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Abstract:

There is close link between soil water retention curve and pore size distribution.
Theoretically, mercury intrusion porosimetry (MIP) test simulates a soil drying path
and the soil water retention curve SWRCwmip can be deduced from the MIP results.
However, SWRCwmip does not include the volume change effect, as opposed to the
conventional SWRC which is directly determined by suction measurement or suction
control techniques. Therefore, for deformable soils, there is significant difference
between SWRC and SWRCwmp. In this study, drying test was carried out on a
reconstituted silty soil, and the volume change, suction and pore size distribution (PSD)
were determined on samples at different water contents. The change of the deduced
SWRCwip and its relation with the conventional SWRC were analyzed, showing that the
volume change of soil is the main reason for the difference between the conventional
SWRC and the SWRCwmip. Furthermore, based on the test results, a transformation
model was proposed for SWRC and SWRCwmp, by taking the soil state with no longer
volume change as a reference. Comparison between the experimental and predicted
SWRCs showed that the proposed model can satisfactorily consider the influence of

soil volume change on its water retention property.

Key words: Soil-water retention curve; mercury intrusion porosimetry; transform; S,-

s-e plot; deformable soils
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1. INTRODUCTION

A soil-water retention curve (SWRC) describes the amount of soil water (in terms of
gravimetric water content w or volumetric water content & or degree of saturation S;)
at a given suction s. This curve is essential in analysing water transfer in unsaturated
soils. This curve is also of paramount importance when modelling the coupled hydro-
mechanical behaviour of unsaturated soils (Wheeler, 1996; Sun et al., 2007; Nuth and

Laloui, 2008; Sun and Sun, 2012).

Conventional SWRC are usually investigated using either suction measurement or
suction control techniques. However, application of these techniques is usually time
consuming (Aubertin et al., 2003), especially for clayey soils. As volume change can
occur when changing suction, the conventional SWRC includes the effect of this
volume change. There are numerous SWRC models available in the literature, such as
Brooks and Corey model (Brooks and Corey, 1964), van Genuchten model (Van
Genuchten, 1980) and Fredlund and Xing model (Fredlund and Xing, 1994), to name
only a few. But these models do not account for the volume change effect. Fredlund
(2018) proposed mathematical algorithms combining the shrinkage curve and the
SWRC, allowing for the separation of volume change effect from the effect of degree

of saturation.

Based on the pore size distribution (PSD) obtained from mercury intrusion
porosimetry (MIP) test, the soil water retention curve in the drying path can be

obtained by applying Laplace’s equation (Prapaharan et al., 1985; Delage et al., 1995;
3
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Romero et al., 1999; Aung et al., 2001; Simms and Yanful, 2002, 2005; Mufioz-
Castelblanco et al., 2012; Hu et al., 2013). It is worth noting that the SWRC derived by
MIP result represents the SWRC under constant void ratio, which is termed as SWRCwp.
Accordingly, the derived degree of saturation and suction relationship is termed as
Srvie-s, the derived water content and suction relationship as waur-s and the derived

void ratio and suction relationship as enp-s.

Delage et al. (1995) analysed the PSDs and the SWRCs of various geomaterials, i.e., a
siliceous and a clayey sandstone, an overconsolidated clay and a compacted silt. A
good agreement was observed between SWRCwip and SWRCfor sandstones, while this
agreement was not observed for fine-grained soils. Mufioz-Castelblanco et al. (2012)
also reported a significant difference between SWRCmip and SWRC for a loess. These
differences were discussed in the literature, but no conclusive explanations were given.
For example, Romero et al. (1999) thought that the differences could arise from the
different effects that water and dissolved salts produce on clay fabric compared to the
process in mercury intrusion. While Simms and Yanful (2002) mentioned the possible
pore trapping effect; that is, mercury intrusion only gives the entrance pore radius,
thus somewhat overestimating the porous volume associated with the estimated

diameter.

