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A simplified directly determination of soil-water retention curve variables
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Abstract. Soil-water retention curve (SWRC) contains key information for the application of unsaturated soil mechanics
principles to engineering practice. The SWRC variables are commonly used to describe the hydro-mechanics of soils. Generally,
these parameters are determined using the graphical method which can be time consuming. The SWRC is highly dependent on
the pore size distribution (PSD). Theoretically, the PSD obtained by mercury intrusion porosimetry test can be used to determine
some SWRC variables. Moreover, the relationship between SWRC and shrinkage curve has been investigated. A new method to
determine total SWRC variables directly without curve-fitting procedure is proposed. Substituting the variables into linear
SWRC equations construct SWRC. A good agreement was obtained between predicted and measured SWRCs, indicating the
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validity of the proposed method for unimodal SWRC.
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1. Introduction

Soil-water retention curve (SWRC), which defines the
relationship between matric suction and water amount in the
soil, contains key information for the application of
unsaturated soil mechanics principles (Fredlund 2019).
SWRC can be employed to describe the permeability
coefficient (Rahimi et al. 2015, Oren et al. 2018), shear
strength (Gao et al. 2020, Zhou et al. 2016), deformation
(Zhang et al. 2012), evaporation behavior (An et al. 2018),
swelling behavior (Darde et al. 2020) and constitutive
modeling of unsaturated soil (Sheng et al. 2004, Pereira et
al. 2005). Generally, water retention behavior for general
soils is highly dependent on the pore size in a low suction
range where water-soil interactions are mainly governed by
capillarity effect (Fredlund et al. 2011). Therefore, many
researchers (Aung et al. 2001, Romero 1999) used pore size
distribution (PSD) to calculate SWRC indirectly. However,
the calculated SWRC does not include the volume change
effect and there is significant difference between measured
and calculated SWRCs (Simms and Yanful 2002, Salager et
al. 2013). Thus, the shrinkage behavior should be kept in
mind in predicting SWRC from PSD. Soil-shrinkage curve
(SSC), describing the relationship between volume change
and water content, gives an insight into soil-water
interaction and the deformation behavior. In subsequent
years, the shrinkage behavior of soil has been shown to
influence hydro-mechanical behaviors and has a close
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relationship with SWRC (Chin ef al. 2010, An et al. 2017).

Some SWRC variables such as air entry value (AEV),
the water content at AEV, the slope at the inflection point,
residual value (RV) and the water content at RV are the key
points in SWRC. These key variables are commonly used to
describe the water retention behavior (Zhai and Rahardjo
2012) and other associated properties (Fredlund 2019). As a
simplified method, SWRC can be described as three and
five linear segments for unimodal and bimodal SWRC
respectively (Pham er al. 2016, Niu et al. 2020). The key
problem in this method is tightly linked to the determination
of these SWRC variables. Generally, the conventional
graphical method was used to determine these variable:
draw the tangent line through the inflection point, followed
by a horizontal line through the initial point and another
tangent line through the point where the curve starts to drop
linearly in the high suction range. Finally the intersections
of these tangent lines indicate AEV and the residual state. In
the past few decades, various methods were used to
determine directly SWRC variables, such as grain-size
distribution (GSD) (Chin et al. 2010, Russell 2014), the
fractal model (Xu 2004) and PSD (Niu et al. 2020).
However, these parameters are generally determined using
the graphical method which can be time consuming.

In order to determine SWRC variables directly without
prior measured SWRC data, an insight into the relationship
between SWRC, PSD and SSC is investigated in this study.
Based on the investigation of the interrelationship between
SWRC and PSD, a method to determine AEV, RV and the
gravimetric water contents at RV from PSD is proposed.
And the gravimetric water content at AEV can be
determined by SSC. Then substituting the SWRC variables
into liner SWRC equations can construct SWRC.

