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Abstract. From the effect of bound water, this study aims to seek the potential reasons for difference of mechanical
experiment results of subgrades soils. To attain the comparatively test condition of bound water, dry forming (DF) and wet
forming (WF) were used in the specimen forming process before testing, series of laboratory tests, i.e., CBR tests, direct shear
tests and compaction tests. The measured optimal moisture contents, maximum dry densities, CBR, cohesion ¢, and internal
friction angle ¢ were given contrastive analysis. Then to detect the adsorptive bound water in the subgrade soils, the thermal
gravimetric and differential scanning calorimetry (TG-DSC) test were employed under different heating rates. The free water,
loosely bound water and tightly bound water in soils were qualitatively and quantitatively analyzed. It was found that due to the
different dehydration mechanics, the lost bound water in DF and WF process show their own characteristics. This may lead to
the different mechanical properties of tested soils. The clayey particles have a great influence on the bound water adsorbed
ability of subgrade soils. The more the clay content, the greater the difference of mechanical properties tested between the two
forming methods. Moreover, in highway construction of southern China, the wet forming method is recommended for its higher

authenticity in simulating the subgrade filed humidity.
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1. Introduction

Bound water in soil is the product of long-term
interaction between mineral particles and vapor or aqueous
solution under circumstances (Caurie 2011, Wang et al.
2020). Since it is mainly attached to the surface of clayey
mineral particles, bound water shows different states under
diverse environmental and force conditions. Many relevant
experimental researches on the type and property of soils’
internal bound water had been carried out. According to the
electrostatic attraction of water molecules, existing forms
and activities, the distance from the surface of mineral
particles, bound water is classified as two categories:
loosely bound water and tightly bound water(Low 1979, Ma
and Hueckel 1992, Zymnis et al. 2019). Some laboratory
tests showed that the thickness and surface area of water
molecules on soil particles was associated with the viscosity
of the clay-water system, the conductivity of clay solution,
contact mode between soil particles(Singh and Wallender
2008, Xu et al. 2019). The influence of cation exchange on
the bound water were also studied in expansive soil(Mojid
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and Cho 2012, Tang and Cui 2009). It is generally believed
that, the complexity and variety of bound water is found to
be effective in the soil basic properties significantly, such as
hydrophilicity, dilatancy, plasticity, and mechanical
strength(Kleinberg and Griffin 2005, Panchev et al. 2005).
For detection methods, some physical, chemical, geological
tests were mainly used to classify and analyze bound water
in soils recently years(Kasprzhitskii et al. 2016, Logsdon
and Laird 2004, Watanabe et al. 2002). For instance,
isothermal adsorption test, thermo-gravimetric analysis, and
differential scanning calorimetry test (TG-DSC) were
proved to be capable of detecting the content of bound
water on the soil surfaces(Souza and Nascimento 2008,
Tomura et al. 1998, Wang et al. 2011Db).

As the carrier of the bound water, the clayey mineral is a
kind of tiny flat and fibrous particle, belongs to the fine-
grained group according to China’s standard Test Methods
of Soils for Highway Engineering(JTG-E40-2007). From
microcosmic investigation, the surface of the mineral
particle is usually strongly interacted with the water
molecules. The smaller the particle size, the larger the
specific surface area with stronger absorbed ability(Yesilbas
and Boily 2016). Different kinds of soils show their own
particular properties ascribed from the effect of bound
water(Hilhorst et al. 2001, Sposito and Prost 1982).

In highway engineering, an excessive highly moisture
content is proved to be a critical factor causing a series
diseases of pavement and subgrades(Morrow et al. 2000,
Tian et al. 2014), but little work has been done in the effect
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of bound water on mechanical properties of subgrade soils.
Simultaneously, due to the hot and humid climate in south
China, the moisture exchange frequently between the
subgrade soils and atmosphere, some subgrades remain in a
long-term wet state with large amounts of bound water
attached in the subgrade soils, resulting in the subgrade
performances deteriorate(Nagrale and Patil 2017).
Therefore, revealing the affect law of bound water on
engineering properties of subgrade soils is meaningful to
design and construction of durable subgrades. However, the
existence of bound water in soil still does not get much
attention in subgrade of highway engineering.