Normally, soil microstructure is sensitive to changes in water content, especially for
deformable soils. Delage et al. (1995) concluded that soil water retention properties
were conditioned by the microstructure changes. Mufioz-Castelblanco et al. (2012)

also showed the significant effects of changes in microstructure occurring at the level
4
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of clay aggregations and the growing importance of the water adsorption in the clay
fraction at high suctions. The hydraulic and mechanical responses of soil take place
simultaneously when it is subjected to suction changes. That is to say, the total change
in degree of saturation is induced by both changes in suction and void ratio (Simms
and Yanful, 2005; Masin, 2010; Romero et al., 2011; Sun and Sun, 2012; Hu et al., 2013;
Sun et al., 2014; Della Vecchia et al., 2015; Vaunat and Casini, 2017; Fredlund, 2018).
Therefore, it can be deduced that microstructural changes may be the reason for the
difference between the conventional SWRC and SWRCwip, especially for deformable

soils.

Recently, the coupled hydro-mechanical response due to suction changes was
accounted for by several authors (Gallipoli et al., 2003; Simms and Yanful, 2005; Sun
et al., 2007; Nuth and Laloui, 2008; Masin, 2010; Hu et al., 2013; Tsiampousi et al.,
2013; Fredlund, 2018). Some of them proposed the approach based on the
guantitative information derived from MIP data. Simms and Yanful (2005) developed
a deformable pore-network model (DPNM) to predict the SWRC based on the
evolution of measured PSDs for a compacted clayey soil under isotropic loading and/or
desaturation. While in the DPNM model, pores are randomly mapped in space and
idealized as a network. Hu et al. (2013) formulated a hysteretic SWRC model to
account for the influence of deformation on the variation of saturation based on the
changes in PSD function for deformable soils. In their model, the PSD at a deformed
state can be obtained by horizontal shifting and vertical scaling of the PSD function
from a reference state - initial state with void ratio eo. The premise of the model is that

the overall shapes of the various PSDs can be considered to be insignificantly different
5
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from each other. This is obviously too strong hypothesis for fine-grained soils as
illustrated by Sun and Cui (2018), testifying that the changes in the aggregate porosity
were not negligible. Romero et al. (2011) and Della Vecchia et al. (2015) proposed a
physically based conceptual framework for modelling the retention behaviour of
compacted clayey soils, which considers the PSD function evolution along hydraulic
and mechanical paths. However, their framework contains a large number of

parameters to be calibrated, limiting its application.

In this paper, drying tests were conducted on a reconstituted silty soil. The volume,
suction and PSD were determined on samples at different target water contents.
Based on the obtained results, the difference between the conventional SWRC and
the SWRCwip derived from PSD was analysed. Particular attention was paid to the
interrelationship between the SWRCmp families and the conventional SWRC.
Moreover, a transformation model was established between SWRC and SWRCwp,
allowing the prediction of SWRC from the SWRCwmip families. Through this study, the
water retention mechanism associated with the volume change of soil was clearly

evidenced.

2. MATERAIL, TESTING PROGRAM AND CALCULATING METHOD

2.1 Material and testing program

An aeolian Jossigny silt was used. The liquid limit wyis 37%, the plastic limit wy is 19%

and the shrinkage limit ws is 12%. In the Casagrande diagram of plasticity, the soil is
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located close to the A-line, belonging to low plasticity clay. The clay-size fraction of

Jossigny silt is 34 %.

Soil slurry, with a water content 1.5 times the liquid limit mixed with deionised water,
was firstly poured into several small containers. Afterwards, the samples in the
containers were air-dried to different target water contents, which were selected
around wj, wp and ws. The air-drying intervals were taken short - every 30 minutes - to
avoid macro-cracks in samples. After each drying operation, the container was
covered for several hours for water homogenisation. By repeating these steps, dried

samples at different water contents were obtained.

After reaching the respective target water content, the sample was divided into 4
pieces. One for water content measurement. A second for the volume measurement
based on the principle of buoyancy (Delage et al., 2007; Zeng et al., 2017). A third was
freeze-dried for MIP investigation (Delage and Lefebvre, 1984; Delage et al., 1996)
using an Autopore IV 9500 mercury intrusion porosimeter (Micrometrics), which
operated from 3.4 kPa (363.6 um pore) to 227.5 MPa pressure (5.5 nm pore). The last
one was used for suction measurement using a chilled-mirror dew-point
psychrometer (WP4C Dewpoint PotentiaMeter). To measure low suction of soil, a test
apparatus consisting of an odometer cell with 70 mm inner diameter, a porous
ceramic disc with an air-entry pressure of 50 kPa and a graduated tube with 6 mm
inner diameter connected to a water tank was used. More details about this apparatus
can be found in Feia et al. (2014) and Sun et al. (2017). Table 1 shows the indexes of

samples dried to different target states.
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2.2 Calculating method

The mercury intrusion process is assimilated to a drying process, in which a non-
wetting liquid is penetrating into a porous medium full of wetting fluid (Delage et al.,

1996; Mufioz-Castelblanco et al., 2012).