2. Determining SWRC from PSD considering
shrinkage
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Fig. 1 Conceptual sketch of a bundle of cylindrical
capillaries in SWRC and MIP test: (a) soil sample, (b)
soil pores and (c) bundle of cylindrical capillaries

SWRC test MIP test

Fig. 2 Schematic diagram of air-water interface and
mercury-air interface
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Fig. 3 The effective degree of saturation calculated by
PSD of MIP test

As the pore structure in soil is complex, it’s difficulty to
use test technologies to evaluate the geometrical shape and
size of pores in soil. Thus, it is general to consider soil
pores as a bunch of cylindrical capillaries of different
diameter (Or and Tuller 2002). Fig. 1 shows the conceptual
sketch of a bundle of cylindrical capillaries (BCC)
describing soil pores.

Fig. 2 shows the schematic diagram of air-water
interface and air-mercury interface. The interface medium
in MIP test is mercury (non-wetting liquid), while the
interface medium in SWRC test is water (wetting liquid).

Therefore, the mercury intrusion process in MIP test can
describe the drainage process of water in SWRC test (Wang
et al. 2016). In this regard, the mercury (a non-wetting
fluid) intrusion process can be used to extrapolate SWRC
for drying.

Matric suction mainly governed by the capillary force is
dependent on pore size in a certain range (Sun ef al. 2017).
Early conceptual models for the water distribution in soil
pores are based on BCC conceptualizing the pores in soils
as an assembly of parallel capillary tubes to represent the
pore geometry (Or and Tuller 2002), as illustrated in Fig.
1(c).

According to the Young-Laplace equation, when given a
certain pore diameter, there will be a suction accordingly:

4T, cosa,,
s=— (1
where s is general suction; 7y is the water-gas interfacial
tension at 20°C (treated as 0.072 N/m); o is the water-soil
contact angle (treated as 0); d is pore diameter.

As illustrated in Fig. 2(b), the principle of MIP test is
that the mercury (non-invasive liquid) will entry the void
pore of soil step by step with pressure increasing. The
relationship between the pore diameter and applied mercury
pressure can be shown as follows:

4T, cosa

where p(d) is the pressure applied in MIP; T}, is the mercury
surface tensions (treated as 0.485 N/m); om is the mercury-
soil contact angle (treated as 130°); d is pore diameter.

There is a specific relationship between the pressure
applied in MIP test and the suction in SWRC test based on
Egs. (1) and (2):

2)

s =0.196 * p(d) 3)

As shown in Fig. 2, the principles of MIP test and
SWRC are highly dependent on the pore size. And the
cumulative intruded volume of mercury should be equal to
the air intrusion volume in SWRC tests. When given a
suction, the larger pores than the pore corresponding to the
suction are empty, whereas smaller pores are filled
completely with water (Sun et al. 2016). As illustrated in
Fig. 3, the effective gravimetric water content can be
calculated:

d
we(d) = | f(d)dd (4)
Amin

where we(d) is the effective gravimetric water content; d is
the pore diameter; dmin is the smallest effective pore
diameter in MIP test; f{d) is the PSD as a function of pore
diameter.

The residual gravimetric water content is defined as:

dmax

we=wo— [ f(@dd )
Amin

where w; is the residual gravimetric water content; wy is the

water content of saturated sample; dmax is the largest

effective pore diameter in MIP test.
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Fig. 4 Measured and predicted SWRC by PSD: (a) for
undisturbed complete-intense weathering mudstone
(modified from Niu et al. 2019), (b) for reconstituted
Pearl clay (modified from Gao and Sun 2017) and (c) for
compacted lateritic clay (modified from Sun et al. 2016)

Then the global gravimetric water content can be
calculated as follow:

w=w.(d) +w, (6)

Although PSD obtained by MIP test can be used to
predict the SWRC (Sun ef al. 2016), the agreement between

Direction of mercury intrusion
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Fig. 5 Definitions of the largest effective pore and the
smallest pore diameters

Table 1 The parameters obtained by PSDs for complete-
intense weathering mudstone

dinax (NM) 1000
PSD at 0 MPa Applying pressure (psi) 241
AEV (kPa) 245
Aimin (nM) 7
PSD at 38 MPa Applying pressure (psi) 25000
RV (kPa) 34930
Calculated w; at RV (%) 3

the calculated and measured curve is not very good,
especially in lower suction range (Sun ef al. 2016, Niu et al.
2020). The PSDs at different suctions in SWRC test are
different. In this case, the deformation can cause the error
between the experimental and predicted curve, specifically
for deformable clays.