To address this issue, four typical subgrade soils were
selected in southern China, and a series of laboratory
experiments were carried out to analyze their mechanical
properties in wet and dry forming methods, including CBR
tests, shear tests, and compaction tests. The CBR value,
cohesion and friction angle, maximum dry density and
optimum moisture content were analyzed. Furthermore, the
TG-DSC was used to record the reduced value of moisture
content within the soil samples in different temperature and
heating rates, and the corresponding temperature ranges of
thermos weight loss were determined. By comparing and
analyzing the clayey particle content of different soil
samples, the effect of the bound water on mechanical
properties of subgrade soils was revealed.

2. Materials and methods

The selected soil samples were taken from Hunan and
Guizhou Province of southern China, classified as four
categories based on the standard (JTG E40-2007): low-
liquid-limit-sandy-clay (CLS), high-liquid-limit-silt (MH),
high-liquid-limit-clay(CH), high-liquid-limit-sandy-silt
(MHS). After the specific gravity test, moisture content test,
clayey particle test, liquid-plastic limit combined test and
the screening test were conducted, their primary physical
properties can be obtained in Table. 1. It shows that the
natural moisture content and clayey particle content differed
greatly in each soil. The grading curves shows the content
of the fine particle (d<0.075mm) in all the soils exceeds
50% (see Fig. 1), and even larger than 95% in CH and MH.
Thus, they all belong to fine-grained soil according the
precious standard (JTG E40-2007).
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Fig. 1 Grading curve of the test soil

Table 1 Basic physical properties of typical subgrade soils

Clayey particles

Soil rw;tslf[[ﬁle Specific Liquid  Plastic content
type content (%) gravity limit (%) limit (%) (d<0.?(% mm)
CLS 18.6 2.68 46.7 23.6 22.47

MH 26.2 2.69 51.6 31.8 9.26
CH 29.8 271 57.7 28.4 51.56
MHS 374 2.73 67.2 414 41.42

2.1 Mechanical performance tests

To study the effect of bound water on properties of
tested soils, several groups of comparative tests, including
compaction tests, CBR tests and direct shear tests, see Figs.
2(a) and 2(b), were employed in two forming methods: dry
forming and wet forming, specified in China’s standard
(JTG E40-2007) shown in Figs. 2(c) and 2(d). In the first
case, an oven was used to heat the soil at the temperature of
105°C-110°C, the microstructure of loosely bound water
destroyed in this stage, some water molecules got lost, and
the cementitious action between the soil particles couldn’t
restore, resulting in the irreversible destruction of the soil
structure during the test. For the second: the soil samples
were air-dried under the room temperature, it had no
obvious damage to soil structures and more conformed to
the actual condition. The mechanical property indexes of
two forming conditions were compared comprehensively.

2.2 Bound water tests

For the bound water at different distance from the
surface of mineral particles, their dehydrated temperatures
are not the same, as well as the bound energy(Lagaly and
Ziesmer 2003, Tone et al. 1993). Thus, it is necessary to
identify the dehydrated critical temperature of free water,
loosely bound water and tightly bound water. The TG-DSC
method has been used extensively in soil science to define
the exact temperature when dehydration events occur. It can
record sample weight loss in the heating process and build a
function of scanning temperature, and the DSC curve
displays an endothermic or exothermic peak(Costa et al.
2004, Wang et al. 2011a). In this test, the previous soil
samples (CLS, MH, CH, MHS) were used to be performed
to study the content of bound water in each soil. By
analyzing the location, shape, and size of heat-absorbing
valley on DSC curves, the type, content and boundary
temperature of the different water within soils can be
determined (Hoeg et al. 2004), and then the mechanical
strength characteristics of soils in dry forming and wet
forming method were revealed.