The pore diameter can be deduced from the mercury pressure, as follows (Romero et
al., 1999):

_ 4T, cosd,
p

d= (1)

where Tp, is the surface tension of mercury (0.485N/m); d is the pore entrance
diameter (um); 9mis the mercury-soil contact angle (taken equal to 130° in this study);

p is the external applied intrusion pressure (x10° N/m?).

The cumulative intrusion void ratio (eme) is computed as follows:

=_m:ﬁm;s|jpw (2)
m

where Vs is the volume of soil; Vi, is the volume of intruded mercury; ms is the mass of

soil; Gs is the specific gravity; pw is the water unit mass.

From the derivative of the cumulative intrusion curve, the pore size density function

is obtained:

- J(eMIP) 3
! dgd) )
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Based on the PSD obtained from MIP test, the SWRCwp can be determined
(Prapaharan et al., 1985; Romero et al., 1999; Aung et al., 2001; Simms and Yanful,
2002). The relationship between matric suction (us - uw) and mercury intrusion
pressure p can be deduced from Eq. (4):

T cos@

U, —u, ==t (4)
T cosé, b

where Ty is the surface tension of water (0.073N/m); 9w is the water-soil contact angle

(taken equal to 0° in this study).

Romero et al. (1999) suggested that the degree of saturation S,and water content w
corresponding to the equivalent applied pressure should consider the hygroscopic
water content related to the strongly attracted adsorbed water to the mineral surface
and the equivalent residual water content corresponding to the non-intruded porosity.

They can be expressed as follows:

S =(1-85 y+temg (5)
w=(1—S,m)(w:sat —wres) W (6)

where wsat stands for the saturated gravimetric water content; Sm stands for the non-
wetting mercury degree of saturation; wres is the equivalent residual water content
corresponding to the maximum mercury intrusion pressure that the mercury

porosimeter can reach.

Srm and wWres can be calculated as follows:



207 S =_—‘m __“mip (7)

208 w,

® mS mS GS

209

210  Finally,

211 Wy = —— (1 -2 (9)

G, e
e
212 Sy =1—HE (10)
e

213  where emp is the mercury intruded void ratio; emipmax is the maximum mercury
214  intruded void ratio; e is the void ratio corresponding to different target drying states;
215  Svpis the degree of saturation obtained from MIP test; wuvp is the water content
216  derived from MIP test.

217

218 Based on the above measurements and calculations, the void ratios and degrees of
219  saturation of soil samples at different target water contents were calculated, and the
220  conventional SWRC and the SWRCwp derived from PSD were also determined.

221

222 3 EXPERIMENTAL RESULTS

223

224 3.1 Shrinkage behaviour and conventional SWRC

225

226  Figure 1 shows the results from the drying tests on the reconstituted Jossigny silt

227  prepared at initial water content w;= 1.5 w;. Figs. 1 (a) and (c) depict the shrinkage

10
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behaviour, e.g., the changes of void ratio with water content (e - w), and degree of
saturation with water content (Sr - w), respectively. Fig. 1(b) depicts the volume
change behaviour under the effect of suction, e.g., void ratio with suction (e-s). Figs.

1(d) shows the conventional S,-SWRC of Jossigny silt.

The e-w relationship obeys a typical shrinkage characteristic curve of soils, as shown
in Fig. 1(a), which includes normal shrinkage, residual shrinkage and no shrinkage
stages. The experimental results firstly started from the stage of normal shrinkage,
which coincided with the dashed full saturation line, and the samples kept fully
saturated, as shown in Fig. 1(c) for the S-w relationship. Afterwards, when water
content reached wee, the slope of the shrinkage curve decreased, and the residual
shrinkage began. From the air entry point, the degree of saturation began to decline,
as it can be seen from the S~w curve in Fig. 1(c). From the S~-SWRC in Fig. 1(d), the
corresponding suction at wge could be determined of about 180 kPa. When suction s
exceeded the air entry value, S-SWRC changed from the saturated to the unsaturated
domain. After the water content reached the shrinkage limit ws, the void ratio
remained unchanged with further drying, as shown in Fig. 1(a) and (b), starting the no

shrinkage stage.