Fig. 4 shows the comparison between the measured
SWRC and the prediction calculated by PSD of MIP test for
undisturbed complete-intense weathering mudstone (Niu et
al. 2019), Pearl clay (Gao and Sun 2017) and lateritic clay
(Sun et al. 2016). As illustrated in Fig. 4(a), as the
complete-intense weathering mudstone is a deformable
clay, the predictions calculated by the PSDs under different
suctions are different. In total suction range, the curve
calculated by the PSD under 0 MPa suction is more
successful than the one by PSD under 38 MPa suction. But,
the prediction by PSD under 0 MPa suction can not match
the test data well in lower suction range. The PSD changes
significantly during the SWRC test, and this change can
cause the discrepancies between predicted and measured
curves (Simms and Yanful 2002). Thus, the prediction can
not match the experiments well only by using one PSD for a
deformable clay. Fig. 4(b) shows the experiments and
prediction by PSD for Pearl clay (a silt). It can be seen that
the calculation by PSD is in a better agreement with
experimental data in medium and high suction ranges. Fig.
1(c) shows the measured and predicted SWRCs obtained by
PSD for lateritic clay. It can be seen that compacted lateritic
clay has bimodal SWRC and the prediction can also
describe the bimodal shape. After exploring these
experiments and predictions by PSD, the calculated curves
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are in good agreement with experimental data in medium
and high suction ranges, but can not match the test data
reasonably well in lower suction range. Based on the
comparison the measurements and predictions obtained by
PSDs, the curve shapes of predictions and measurements
are the same. Although the predicted curves are not
reasonable in lower suction range, the calculated suctions at
all turning points are the same with the measured suction in
SWRC. In other words, the suctions at AEV and RV
predicted by PSD are in good agreement with experimental
SWRC.

3. The relationship between PSD and SWRC

Water retention behavior in soils is highly dependent on
the individual pores. Thus, PSD is more commonly used to
explain the soil water retention behavior (Sun ef al. 2016).
And PSD can be obtained by MIP test, scanning electron
microscope (SEM) and nuclear magnetic resonance (NMR).
The pore structure of soils can be characterized unimodal,
bimodal and multimodal PSD. Generally, there are two
pivotal points in typical SWRC. The first point is AEV
where the pores in soils start to desaturate. The second point
is RV where the water in soils becomes significantly more
difficult to remove (Fredlund et al. 2011). According to
BCC model and Young-Laplace equation, AEV is the
suction, where the largest effective pores start draining and
RV involves the suction, where the smallest effective pores
start draining (Niu ef al. 2020).

The AEV of SWRC is corresponding to the largest
effective pore and the RV is in a good agreement with the
smallest effective pore. As illustrated in Fig. 5, the largest
effective pore and the smallest pore can be determined by
following this procedure: Determine the point of the
maximum slope on the right side of the peak shape and
draw the tangent line through this point. Then draw another
tangent line through the point where the curve starts to drop
linearly in the large pore diameter range. The intersection of
the two tangent lines is the largest effective pore diameter.
In the same way, the smallest pore diameter can be
determined the left side of the peak shape. Fig. 6 shows the
relationship between SWRC and PSD for three materials.
Based on Eqs (1) and (2), there is a specific relationship
between the pore diameter and the suction in SWRC test.
Thus, SWRC can be plotted the relationship between water
content and pore distribution behavior. Fig. 6(a) shows the
dependency of SWRC on PSD for undisturbed complete-
intense weathering mudstone. As shown in Fig. 4(a), the
AEYV of undisturbed complete-intense weathering mudstone
is about 250 kPa and the suction of RV is about 3.4x10*
kPa. As illustrated in Fig. 6(a), using the mentioned
procedure for determining the largest and smallest effective
pore diameters, the largest effective pore diameter
controlling AEV is about 1000 nm, and the smallest
effective pore diameter controlling RV is about 7 nm.
According to Eq. (3), the suctions at AEV and RV
calculated by PSD are about 245 kPa and 3.5x10* kPa. The
key parameters in SWRC and PSD for complete-intense
weathering mudstone are illustrated in Table 1. It can be
seen that the suctions at AEV and RV are in a good
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Fig. 6 The relationship between SWRC and PSD: (a) for

