement. However,

Water content Cement content Lime content SAP content Curing time MIP

(%) (%) (%) (%) (d)

120 3 7 0 7,28,90
120 3 7 1 7,28,90
120 3 12 0 7,28,90
120 3 12 0.1 7,28,90
120 3 12 0.5 7,28,90
120 3 12 1 7,28,90
180 3 12 0 7,28,90
180 3 12 1 7,28,90

quantitative analysis of the fabric changes (pore size distribution)
with respect to the mechanical property improvement of stabilized
soil with SAP is still lacking, which is vital for understanding the
mechanism of strength enhancement due to addition of SAP.

This study aims at investigating the mechanism of fabric change
for stabilized excavated soil at high water content with the pres-
ence of SAP. A series of MIP observations was carried out on the
stabilized soil at varying SAP content, lime content, water content,
and curing time. The change in soil fabric (pore size distribution)
was interpreted at different microstructure levels, which was
finally linked with the strength improvement.

2. Materials and methods
2.1. Materials and sample preparation

The natural soil used for the experimental investigation was a
high-plasticity clay (26% clay, 65% silt, and 9% sand), with liquid
limit of 60% and plastic limit of 30%. The ordinary type of Portland
cement (32.5R/N) and quicklime were used as stabilizing binders in
this study. The ratio of CaO to SiO; for the cement used is 2.64,
exceeding 2; and MgO content is 3.5% higher than 2%, which is
compliance with the guidelines of the European cement standard
(BS EN 197-1:2011, 2011). The CaO content of quicklime is 95.3%.
The main properties of the cement and lime are presented in
Table 1. The SAP used in this study was a suspension-polymerized,
covalently cross-linked acrylamide/acrylic acid copolymer. The dry
bulk density of SAP is 800 kg/m>, and the dry particle size is 120—
150 pm.

Soil slurry at certain water contents (120% and 180%) was firstly
produced by mixing the natural soil with predetermined quantity
of water to a homogeneous state. The usage of SAP was to absorb
water and eventually reduce the water content of the slurry. Hence,
SAP particles (0%, 0.1%, 0.5% and 1% by weight of dry soil) were
added into the soil slurry for water absorption. Afterwards, cement
(3% by weight of dry soil) and lime (7% and 12% by weight of dry
soil) were poured into the pre-absorbing SAP—soil slurry and mixed
for 10 min to achieve uniformity. Subsequently, the mixture was
moved into a mold to obtain samples, which were then cured in a
controlled environment (20 °C &+ 2 °C and 95% relative humidity)
for different curing times (7 d, 28 d, and 90 d). The detailed
experimental program is shown in Table 2.

2.2. Clay mineralogy

X-ray diffractometry was used for measuring the mineralogical
composition of untreated and stabilized soils. Fig. 1 shows that the
main minerals of untreated soil are quartz and clay minerals with
the presence of illite (d = 10 A, where d is the distance between
the clay monolayers), kaolinite (d = 7.15 A and 4.67 A) and
chlorite (d = 7.15 A). For the stabilized soil, the main hydration
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C—calcite, Cl-Chlorite, CSH—calcium silicate hydrate, E—ettringite
CA(S)H—calcium aluminate (silicate) hydrate, I-illite, K—kaolinite, P—Portlandite, Q—quartz
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Fig. 1. X-ray diffraction patterns of untreated and stabilized soils (after Bian et al., 2018).

products were identified as calcium silicate hydrate (CSH)
(d = 3.04 A and 2.65 A), calcium aluminate (silicate) hydrate
(CAH/CASH) (d = 3.91 A and 2.24 A), and ettringite (d = 4.97 A,
213 A, and 1.84 A). It should be emphasized that the intensity of
the hydration products was almost the same irrespective of SAP
content, indicating that SAP particle did not participate in the
chemical reactions among the cement, lime and soil particles
(Bian et al., 2018).

2.3. Experimental methods

The pH values of stabilized soil at different curing times were
measured through HORIBA D-54 pH meter (ASTM D4972-2019,
2019). The soil samples were firstly air-dried and then passed
through a 2 mm sieve. Afterwards, the soil powder was mixed with
distilled water (10 g soil and 50 mL water) to obtain the soil fluid,
with a 3-min vibration mixing and a 1-h delay period. The fluid
temperature during the pH test ranged from 21 °C to 23 °C. For each
sample, triplicate measurements were conducted to minimize the
error, and the average value of pH was reported.