3.2 Microstructure investigation

Figure 2 presents the pore size distribution of Jossigny silt during drying. Fig. 2(a) is the
cumulative intruded curves. It can be observed that emr decreased in the beginning
and became almost unchanged after the water content reached the shrinkage limit.

The pore size density functions shown in Fig. 2(b) are the derivative of the cumulative
11
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intrusion curves of No. (1)-(6) in Fig. 2(a), plotted in terms of Senmp/6lgd as a function
of pore entrance diameter d. From Fig. 2(b), all the PSD curves present a typical
unimodal pattern (Fiés and Bruand, 1998). When w>ws, significant pore refinement
occurred upon drying. However, with further drying, the curves began shifting to
larger diameter. Sun and Cui (2018) explained this phenomenon by the development
of possible micro-fissures of the clay part. Moreover, when w<ws, the shift trend of
PSD curves ceased. Accordingly, the void ratio at this time almost remained

unchanged and reached the minimum value, emin.

3.3 SWRCwmip derived from MIP investigations

Figure 3 presents the relationship between degree of saturation and suction. The plots
star (%) show the conventional SWRC results determined directly by suction
measurement, the others corresponding to the samples with different target water
contents. It can be noticed that the SWRCwmp significantly differs from the conventional

SWRC.

SWRCwmip can be divided into three segments on a semi-logarithmic plot, that is, a

boundary effect zone, a transition zone and a residual zone:

(i) In the boundary effect zone, Symipr was almost equal to 100%, where almost no

mercury intrusion took place.

12
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(ii) In the transition zone, sudden drops occurred because of the intrusion of the
dominant pore diameters. It was also observed that the Sp-s curve shifted towards
the S-s curve at the beginning, however in the residual shrinkage stage, the Siip-s
curve began to shift backwards due to the possible presence of drying-induced
internal micro-fissures occurred in the clay fractions and in the interface between silt

grain and clay particles, more details can be found in Sun and Cui (2018).

(iii) In the residual zone, the Smip-s curves showed a shifting-up with further drying,
and got close to the S,-s curve. The Sqvp represents the volume fraction of the non-
intruded space and can be expressed as Srvip=(e-emip)/e in Eq.(10). The shifting-up of
the Srvip-s curve in the residual zone was the result of the changes of non-intruded
void ratio (e-emp). The changes of Sp-s curves were also related to the
microstructure change during drying. Moreover, it could be deduced according to the
shifting-up trend that the Syvip-s curve of sample with the smallest void ratio (e=emin)
almost reached the S,-s curve. At this time, the SWRCup from MIP test is the same as

the conventional SWRC, in agreement with the observation of Delage et al. (1995).

3.4 5+-s & Simip-s relationships

Figure 4 shows the sketch of S,-s relationship (solid line from A to B) and Srvie-s
relationship (dash line from A to C). Point A marks the coordinate (Sy;, si) with void ratio
ei and water content w;, and Point B (Si+1, Si+1) with void ratio ei-; and water content

wiz1. From A to B, when the suction increased from s; to si.1, the degree of saturation

13
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decreased from S, to Syi:1. The absolute change value in degree of saturation when

suction increased from sj to sizz is | dS; | = | Sris1— Sri |-

The change in degree of saturation at constant void ratio e; when suction increased
from s; to si.1 followed the Squp-s curve from A to C, and could be described as | dS(s)
e=ei |, Which could be obtained by the Svip-s curve at constant void ratio e;, i.e., dS«(s)

e=ei = dSrMIP e=ei.

Therefore, the change in degree of saturation caused by void ratio change under a
constant suction (s = s;) could be determined as | dS,(e)s-si |, and it could be calculated

by | dSr(€)s=si | = | dSHS)e=ei | — | dSr|.