The detection instrument used in this TG-DSC test was
SDT Q600 (TA Instruments Company. USA) showed in
Fig. 3. Its sensitivity is 0.001°C with thermo-balance
sensitivity of 0.lug, and the heating rate can be adjusted
from 0.1 to 50°C/min. To eliminate the influence from
sample’s purity and particle size, the tested soils were
screened by a 0.075mm sieve in the natural air-drying state,
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Fig. 3. Differential scanning calorimeter

see Fig. 4. Particularly, they should be tested in time to
avoid absorbing moisture from the atmosphere. To ensure
the accuracy and reliability of the test results, the
experimental data were compared and analyzed in three
heating rates:1°C/min, 3°C/min, and 5°C/min. The whole
test can be ended when the quality of tested samples
remained constant.

3. Tests results
3.1 CBR and compaction tests

CBR curves and compaction curves of four soils are
presented in Fig. 5 in two forming methods. The ®
corresponded to the peak location of dry densities (pdmax) 1S
the optimal moisture content(wome) that often used to guide
the site construction. As the moisture content(®) increases,
the measured CBR and dry density increases initially and
then decreases, and a peak exists in each curve in all the
cases. But the peak location of the CBR curve is not
coincide with that in the compaction curve. Therefore, in
the condition of the maximum CBR, the measured moisture

Fig. 4. Four test soil samples

content (owcrg) is larger than the wome. The difference values
between these two moisture contents vary from 1.1% to
3.2% in DF, and 1.6% to 4.4% in WF.

Some studies showed that property experiment results
for one soil in the condition of two forming methods
differed. The possible reason is the changing of the bound
water in soils caused by the forming methods(Zhang et al.
2020b). When @ is in a lower range, the CBR values of DF
samples are larger than that of WF samples. However, with
the increase of , the difference value of CBR between DF
and WF gradually weaken, and the two CBR curves tend to
be overlapped in the final stage. This can be attributed to
the porosity of the specimen gradually decreases in the
CBR test, and approaches to saturation state before
immersing into water. The moisture content corresponded to
the maximum CBR(wcrg) in DF is smaller than that in WF,
but the value of maximum CBR is larger in DF, similar to
the compaction test.

3.2 Direct shear tests

In the plotting of direct shear test results of CLS in Fig.
6, the normal stress P was applied as the abscissa, and the
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Fig. 6 Shear stress-shear displacement curve of CLS

shear strength tf in each grade stress is set as the ordinate.
There are obvious peaks in the condition of DF, which
shows a strain softening characteristic. For WF, most of test
results also presented a same trend with a peak exist, except
for four cases showed a strain hardening (K=95%, K=100%
and P=300kPa, P=400kPa). This can be ascribed to the soil
structure of CLS: the clayey particle content is only
22.47%, there are a bit of adsorbed bound water on the
soil’s surface, leading to the weak cementation between
particles. However, due to its relatively high coarse grain

content and large maximum dry density, CLS still has a
strong cohesion and highly shear strength under the
condition of optimal moisture content. Direct shear test
indexes are analyzed by Molar-Coulomb Strength Theory.
All the data are positioned in Fig. 7. It shows a good linear
correlation between the shearing stress and normal stress.
The intercepts of the line obtained by fitting analysis are
cohesion forces, and the corresponding inclination angles
are internal friction angles.

Fig. 8 presents the comparative analysis of shear
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strength indexes of four soils in different compaction degree
and forming methods. It is investigated that with the
increase of compaction degree(K), the cohesion(c) and
internal friction angle(p) gradually rises. The higher the
compaction degree, the smaller pores and the closer contact
connection between soil particles, and the higher the
cohesion. The relative sliding of soils particles only occurs
under the stronger shear stresses. With the increase of
compaction degree, the growth rate of cohesion rises up, but
it slows down for the internal friction angle. In the case of
CLS, as the compaction degree varies from 85% to 100%,
the cohesions increase by 78.7kPa in DF and 79.7kPa in
WE, and the internal friction angles increase by 4.7° in DF
and 4.1° in WF. In the same compaction degree, the internal
friction angle obtained from DF is greater than that from
WEF, but the situation is completely converse for the
cohesion. The difference of indexes between DF and WF
become more obviously as the compaction degree increases.
For instance, in the test of CH, when the compaction degree
varies from 85%, 90% and 95% to 100%, the difference of
cohesion between DF and WF is 0.423kPa, 0.538kPa,
1.820kPa and 2.613kPa, and 0.612°, 0.773°, 1.606°, and
2.04° in the internal friction angle.