The microstructure of stabilized soil was investigated using MIP
test with working pressure from 3.6 kPa to 210 MPa, corresponding
to the detectable pore size diameter of 0.006—350 um. Before MIP
test, the soil samples were cut into small cubes (1—2 cm?), rapidly
frozen using liquid nitrogen, and then vacuum-cooled at —210 °C,
below its boiling temperature (—196 °C). Then the lyophilized
samples were subjected to freeze-dry procedure using a freeze
dryer for sublimation of about 24 h (Delage et al., 2006; Bian et al.,
2019a,b, 2020). This procedure has been proved to be a proper
method to minimize the microstructure disturbance during dehy-
dration (Delage et al., 2006; Liu et al., 2020).

3. Experimental results
3.1. pH value and unconfined compressive strength

Fig. 2 presents the variation of pH value, as well as unconfined
compressive strength (qy) at different contents of SAP, lime and

water, where w is the water content, A, is the SAP content, and Ay is
the lime content. From the pH measurements (pH value > 10 for all
samples), the high alkalinity of pore water provided the required
chemical environment for the full development of pozzolanic re-
actions. Data of q, obtained have been presented previously in Bian
et al. (2018). For a given curing time, the measured pH value
showed little change with SAP content. This suggested that the
presence of SAP in the stabilized soil would not participate in the
chemical reaction among cement, lime and soil. However, a sig-
nificant increase in g, was observed, implying that the effect of SAP
on the mechanical behavior of stabilized soil may result from the
improvement of microstructure, which will be discussed in detail.

For a given SAP content, the measured pH value decreased with
curing time, accompanied with a rapid increase in qyu. This is
attributable to the time-dependent pozzolanic reaction, which
consumed portlandite and formulated cementitious products
(Chew et al., 2004). Also, higher pH value was observed for soil with
higher lime content and lower water content. Meanwhile, gy
increased with lime content and decreased with water content at a
given SAP content. These behaviors are consistent with previous
findings of stabilized soil (Lorenzo et al., 2004; Al-Mukhtar et al.,
2010; Du et al., 2014).

3.2. Microstructure analysis

3.2.1. Effect of SAP

Figs. 3—5 show the typical pore size distribution curves of the
samples at different SAP contents after 7 d, 28 d and 90 d of curing,
respectively, where e is the initial void ratio. The relationship be-
tween the cumulative intruded mercury void ratio (ey) and the
entrance pore diameter is presented in the cumulative intrusion
curves. Meanwhile, the variation of differential intrusion void ratio
with the entrance pore diameter is illustrated in the density func-
tion curves. The initial void ratio of soil sample is also presented in
the figures. In this study, the swollen SAP particle was not elimi-
nated from the soil sample used for MIP test in order to keep the
integrity of pore structure. As a result, the calculation of void ratio
in this study considered the after-curing water and the water
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Fig. 2. Variation of pH value and q,: (a) Different SAP contents; and (b) Different lime and water contents (28 d of curing).
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Fig. 4. Pore size distribution at different SAP contents at 28 d of curing (w = 120%, and A, = 12%).
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Fig. 5. Pore size distribution at different SAP contents at 90 d of curing (w = 120%, and A_ = 12%).

absorbed by SAP. It should be emphasized that the after-curing
water content reported in Bian et al. (2016, 2018) was defined as
the water content without calculating the water absorbed by SAP,
thus this definition can be used to illustrate the effect of SAP on
strength increase. In other words, at the same curing time and
cement and lime contents, the initial void ratio in this study was the
same for different SAP contents, as shown in Figs. 3—5.

It can be observed that the microstructure of stabilized soil with
different SAP contents showed significantly heterogeneous distri-
bution at a given curing time. The final intruded void ratio
decreased with the SAP content irrespective of the curing time.
Hence, the difference between the initial void ratio and final
intruded void ratio increased with the SAP content. This difference
corresponded to the undetectable pores (<0.006 pm), which was
the detection limit of MIP measurement in this study. Moreover,
Horpibulsuk et al. (2010) suggested that the change in stabilized
soil was mainly due to the variation of pores with size of around
0.1—1 um. Hence, to illustrate the change in pore size distribution
due to SAP in detail, four pore families were divided according to
the characteristic of density function curves of stabilized soil with
SAP as follows: undetectable pores (<0.006 pm), micro-pores
(0.006—0.2 um), small-pores (0.2—2 pm) and large-pores (>2 pm).