From the drying tests, the relationships between degree of saturation and suction (S,
s) and between void ratio and suction (e-s) were obtained. Combined with the MIP
results, the changes of | dS:(e) | / | dSi(s) | and | dSr | / | dSK{s) | with suction were
determined, as shwon in Fig. 5. It can be seen from the changesin | dSq(e) | / | dS«(s)
| (dash line) that with increasing suction, the value changes from 1 to 0 gradually,
indicating that when suction is low, the reduction of degree of saturation is mainly
caused by the changes of void ratio. By contrast, when the water content reached the
shrinkage limit, the void ratio kept almost unchanged, and the contribution of void
ratio to the change of degree of saturation | dS: | vanished. Conversely, with
increasing suction, the value | dS; | / | dSH(s) | changed from 0 to 1 gradually, indicating

that when suction was low, the degree of saturation almost kept 100%. At higher

14
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suction, the void ratio tended to become unchanged and the change of degree of

saturation was totally caused by suction change, thatis, | dS; | = | dSi(s) |.

For non-deformable soils, the Svip-s curves are consistent with the S,-s curve (Delage
et al., 1995), the value | dS; | / | dSi(s) | can be approximately taken equal to 1. On
the contrary, for deformable soils, the shapes of Smvip-s curve and S-s curve differ
significantly and the value | d Sr | / | d SH{(s) | changes from 0 to 1 gradually with the

increase of suction.
3.5 5-e-s & Srmip-e-s three-dimension surfaces

In order to better visualise the effect of void ratio on SWRC, two diagrams are
proposed: one is the S,-e-s three-dimension diagram and another is the Syvp-e-s three-
dimension diagram, as shown in Fig. 6. The conventional SWRC is located on the S,-e-
s 3D surface with void ratio changing, while the SWRCwmip with constant void ratio is

located on the Syvp-e-s 3D surface.

The F-X equation (Fredlund and Xing, 1994), with the applied correction factor for zero
water content at 10° kPa of suction, was adopted in building the three-dimension
surface for further investigation, as shown in equation (11). However, it is worth
noting that other suitable models can be also used provided that they allow the

description of the data over the full suction range.

Sr :[1_ ln(1+s6/sres) ]|: 1 :| (11)
In(1+10° /s,,.) )| In(2.718 + (s / a)"

res

15
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where s is suction; srs is the suction corresponding to the equivalent residual water

content; parameters a, n, and m affect the shape of the curve.

The Svip-e-s three-dimension surface can be obtained by the following method: first,
the Srvip-s curve at constant void ratio e = e; was derived from the PSD curve obtained
from MIP test. Second, each Syvie-s (e = e;j) relationship was expressed through the F-
X SWRC model, namely formula (11), each curve having its corresponding three
parameters a(e;), n(ei), m(ei). Thus, the function of the parameter changing with the

void ratio could be determined. Finally, the Sivip-e-s three-dimension surface was built.

From the w-s relationship matched by the F-X SWRC model and the equation e S; =G;
w, the S-e-s surface was obtained. After that, several SWRCs at constant void ratio

were obtained through the F-X SWRC model.

Figure 7 shows the projection of drying test results in S, (Srvip)-e-s diagram, the thick
solid curve is the conventional SWRC in drying path obtained in this study, and the
thick dash curve is the SWRC projection on the S,vir-e-s surface. The projections of the
two thick curves onto S (Srvip)-0-s, Sr(Srvip)-0-e, and e-o-s surfaces are also shown. It
is worth noting that, in S-0-s coordinate, the projection of the thick solid curve is
conventional Si-s relationship in drying path, with void ratio changing following the

projection in e-o-s coordinate.

The projection of drying test results on e-o-s coordinate is shown in Fig.1(b). It can be

observed that the void ratio decreased with increasing suction. Figure 8 shows the
16
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sketch of e-s relationship corresponding to the drying test result. It can be seen that
each suction s;had a corresponding relationship with the void ratio e;. Combing the
test results in Fig.1(b) and the sketch of e-s relationship in Fig.8, it is observed that the
water content reached the shrinkage limit at ws=12%, corresponding to suction ss
=1500 kPa and void ratio is es=0.52. Under further drying, the void ratio remained
almost unchanged. When suction reached 10° kPa, the void ratio reached the

minimum value: e=emin (about 0.49).

Figure 9 shows the projection of the test results on S, (Srvip)-0-s coordinate. The plots
star (%) show the conventional SWRC results obtained in this study. Correspondingly,
the thick solid curve represents the conventional S,-s relationship. The dash dot curve
represents the Sqvip-s (e=e;) curve, which can be regarded as one of the MIP test results
in the study, or as one of the curves selected from the Sqvip-e-s surface at any void
ratio e;. It is to be mentioned that the corresponding Srvie-s (e=emin) curve, represented
by a dash curve, was obtained from the established Svip-e-s three-dimension surface

at €=€min.