undisturbed complete-intense weathering mudstone
(modified from Niu et al. 2019), (b) for reconstituted
Pearl clay (modified from Gao and Sun 2017) and (c) for
compacted lateritic clay (modified from Sun et al. 2016)

agreement with the measured values in SWRC test. This
further proves the correctness of the mentioned relationship
between PSD and SWRC.

As shown in Fig. 4(b), the AEV of reconstituted Pearl
clay is about 220 kPa and the suction of RV is about
1.7x10% kPa by graphic method. As illustrated in Fig. 6(b),
for Pearl clay, the largest effective pore diameter can also be
determined as about 1150 nm, and the smallest effective
pore diameter controlling RV is about 150 nm. According to
Eq. (3), the suctions at AEV and RV calculated by PSD are
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Table 2 The parameters obtained by PSD for Pearl clay

Aimax (M) 1157
Applying pressure (psi) 161
AEV (kPa) 200
PSD at 0 MPa dumin (NM) 151
Applying pressure (psi) 1196
RV (kPa) 1615
Calculated w; at RC (%) 3

Table 3 The parameters obtained by PSDs for Lateritic clay
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Fig. 7 The relationship between SWRC and SSC for
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about 200 kPa and 1.6x103 kPa. Thus, the suctions at AEV
and RV calculated by PSD can match the values in SWRC
by graphic method. The key parameters in SWRC and PSD
for reconstituted Pearl clay are illustrated in Table 2.

As illustrated in Fig. 4(c), there are two AEVs and RVs
inter-aggregate pores and intra-aggregate respectively for
lateritic clay. The first AEV is governed by the largest
effective pores of inter-aggregate pores (peak 1) and the
second AEV is governed by the largest effective pores of
intra-aggregate pores (peak 2), as illustrated in Fig. 6(c).
Similarly, the first RV is governed by the smallest effective
pores of inter-aggregate pores and the second RV is
governed by the smallest effective pores of intra-aggregate
pores. As illustrated in Fig. 4(c), the AEV and RV of
lateritic clay can be determined in SWRC by graphic
method. The largest effective pore diameters and smallest
pore diameters of inter-aggregate pores and intra-aggregate
pores can also be determined in Fig. 6(c). The key
parameters in SWRC and PSD are shown in Table 3. It can
be seen that the suctions at AEVs and RVs determined by
graphic method are in good agreement with the values
calculated by PSD.

4. The relationship between SSC and SWRC

SSC of slurry can be divided into three stages: normal
shrinkage, residual shrinkage and zero shrinkage (Sun and
Cui 2017). In normal shrinkage stage, the change ratio of
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Fig. 8 SSC for reconstituted Pearl clay (after Gao and
Sun 2017)
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Fig. 9 SSC for undisturbed complete-intense weathering
mudstone (after Niu et al. 2019)

water content is same as the reduce ratio of void ratio
during drying. In residual shrinkage stage, the reduce ratio
of void ratio is lower than the ratio of water content during
further drying. In zero shrinkage stage, water content
continues reducing during drying, whereas void ratio nearly
unchanged. The separating point between SSC and
consolidation curve of saturated soil is corresponding to
AEV. And the turning point, where void ratio nearly
unchanged is can be called shrinkage limit. Fig. 7 shows the
relationship between SWRC and SSC for reconstituted
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Fig. 10 (a) SSC for a compacted weakly expansive soil
and (b) SWRC for a compacted weakly expansive soil
(after Zhang et al. 2020)

Jossigny silt (Sun and Cui 2017). It can be confirmed that
the separating point between consolidation curve of
saturated soil and SSC is the AEV in SWRC.