At curing time of 7 d, the density function curves with 0% SAP
showed a unimodal pattern with a mean pore size of 0.75 um. This
behavior of unimodal pore distribution mode was consistent with
the typical pattern of cement and lime treated soil with water
content higher than the optimum water content (Horpibulsuk et al.,
2010; Russo and Modoni, 2013). With an increase in SAP content, a
new pore family with a mean pore size of 10—20 um appeared.
Hence, the curves turned to a slightly bimodal pattern. Compared
with the soil without SAP, the appearance of SAP affected both
kinds of pores. When SAP content increased from 0% to 1%, the
mean pore size of small-pores decreased from 0.75 pm to 0.5 pm,
with a decrease in the corresponding frequencies. Meanwhile, a
slight increase in large-pores was observed. The undetectable pore
volume also showed an increase tendency with SAP content.

Similar trends were observed in Figs. 4 and 5 for curing times of
28 d and 90 d, respectively: (i) a unimodal pattern for soil with 0%
SAP changed to a bimodal pattern for soil with SAP ranging from
0.1% to 1%; (ii) a decrease in mean size as well as the corresponding
frequency in small pores; and (iii) an increase in large-pores and
undetectable pores.

Fig. 6 illustrates the variation of intruded void ratio corre-
sponding to the four pore families with SAP content. The results
obtained at different curing times from 7 d to 90 d were quite
similar: the largest proportion of pore families was small-pores
with the pore size ranging from 0.2 um to 2 um, accounting for

38%—58% of total pore. This observation was in agreement with
those of cement—lime treated soil with high water content
(Horpibulsuk et al., 2010). The large-pores (>2 pm) consisted of the
lowest proportion in the soil mixture, ranging from 7% to 22%. The
micro-pores (0.006—0.2 um) and undetectable pores (<0.006 um)
lay between these two pore families. The small-pore void ratio
decreased significantly with the increase in SAP content, the same
trend as the decrease in after-curing water content (Bian et al.,
2018). On the contrary, an increase in undetectable pores and
micro-pores with SAP content was observed at 7 d, 28 d and 90 d of
curing. This increase might be attributable to the change in soil
fabric due to cementitious products, which will be discussed in
latter sections. Meanwhile, the large-pore void ratio slightly
increased with the increase in SAP content at all curing times. This
behavior was due to the fact that the SAP particle size was shrunk
from 120 um in the original shape to about 20—80 pm during the
freeze-dry process of sample preparation in MIP test. This also
contributed to the appearance of peak pore families of around 10—
20 pm for stabilized soil with SAP, in comparison with those
without SAP (see Figs. 3—5).

3.2.2. Effect of water content

Fig. 7 depicts the change in pore size distribution curves with
water content at 28 d of curing. For a given SAP content, the final
intruded void ratio showed a clear increase tendency with water
content. Regarding the density function curve, a significant change
occurred in the mean pore size, which increased from 0.59 pm to
0.76 um and from 0.36 pm to 0.65 um when the water content
increased from 120% to 180% for soil with 0% and 1% SAP,
respectively.

Detailed pore families distribution at different water contents
are shown in Fig. 8. It can be observed that the increase in total void
ratio when the water content increased from 120% to 180% was
associated with a significant increase in small-pore void ratio, and
with a slight increase in large-pore and undetectable pore void
ratios. Contrarily, the micro-pore void ratio decreased with the
increase in initial water content.

3.2.3. Effect of lime content

The typical changes of pore size distribution curves with lime
content are presented in Fig. 9. A significant decrease in final
intruded void ratio was observed with an increase in lime content,
which corresponded to the decreasing tendency of after-curing
water content with lime content. Slight decreases in the mean
pore size of small-pores and corresponding frequency with the
increase in lime content were also observed.
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Fig. 6. Changes in pore size distributions with SAP content at different curing times:
(a) 7 d, (b) 28 d, and (c) 90 d.