As observed previously, the Syvip-s curve moved rightwards with void ratio decreasing
under the premise that there are no micro-fissures developed during drying. After the
water content reached the shrinkage limit, the void ratio approached the minimum
value emin gradually. It can be reasonably assumed that the S,-s (e=emin) curve in S-e-s
3D surface, the Srmip-s (e=emin) relationship in Syvie-e-s 3D surface and the projection
of the conventional S-SWRC on S-0-s coordinate coincide in the high suction range.

This is testified in Fig. 9. Therefore, the Siuip-s (e=emin) curve can be taken as the
17
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reference curve, which connects the two surfaces, Srvip-e-s and S-e-s.

4. TRANSFORMATION FROM S/vip-s CURVES TO CONVENTIONAL S,-s RELATIONSHIP

From above analysis, it is noticed that a SWRCwmip corresponds to a fixed pore structure,
however, a real SWRC is affected by soil volume changes. It can also be deduced that
Srvie-s curves would move continuously toward the S-s curve under the condition of
no micro-fissures occurring, i.e., theoretically, a SWRC is the combination of a family
of SWRCwmyps at different suctions. Based on the finding that the Sivip-s (e=emin) curve
can be taken as a reference curve, connecting the Syvip-e-s and the S,-e-s surfaces, a
transformation model was established to predict the SWRC from the SWRCwmip families,

accounting for the effect of soil volume change on soil water retention property.

4.1 Transformation model

As the conventional S-SWRC coincides with the Syvip-s curve at e=emin, as shown in Fig.
9, namely S/{(s=s;, e=ei) = Srmr(s=si, e=emin), the difference between S, on the Sr-e-s
surface and Smvp on the Spvp-e-s surface when s=s;, combined with Eq.(10), can be
expressed as:

Sr(s=si,e=ei)—SrM,P(s=si,e=ei) (13)

=S p (S =€ :emin)_SerP (S =S;,€ :ei)

zl_eMlP(s:si’e:emjn) _

e . e.

min 1
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where evip (s=si, e=e|) represents the amount of mercury intrusion for soil sample with
void ratio equals e;, and with pore diameter d=d; and corresponding s<s;. Figure 10
shows the ewmp-s relationship, the solid curve represents the condition of e=ej, emip (s=si,
e=e;) is namely the mercury intrusion porosity ratio when e=e;, s<<sjand d=d;, and the
dash curve represents the condition of e=emin, emir (s=5i, €= emin) is namely the mercury

intrusion porosity ratio when e= emin, s<sjand d=d..

Figure 11 shows the pore size distribution diagram, which shows the change of PSD
function when e decreases from e; to emin. emie (s=5i, e=ei) and ewmip (5=5i, €= emin) can be

expressed as:
. (14)

where Agsqi (e=€j) represents the porosity proportion of d>d;, which is the proportion
of the shaded area with cross grain on the PSD curve of e=ej, and Ag=4i (€=€min)
represents the porosity proportion of d=di, which is the proportion of the shaded
area with vertical stripe on the PSD curve of e=emin. When the void ratio decreases to
ein, the pore entrance diameter decreases to dizn, and the corresponding suction
increases to si:n, and enp (S=Sitn, €=€in) and emip (S=Sitn, €= emin) can be obtained by the

above method, combined with Fig.11.

Therefore, the difference (S; - Srmip) at s=s;, in Eq.(13), can be further expressed as:
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A\ (s =s,e= ei)—S,M,P (s =s,e= ei) =Apge=e)= Ay, (e=e,,) (15)
It appears from Fig. 6 that the variation between S, and Swp, i.e., (Sr - Srvip) at s=s;,
which is simplified as Y;, represents the distance between Point A on S-e-s 3D surface
and Point Am on Syvip-e-s 3D surface. When s=s;,1, the variation between S, and Syvip at
s=si+1, simplified as Yi:1, represents the distance between Point B on S,-e-s 3D surface

and Point By on Srvie-e-s 3D surface.