3.3 Quantitative analysis of bound water tests

With the increase of the temperature in the bound water
testing, three types of water in soils (free water, loosely
bound water, tightly bound water) dehydrated successively
accompanied by endothermic reactions. As the surface
temperature of the soil particles decreased, the heat energy
compensated immediately to keep the temperature balance
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Fig. 9 TG-DSC curve of CLS at the heating rate of 1°C/min

with reference materials. Each type of water has a critical
dehydration temperature in the peak location of the DSC
curve, and the required compensatory heat get maximum at
this moment. Therefore, three noticeable endothermic
troughs formed, the dehydration temperature range of three
kinds of water in soil were revealed: the one corresponded
to the loosely bound water is in the lowest position, then the
free water, the tightly bound water the higher. In the process
of dehydration, the loosely bound water required maximum
compensatory heat, then the free water, and minimum for
the tightly bound water. It also can be estimated that the
dehydration temperature of tightly bound water is much
higher than that of free water and loosely bound water.
Subsequently, the contents of three types of water in soil
can be acquired accurately and quantitatively by the TG
curve. Fig. 9 shows the test result of CLS in the heating rate
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of 1°C/min, the content of free water, loosely bound water
and tightly bound water is 2.366%, 2.357%, and 1.078%
respectively. Under different heating rates, the measured
contents of each water and critical temperatures also
differed, depicted in Fig. 10. As the heating rate increases, it
is 2.405%, 2.315%, 1.022% in 3°C/min respectively, and
2.438%, 2.286%, 0.991% in 5°C/min. With the increase of
the temperature, the position of the loosely bound water and
the tightly bound water in the heat-absorbing valleys both
show an upward and right-shift trend, and the area and
peak’s width of heat-absorbing valley of loosely bound
water get larger significantly, indicated the dehydration
temperature range may be broadened for the bound energy
of the loosely bound water is weak(Siewert and Kucerik
2015). By the same method, the TG-DSC curves of other
three soils were detected, the precise critical temperatures
and the contents of absorbed water can be calculated out,
see Table 2.

4. Discussion

4.1 Comparison of the compaction indexes of DF and
WF

From the indexes (®ome and pdmax) obtained from
compaction tests in the condition of DF and WF, the effects
of bound water can be analyzed qualitatively. In the DF
compaction test, as the temperature in the oven is usually
set at 105°C-110°C, the free water and most of loosely
bound water were taken off, but it had no effect on the
tightly bound water. The fine particles with gel properties
inside the soil (Fe203+nH20, SiO2.nH20) gradually
dehydrated and solidified, and the films on the surface of
soil particles became thinner, making the soil particles
contract and condense continuously(Tuller and Or 2005),
the internal porosities decreased significantly. Therefore,
the maximum dry density obtained in DF is larger due to
the more compacted soil become in this condition.