Detailed analysis in Fig. 10 showed that the small-pore (0.2—
2 um) void ratio significantly reduced with lime content, thus the
reduction in total void ratio. This is because the increase in lime
content resulted in an increase in cementitious products and a
decrease in water content, thus the filling of more cementitious
products into pore voids led to the decrease in void ratio of pores
with size less than 0.2—2 pm. However, the micro-pores showed a
clear increase tendency with lime content. This was also observed
by other studies regarding stabilized soil (Horpibulsuk et al., 2010).

Moreover, the change in large-pores and undetectable pores was
insignificant.

3.2.4. Effect of curing time

Figs. 11—14 show the changes in pore size distribution curves
with curing time at 0%, 0.1%, 0.5%, and 1% of SAP, respectively. On
the whole, the cumulative curves at longer curing times lay below
those at shorter curing times at different SAP contents, showing a
significant decrease in final intruded void ratio with curing time,
irrespective of SAP content.

For soil with 0% SAP, the density function curves approximately
showed a unimodal pattern, with predominant small-pore porosity
(0.2—2 um). Hence, the change in microstructure with curing time
was mainly due to the significant decrease in small-pores with a
decrease of the mean pore size from 0.75 pm to 0.52 pm.

At 0.1% SAP, the density function curves consisted of a slightly
bimodal pattern. A significant change was observed in small-pores
from 7 d to 28 d, with a sharp decrease in mean pore size from
0.76 pum at 7 d to 0.5 pm at 28 d, as well as a reduction in the
corresponding frequency. The curves at 28 d and 90 d showed that
there was almost no difference up to 0.2 um pore size, with a slight
decrease in mean pore size from 28 d to 90 d. Similar trends were
also observed in Figs. 12 and 13 for 0.5% and 1% SAP, respectively.
The decrease in void ratio with curing time was mainly character-
ized by the significant decrease of small-pores.

The changes in undetectable pores, micro-pores, small-pores
and large-pores with curing time are presented in Fig. 15 for
different SAP contents. The main change in the four pore families
occurred within the first 28 d, while the variation of microstructure
after 28 d was minor. From 7 d to 28 d, the significant reduction of
pore volume with curing time was mainly attributable to the
decrease in small-pores, along with a decrease in undetectable
pores and large-pores. Meanwhile, the micro-pores increased with
the increase in curing time. This was mainly due to the cementi-
tious compounds produced in the pozzolanic process with curing
time. The cementitious products tended to fill the pores larger than
0.2 um, leading to the decrease of small- and large-pores. After 28 d,
the change in small- and micro-pores tended to be at slower rates,
whereas the undetectable pore and large-pore void ratios remained
almost unchanged. This corresponded to lower level of pozzolanic
reaction after 28 d of curing.

4. Discussion

The fabric of soil through microstructure analysis can be clas-
sified into two categories: inter- and intra-aggregate pores, which
can be determined with an intrusion/extrusion cycle of cumulative
pore size distribution curves. As shown in Fig. 16, the difference
between the intrusion and extrusion curves corresponded to the
quantity of constricted inter-aggregate pores, while the free pore of
extrusion volume corresponded to the quantity of intra-aggregate
pores (Delage and Lefebvre, 1984). The delimitation pore entrance
diameter separating the inter- and intra-aggregate pores ranged
from 0.2 um to 0.29 um in this study. Hence, r = 0.2 pm was adopted
as the delimitation pore diameter between inter-aggregate
(>0.2 um) and intra-aggregate pores (<0.2 pum). The results
observed in the previous sections indicated that both inter- and
intra-aggregate porosities were affected by SAP content, water
content, lime content, and curing time.

4.1. Fabric change due to SAP and water contents
After 7 d of curing, the increase in intra-aggregate porosity was

mainly due to the increase in both undetectable pores (<0.006 pm)
and micro-pores (0.006—0.2 pm) with SAP, as shown in Fig. 17.
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Fig. 8. Changes in pore size distribution with water content (28 d of curing).