Fig. 8 shows the SSC for reconstituted Pearl clay. It can
be seen that the water ratio, where SCC starts separate from
consolidation curve of saturated soil is about 0.98. As
illustrated in Fig. 4(b), it can be seen that the AEV of
reconstituted Pearl clay by graphic method is about 200 kPa
and the water ratio correspondingly is about 0.97. The
separating point between SCC and consolidation curve of
saturated soil is in agreement with AEV in SWRC. Fig. 9
shows the SSC for undisturbed complete-intense weathering
mudstone (Niu et al. 2019). The water ratio in separating
point between SCC and consolidation curve of saturated
soil is about 0.7. As illustrated in Fig. 4(a), the AEV for
undisturbed complete-intense weathering mudstone can be
determined as 250 kPa by graphic method and the water
ratio correspondingly is about 0.7. Thus, the water ratio at
AEV is corresponding to the value where the separating
point between SCC and consolidation curve of saturated
soil. And Fig. 10 shows the SSC and SWRC for a
compacted weakly expansive soil (Zhang et al. 2020). The
water ratio in separating point between SCC and
consolidation curve of saturated soil is about 0.79. And the
water ratio at AEV in SWRC by graphic method is about
0.8. Thus, the conclusion that the separating point between

SCC and consolidation curve of saturated soil is
corresponding to AEV in SWRC can be accepted. These
experimental data report that the separating point between
SSC and consolidation curve of saturated soil in shrinkage
test is corresponding to AEV in SWRC test. But the
gravimetric water content at RV can not be determined from
SSC.

5. Determination of SWRC variables from PSD and
SSC

Some SWRC variables such as AEV, the water content
at AEV, the slope at the inflection point, RV and the water
content at RV are the key points in SWRC. These key
variables are commonly used to describe the water retention
behavior (Zhai and Rahardjo 2012), shear strength (Gao et
al. 2020), compressive stiff (Zhang et al. 2018), water
evaporation (Song and Cui 2020) and permeability (Shao et
al. 2017). Generally, these SWRC variables can be defined
by graphical method. In the conventional graphical method,
the experiments need to be measured firstly. Thus, this
method is time consuming for measuring the SWRC data.
As investigated in sections 2 and 3, the AEV in SWRC can
be determined by PSD of MIP test. For unimodal structural
soil, the largest effective pores govern AEV. For bimodal
structural soil, the largest effective pores of inter-aggregates
govern AEV of macro-pores and the largest effective pores
of intra-aggregates govern AEV of micro-pores. However,
the gravimetric water content calculated by PSD of MIP test
at AEV is not in good agreement with the measured
gravimetric water content (see Figs. 4(a), 4(b) and 4(c)). As
illustrated in section 4, the separating point between
consolidation curve of saturated soil and SSC is
corresponding to the AEV in SWRC and the gravimetric
water content at separating point is in good agreement with
the measured water content. Thus, the water content and
suction at air entrance condition can be defined by PSD and
SSC.

As illustrated in sections 2 and 3, the RV can also be
determined by PSD of MIP test. For unimodal structural
soil, the smallest effective pores govern RV. For bimodal
structural soil, the smallest effective pores of inter-
aggregates govern RV of macro-pores and the smallest
effective pores of intra-aggregates govern RV of micro-
pores. In addition, based on the investigation of
experiments, the gravimetric water content at RV obtained
by PSD is in good agreement with the measured water
content in SWRC (see Figs. 4(a), 4(b) and 4(c)). Thus, the
gravimetric water content at RV can be calculated by PSD.
Based on SSC and PSD, the SWRC variables such as AEV,
the gravimetric water content at AEV, the slope at the
inflection point, RV and the gravimetric water content at RV
for unimodal and bimodal structural soils can be defined. It
should be noted that the gravimetric water content and
suction at RV need to be calculated by the PSD under a high
suction.