For the compaction test of WF, the soil particles were
fully condensed in a dynamic drainage consolidation
stage(Tang et al. 2018). With the number of compaction
cycles gradually increased, the film of bound water was
continuously compressed, the electrostatic attraction on the
clayey particles got weak until completely destroyed. Then
some part of loosely and tightly bound water were
converted into free water and attached on the surface of soil
particles. In DF compaction, the soils internal structure got
destroyed, making the condensation and contraction
between soil particles non-uniformed, and difficult for the
bound water to be converted into free water. Thus, the
measured moisture content in WF is larger than that in DF.
It is revealed that in some previous studies, the moisture
content of subgrade soils increase gradually and eventually
reach a humidity balance state, close to the plastic limit w,
of the subgrade soils(Peng et al. 2020, Teltayev and Suppes
2017). For instance, in CLS, six kinds of moisture contents,
®ome and @crp in DF and WF, and the equilibrium moisture
content o, and plastic limit , are compared in Fig. 11. The
®ome 1N DF is 13.5%, smaller than WF. And the wcrs

obtained in WF is 17.3%, closer to o, 23.6% and . 24%,
the moisture state of CBR specimens in WF method is more
similar to that of the construction in-site.
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Therefore, in the qualified ranges of compaction degree and
CBR, a determination method of construction moisture
content mc¢on can be proposed. For instance, in China’s
standard of subgrade design (JTGD 30-2015), in the upper
layer of subgrade within the thickness of 30 cm, the
compaction degree should be greater than 96%, it falls in
the range (a) in Fig. 10. Meanwhile, the CBR value should
be greater than 8% in the range (b). Thus, the wcon Should be
taken in the overlap part of two ranges. Simultaneously, to
keep the durability of highway in the later operation stage,
it is supposed to be close to we. The wcon Obtained from WF
is closer to we(17.6% in DF and 19.4% in WF). Thus, the
WF method was recommended in determining the designed
moisture content in the construction, since it is more
conducive to improve the subgrade's stability and
durability(Zhang et al. 2020a).

4.2 Bound water content and its temperature
characteristic

According to the TG-DSC curve, the percentage of
loosely bound water and tightly bound water in soil samples
can be measured quantitatively. The lost water in DF(n)
include all the free water and most of the loosely bound
water. The relationship between natural moisture content @
and the percentage of lost water within soils in DF(#n) is
revealed in Eq. (1) The difference value between lost water
in DF and lost loosely bound water is the free water, see Eq.
(2) Simultaneously, the percentage of loosely bound water
dehydrated from the initial temperature to 105°C was
obtained from the TG-DSC curve.

()
S M
@y =N — (2)

Where w-natural moisture content(%); n-percentage of
lost waste in DF(%); orpercentage of free water(%); oi-
percentage of lost loosely bound water(%).

The measured three types of water contents in four soils
under different heating rate are shown in Fig. 12. As the
heating rate exceeds one certain value, the free water
content measured by DSC increase, but the content of
loosely bound water and tightly bound water decrease. In
the case of loosely bound water, even if it reaches to the
critical temperature, free water covered on its surface
doesn’t completely decrease due to the rapid heating rate,
some part of loosely bound water gets dehydrated only in a
higher temperature range. It is implied that with the increase
of heating rates, the critical dehydrate temperature of each
type of water also increases, the corresponding positions of
heat-absorbing valleys show a backward trend. Parts of
loosely bound water shows the characteristic of free water,
and parts of tightly bound water shows the characteristic of
loosely bound water, making their measured contents
smaller than their actual contents. Therefore, the heating
rate of 1°C/min is recommended to be selected in the test to
make the measured content accurately.
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Fig. 13(a) shows the DSC curves of the four soils under
the heating rate of 1°C/min, and the comparison of the
measured adsorbed water contents, presented by Fig. 13(b).
The size and location of heat-absorb valleys corresponded
to free water are identical, but significantly differ for
loosely bound water and tightly bound water. Since the free
water is usually free from electrostatic attraction, the
hydrostatic pressures can be transferred for its dissolving
capacity, thus the properties of free water are not affected
by soil structure, but closely related to chemical mineral
composition, seasonal climate, and local hydrogeological
conditions. Although The TG-DSC tests of different soils
show the same characteristics and variation trend, three
types of water show its own thermal weight loss range,
25°C-75°C for free water, 75°C-160°C and 143°C-276°C in
loosely and tightly bound water respectively.
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Table 2 Comparison of measured water contents in different heating rates