Meanwhile, the total inter-aggregate pore proportion decreased
with SAP content, characterized as a significant decrease in small-
pores (0.2—2 pum) and a slight increase in large-pores (>2 pm).
Typically, the cementitious compounds due to physicochemical
reaction among cement, lime and clay tended to coat the surface of
soil aggregates, improving the fabric of soil (Lemaire et al., 2013;
Wang et al., 2015, 2017). Bian et al. (2018) showed that the intensity
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of the hydration products (i.e. CSH, CAH/CSH, and ettringite)
remained almost unchanged when SAP content changed from 0% to
1%. This suggested that the quantities of cementitious compounds
were almost the same for the soil with different SAP contents at a
given curing time. Hence, SAP played the following roles in fabric
change:

(1) The strong water absorption of SAP resulted in a significant
decrease in after-curing water content of soil—cement—lime
mixture (i.e. a reduction in intruded void ratio, as shown in
Figs. 2—4), represented by a significant decrease in pore
volume of soil—cement—lime cluster. Thus, the decrease in
small-pores (0.2—2 pm) was observed with the increase of
SAP content.

(2) The cementitious compounds tended to fill macro-pores,
blocking the entrance of micro-pores and changing the
nonconstricted pores to constricted small-pores (Russo and
Modoni, 2013). Hence, the same quantity of cementitious
compounds possibly bonded more soil particles with smaller
clay particle space at higher SAP content, leading to the in-
crease in undetectable pores (<0.006 um) and micro-pores
(<0.2 pm) with SAP.

(3) A slight increase in large-pores mainly resulted from the
change in the size of swollen and unchanged SAP particle
during freeze—dry procedure. The swollen and unchanged
SAP particle tended to shrink to a size of 20—80 pm (10—
40 pm in radius) during the sample preparation. As a result,
the large-pores (>2 um) originally occupied by SAP particle
would be detected by MIP measurements. This phenomenon
led to the slight increase in large-pores (>2 um) with SAP.
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Fig. 9. Pore size distribution at different lime contents (28 d of curing).
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Fig. 10. Changes in pores size distribution with lime content (28 d of curing).

In a similar way, the change in fabric with water content was
mainly due to a significant increase in inter-aggregate pores (both
increase in small- and large-pores), and a decrease in intra-
aggregate pores (a slight increase in undetectable pores and a
decrease in micro-pores) (see Fig. 7). With an increase in water
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content, the enlargement of clay particle space led to the increase in
inter-aggregate pores, especially for 0.2—2 pm pores. Meanwhile,
the larger clay particle space also resulted in less constricted small-
pores formulated by the same cementitious compounds, thus less
intra-aggregate pores (<0.2 pm) were observed for soil with high
water content.

Comparing Figs. 6 and 8, it can be found that SAP and water
contents showed almost opposite effect on the fabric change.
Hence, it can be deduced that by adding SAP into soil with high
water content, the after-curing water content of soil—cement—lime
mixture was equivalently decreased because a certain proportion of
water was absorbed and fixed by SAP, which was compatible to the
reduction in void ratio due to consolidation. Hence, the soil mixture
had a denser state with higher SAP content, or a looser state with
higher water content, which was consistent with the SEM obser-
vations reported by Bian et al. (2018).

4.2. Fabric change due to curing time and lime content

The change in fabric with curing time was mainly due to the
continuous pozzolanic reaction. After 7 d of curing, an increase in
intra-aggregate pores (<0.2 pum) with curing time was observed for
soil at all SAP contents, with an increase in micro-pores (0.006—
0.2 pm) and a decrease in undetectable pores (<0.006 pm), as
shown in Fig. 17. This behavior was mainly due to the increase in
cementitious compounds (i.e. CSH and others) with curing time,
leading to the increase in intra-aggregate pores (<0.2 um). Wang
et al. (2017) suggested that the pore size of nano-crystalline CSH
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Fig. 12. Changes in pore size distribution with curing time (A, = 0.1%).
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Fig. 13. Changes in pore size distribution with curing time (A, = 0.5%).
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Fig. 14. Changes in pore size distribution with curing time (A, = 1%).

or small-sized amorphous CSH gels was smaller than 0.006 pm,
corresponding to the undetectable pores by MIP measurement.
Hence, it can be deduced from Fig. 17 that when the curing time
increased from 7 d to 90 d, the small-sized amorphous CSH gels
gradually transformed to be the well-developed CSH phase with
pore size of 0.006—0.2 um (Alvarez et al., 2013; Wang et al., 2017),
leading the majority of intra-aggregate pores to conversion from
undetectable pores (<0.006 pm) to micro-pores (0.006—0.2 um).