6. A simplified method to estimate unimodal SWRC

Generally, for unimodal SWRC (Figs. 4(a) and (b)), the
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two key points (AEV and RV) can split the curve into
boundary effect zone, transition zone and residual zone
(Pham and Fedlund 2008). And each zone can be described
by linear expression respectively:

wy = ws — silog(y) Y <WAEV

¥
Wi = Wagy — SIIIOg(m) YAEV S Y < Yrv (7)

100
wyp = smlog(?) Y 2 Yry
where wiwi,wm are gravimetric water contents in three
portions; s1, su and sy are the slopes of the straight lines in
three portions; y is suction; wagy is the gravimetric water
content at AEV; wg is gravimetric water content od
saturated soil; wagvis AEV. Although the method is simple,
the gravimetric water contents at AEV and RV and the three
slopes are difficult to determine. Moreover, it is difficult to
determine the suctions at AEV and RV.

The start point (saturated condition) of SWRC can be
considered as the suction is 0.1 kPa and the gravimetric
water content is the water content of saturated soil. The end
point (“zero water storage”) can be considered as the
suction is 10® kPa and gravimetric water content is 0. If the
suctions and gravimetric water contents at AEV and RV can
be also determined, the three linear segments of typical
SWRC in total suction range can be written as follow
(Wijaya and Leong 2016, Niu et al. 2020):

Ws—WAEV
tog(*2EY)

WAEV—WRV WAEV —WRV

T ) OBV WAy Gy Ve

w=— logy + w; SN

®)

WAEV S Y < YRy

WRV

o108 W + way + — e thpy W2 Yy
(Vf’RV) lOg(¢Rv>

w=—

where wagyv and wry are the gravimetric water contents in
AEV and RV respectively; Papv and Prv are the matric
suctions in AEV and RV respectively.

As illustrated in section 3, the pores where mercury
starts to intrude obviously are the largest effective pores,
which govern the AEV. And the smallest effective pores
governing the RV, where it starts significantly more difficult
to intrude mercury as pressure increasing. If the largest and
smallest effective pore diameters can be determined, then
the suctions and gravimetric water contents at AEV and RV
can be obtained respectively by the Egs. (2), (3), (4), (5)
and (6). It can be seen in Section 2 and 3, although the
predicted gravimetric water content at AEV could not match
the measured results quilt well, the AEV calculated by the
largest pore diameter determined by MIP test is closely
approximate to AEV obtained in SWRC test. The calculated
gravimetric water content and suction by PSD at RV are in
good agreement with the values in SWRC obtained by
graphic method. As illustrated in Section 4, the separating
point between consolidation curve of saturated soil and SSC
is the corresponding to AEV in SWRC. And the gravimetric
water content in separating point is in good agreement with
the value in SWRC obtained by graphic method. Thus, the
variables of SWRC can be determined by PSD and SSC.

Table 4 The variables of SWRC for complete-intense
weathering mudstone and Pearl clay

Soil Variables of SWRC Value Obtained method
AEV (kPa) 245 PSD (s=0 kPa)
Complete-
intense wat AEV 36.7 SSC
weathering  gyction at RV (kPa) 3.5x10°  PSD (s=38 kPa)
mudstone
w at RV (%) 3 PSD (s=38 kPa)
AEV (kPa) 200 PSD (s=0 kPa)
wat AEV 26.3 SSC
Pearl clay
Suction at RV (kPa) 1600 PSD (s=0 kPa)
w at RV 3 PSD (s=0 kPa)

There are four parameters which can be determined by
the PSDs from MIP tests and SSC in equations for
unimodal SWRC. Moreover, no curve-fitting procedures are
necessary in the proposed method to construct SWRC. And
the parameters in proposed equations have explicit physical
meanings respectively.

7. \Verification of proposed equations using
experimental data from the literature

The validity of proposed method to construct SWRC is
demonstrated by comparing predictions with experimental
data. In order to demonstrate the advantages of the proposed
equation, two materials (undisturbed complete-intense
weathering mudstone (liquid limit = 52.6%, plasticity index
=26.7) (Niu et al. 2019) and reconstituted Pearl clay (a silt,
liquid limit = 43%, plasticity index = 26%) (Gao and Sun
2017)) were used.