Heating Free water Loosely bound water Tightly bound water
Rate IT CcDT Content IT CDT Content IT CDT Content

(C/min) () () (%) () () (%) (C) (T) (%)
1 25 74 2.366 74 150 2.357 150 245 1.078
CLS 3 25 81 2.405 81 204 2.315 204 329 1.022
5 25 90 2.438 90 310 2.286 310 446 0.991
1 25 74 2.676 74 144 1.832 144 226 0.657
MH 3 25 81 2.694 81 182 1.804 182 278 0.607
5 25 88 2.734 88 268 1.786 268 376 0.583
1 25 75 2.512 75 160 4.428 160 276 1.955
CH 3 25 86 2.535 86 231 4.387 231 376 1.915
5 25 93 2.598 93 406 4.325 406 558 1.850
1 25 74 5.217 74 157 3.616 157 268 1.605
MHS 3 25 83 5.253 83 220 3.570 220 360 1.564
5 25 93 5.284 93 366 3.516 366 512 1.511

Note: IT=Initial dehydrated temperature; CDT=Critical dehydrated temperatu

Table 3 Comparison of characteristics of typical subgrade soils

Clayey particle

Loosely bound Tightly bound

WF compaction test DF compaction test

Soil type content SpEC!fIC water content  water content  gome Pdmax ®ome Pdmax
gravity
(%) (%) (%) (%) (g/cmd) (% (g/cm®)
CLS 22.47 2.68 2.357 1.078 13.9 1.881 15.0 1.846
MH 9.26 2.69 1.832 0.657 175 1.640 18.0 1.633
CH 51.56 2.71 4.428 1.955 19.7 1.665 22.1 1.593
MHS 41.42 2.73 3.616 1.605 25.0 1.531 26.9 1.472

4.3 Analysis of the effect of clayey particles on the
bound water

When the clayey particles are contacted with water, the
water molecules near the soil particles are adsorbed on their
surfaces under the electrostatic attraction of atoms and ions.
The clayey particle content is a main factor that determine
the amount of loosely bound water and tightly bound
water(Zeng et al. 2020). To analyze the relation between the
clayey particles content and bound water content
qualitatively, the tested data of four soils under WF and DF
are listed in Table 3.

Three defined indexes (ws-bound water content, Acw-
different ®omc between the case DF and WF, Ap/s-ratio of
difference value of pamax between DF and WF and specific
gravity) were correlated with clayey particle contents in the
power exponent model, shown Fig. 14. The determination
coefficients of R? all exceed 0.95, indicated that the (os) can
be calculated out precisely by the clayey particle content, as
the same as Aw and Ap/s. While the womc is regarded as the
macroscopic representative index, the reason for the
deviation between two ®omc obtained from the two forming
methods come from the difference in the clayey particle
content. The more clayey content, the more water content of
the surface adsorption, greater differences exist in the ®ome
and pamax between DF and WF.

5. Conclusions

To reveal the effect of bound water on mechanical
properties of typical subgrade soils in southern China, some
laboratory tests, i.e., compaction tests, CBR tests and direct
shear tests were carried out in two specimen forming
methods: dry forming and wet forming. The bound water
content of different soils was quantitatively analyzed by
TG-DSC testing methods, the following conclusions can be
summarized:

e For all the tested soils, the more clayey particle
content, the greater difference exists in maximum dry
density and optimum moisture content obtained from
the compaction test of two forming methods. The same
law was shown in the cohesion and internal friction
angles obtained in the direct shear tests.

e As the effect of the heating rate cannot be neglected in
TG-DCS tests, it should not exceed 1°C/min to ensure
the measured accuracy. The less clayey content, the
less content of adsorbed bound water, the less bound
energy and lower dehydration temperature of the
adsorbed water.

e  Since the humidity of WF samples is more similar to
the state of the field subgrade soils, it is suggested that
the mechanical property indexes obtained by WF
method are more conducive in guiding the
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construction, especially for high-liquid limited soil
with highly natural moisture content and more clayey
content.
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