Meanwhile, more cementitious compounds at longer curing
times tended to fill the macro-pores, resulting in the decrease in
inter-aggregate pores with curing time. Interestingly, the propor-
tion of small-pores (0.2—2 pum) was almost unchanged with SAP
content. As shown in Fig. 14, the small-pore void ratio decreased
with curing time. This suggested that the decrease of total void ratio
was mainly due to the reduction in small-pore void ratio at the
same rate. On the other hand, the proportion of large-pores
(>2 pm) decreased with curing times except for the soil without
SAP, indicating more large-pore filled by cementitious compounds
with the presence of SAP.

For the case of increasing lime content, due to the increase in
cementitious compounds, the void ratio of small-pores (0.2—2 um)
significantly reduced with lime content, thus the final intruded
void ratio decreased, while the increase in micro-pores (0.006—
0.2 pm) was also attributable to the increase in the amount of CSH
and other cementitious compounds. Hence, the modification of
fabric due to curing time and lime content was similar as shown in
Figs. 10 and 15.

4.3. Relationship between fabric change and strength improvement

Regarding the variation of strength for cement—lime stabilized
soil with SAP, the effect of SAP and water contents on strength was
mainly due to the improvement of fabric, since the amount of
cementation products was the same, which can be regarded as
follows: the increase in strength with SAP content was mainly due
to the significant reduction in small-pores of 0.2—2 pum (i.e. a denser
fabric), contrarily, the reduction of strength with water content
resulted from the significant increase in small-pores of 0.2—2 pm
(i.e. a looser fabric).

Moreover, the effect of cementitious products not only
enhanced the cementation bonding, but also refined the soil fabric
with less inter-aggregate pores. Due to the fact that the cementi-
tious products of the investigated soil significantly increased with
lime content and curing time, as detected using XRD test reported
by Bian et al. (2018), the increase of strength with lime content and
curing time was attributed to the effects of both cementation
bonding enhancement and fabric refinement.

5. Conclusions

The effects of SAP content, water content, lime content and
curing time on fabric variation were investigated for cement—lime
stabilized excavated soil with SAP. The following conclusions are
drawn:
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and increases in micro-pores (0.006—0.2 um) and unde-
tectable pores (<0.006 pm). Contrarily, the increase of final
intruded void ratio with initial water content is mainly due to
the increase in small-pores (0.2—2 um). Moreover, the
Ilntra-aggregate changes in pore size distribution with curing time and lime
pores = 0.394 . . .

- 3 content are mainly attributable to the decrease in pores
Wn-in&;ééwgate larger than 0.2 pm and undetectable pores less than
! + pores =0.311 0.006 um, and an increase in micro-pores of 0.006—0.2 pm.
(2) The intra-aggregate pores derived from the intrusion/
extrusion cycles are less than 0.2 pm for the cement—lime
stabilized soil with SAP in this study. Three main changes
in soil fabric due to SAP can be recognized: (i) an increase in
intra-aggregate pores (<0.2 um) due to the closer soil—
cement—lime cluster space at higher SAP content; (ii) a
decrease in small-pores (0.2—2 pm) due to the lower pore
volume of soil mixture after water absorption by SAP; and
(iii) a slight increase in large-pores (>2 pm) due to the
shrinkage of SAP particle during the freeze—dry process of

- sample preparation.
0.001 0.01 01 | 10 100 1000 3) With th.e ir}creasi'ng curing time and lime cpntent, thg change
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Fig. 16. Definition of inter- and intra-aggregate porosities. (0.006—0.2 pm) due to the growth of cementitious prod-
ucts. Meanwhile, the filling of cementitious compounds into
macro-pores leads to the decrease in inter-aggregate pores

(1) SAP gradually shifts the mode of pore size to a lower value, (>0.2 um).

with a reduction of final intruded void ratio, which is char- (4) The increase in strength for the cement—lime stabilized soil
acterized by a significant decrease in small-pores (0.2—2 pm), with higher SAP content is mainly due to the refinement of
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Fig. 17. Changes in proportion of (a) intra-aggregate and (b) inter-aggregate pores.

fabric with a significant decrease in small-pores of 0.2—2 pm,
as the cementitious products merely change with SAP con-
tent at a given lime content. The growth of strength with
curing time is attributed to the enhancement of bonding
strength and the refinement of fabric.
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