As illustrated in Fig. 6(a), the largest effective pore
diameter governing AEV can be determined by the PSD
under 0 kPa suction condition, and the AEV can be obtained
by Egs. (1)-(3). And the gravimetric water content at AEV
can be determined by SSC (see in Fig. 9). The gravimetric
water content of the separating point between consolidation
curve of saturated soil and SSC is about 26.3% as shown in
Fig. 9. The smallest effective pore diameter governing RV
can be determined by the PSD under 38 MPa suction

30

20

Gravimetric water content (%)

10 7
O Experiments
| —O— Prediction by linear
formulations
O 1 1 1 1 1

O
10> 100 100 100 100 100 10°
Suction (kPa)
Fig. 11 Comparison of predicted and measured SWRCs
for undisturbed complete-intense weathering mudstone
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Fig. 12 Comparison of predicted and measured SWRCs
for reconstituted Pearl clay

Gravimetric water content (%)

condition (see in Fig. 6(a)), then the suction and gravimetric
water content at RV can be obtained by Egs. (1)-(3) and
Eqgs. (4)-(6) respectively. At last, these key variables in
SWRC obtained by PSDs for complete-intense weathering
mudstone are determined. These variables of SWRC
obtained by PSDs and SSC for complete-intense weathering
mudstone are illustrated in Table 4. Then substitution of the
parameters into Eq. (8) leads to the SWRC of undisturbed
complete-intense weathering mudstone. Fig. 11 shows the
experiments and calculation by PSD and SSC. As illustrated
in Fig. 11, the predicted SWRC obtained by the proposed
method can match the experimental data (void ratio e=0.77)
well.

According to the procedure described in section 3, the
largest effective pore diameter and smallest pore diameter
for reconstituted Pearl clay can be determined by the PSD
(see in Fig. 6(b)). Then the suctions at AEV and RV can be
obtained by Egs. (1)-(3) and the gravimetric water content
in RV can be obtained by Egs. (4)-(6). The gravimetric
water content of the separating point between consolidation
curve of saturated soil and SSC of reconstituted Pearl clay
is about 36.7% as shown in Fig. 8. These variables of
SWRC obtained by PSD and SSC for reconstituted Pearl
clay are illustrated in Table 4. SWRC can be obtained by
substituting these parameters determined from PSD into Eq.
(8). Fig. 12 shows the measured and predicted results of the
SWRC for reconstituted Pearl clay in the main drying
(e=1.10). It can be secen that the prediction obtained by
proposed equations is in good agreement with experimental
data.

8. Conclusions

In order to determine SWRC variables directly without
prior measured SWRC data, an insight into the relationship
between SWRC, PSD and SSC is investigated. In unimodal
PSD curve, the largest effective pores govern the AEV, and
the smallest effective pores govern the RV. For bimodal
SWRC, the AEV and RV of inter-aggregate are governed by
the largest effective pores and smallest effective pores of
inter-aggregate respectively. And the AEV and RV of intra-
aggregate are governed by the largest effective pores and

smallest pores of inter-aggregate respectively respectively.
Considering shrinkage, the AEV can be determined by the
PSD of 0 suction. While the RV and gravimetric water
content at RV can be determined by the PSD of a higher
suction. In the combination of SSC and SWRC, the
separating point between consolidation curve of saturated
soil and SSC is corresponding to the AEV in SWRC and the
gravimetric water content at separating point is in good
agreement with the value at AEV in SWRC. Thus, these
SWRC parameters can be defined directly by the PSD of
MIP test and SSC without fitting process.

Unimodal SWRC can be discretized as three linear
segments respectively through these key points, and each
segment can be represented by linear formulation. The
coordinate (suction and gravimetric water content) of each
turning point can be determined by the PSD and SSC
correspondingly. There are four parameters for unimodal
SWRC and these parameters can be determined by PSDs
and SSC. Each parameter in proposed equations has
definitude physical meaning in proposed unimodal SWRC
equations. The proposed method is verified by experimental
SWRC data of silts and deformable clays. In addition, this
method can construct the unimodal SWRC directly without
fitting SWRC data process. It is however worth noting that
the proposed equations are difficult to be substituted into
constitutive modelling because of its discontinuity.
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