The variation between Y1 and Y, e.g., A\Y represents the change of the value (S; -
Srvip) from point s=s; to point s=si:1. It can be expressed as:

AY =Y, -Y (16)
= (Sr - SrMIP )(S=Si+1 ,e:el”) - (Sr B SrMIP )(5251 ,e=ei)
= (ASSSM (e = ei+1) - Asﬁé‘m (e = emin )) B (ASSSi (e = ei) - AsSsi (e = emin ))

To summarize, according to Eq.(16), AY can be obtained by the following steps:

First, the Syvip-e-s surface can be obtained from at least three MIP experiment results
of samples with different void ratios. Second, the Syvip-s relationship for any void ratio
eiand the minimum void ratio emin can be obtained from the deduced Syvip-e-s surface.
Then, the relationships of emir-s at e=e; and e=emin can be back deduced by the
obtained Syvip-s relationship. The proportional “A” value in Eq.(16) can be obtained
from the emip-s curves of e=e; and e=emin Or their pore size distribution curves. Finally,
the variation Y; between S, and Syvip at s=s; in Eq.(15) can be obtained. Given the
suction increasing step, and the suction reaches s=si1, by repeating the above

procedures, Yi.1 between S, and Sqvip at s= si+1 can also be obtained.
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Simultaneously, from Fig. 6, /1Y can also be expressed geometrically as:

AY = (Sr,.+1 'SerP,-+1 )~ (Sr,- _SrMIPi) = Sr,.+1 'Sr,- '(SrMIP,.+l _SrMIPi) (17)
where Srvipir1 - Srvipi = ASemip(i+1)-(i) corresponds to the variation of degree of saturation
on the Syvip-e-s three-dimension surface, and includes two parts: one caused by
changes of suction and the other caused by changes of void ratio, which can be

expressed by the following integral:

dsS,p(s; = Si.€ - €) :asrﬂde"'asrﬂds (18)
de Os

Finally, using the values of the degree of saturation and water content at suction s;,
combining Eqgs. (16)-(18), the Syi:1 and wis1 at si+1 can be deduced, as follows:
S, =Y,

Tix i+l

_Yi +Sr,- +ASerP(i+1)—(i) (19)

e

i+l 7y
Wi :? (20)

Subsequently, the conventional SWRC is predicted from the SWRCwmp families

according to the transformation model.

In summary, in the transformation model, the S,-e-s three-dimension surface where
conventional SWRC is located and Svpr-e-s three-dimension surface where the
SWRCwmip with void ratio unchanging is located were defined. Based on the finding that
the S-s (e=emin) curve, the Srvip-s (e=emin) relationship and the conventional S-SWRC
coincide at high suction, the soil state with no longer volume change is taken as a

reference, that is, Srvie-s (e=emin) curve, which connects the two surfaces, Syvip-e-s and
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Sre-s. After that, based on the evolution of PSD curves due to the porosity changes,
and the variation of S;vip deduced from the Svp-e-s three-dimension surface, the
degree of saturation can be determined. Finally, the conventional S--SWRCis obtained.
It is worth noting that the transformation model introduces no more parameters than

those in the F-X model.

The transformation model is suitable for saturated samples undergoing drying test, no
matter what stress histories they have before saturation. Upon wetting, the Svip-s
curve would shift leftwards due to soil swelling (increase of porosity). Theoretically,
the same philosophy of analysis can be applied. This is to be verified later when

experimental data are available.

4.2 Application of the transformation model

Applying the proposed approach, the transformation was completed from the
SWRCwmip families to the conventional SWRC. Fig. 12 shows the comparison between
the experimental and predicted SWRC from the SWRCwmip families of reconstituted
Jossigny silt in drying, including S,-s relationship in Fig. 12(a) and w-s relationship in

Fig. 12(b).

According to the shrinkage curve of reconstituted Jossigny silt, the minimum void ratio
emin is 0.49. In Fig. 12(a), the marks of “%*” shows the SWRC test results; the solid curve
represents the predicted S,-s relationship curve by the transformation model; the

marks “0” represents the Smvip-s relationship, which is obtained as follows: given the
22
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suction increasing step, the corresponding void ratio is obtained by the e-s curve, and
each point in e-s curve corresponds to a point on the obtained Sqvip-e-s surface. Then,
these points are projected on the S, (Srvip)-0-s coordinate, and the Sqvip-s relationship

can be obtained.

It can be seen that the S,-s and the w-s relationship curves predicted by the
transformation model are in good agreement with the measured SWRC results,
testifying the validity of the proposed model and indicating that the proposed model
can satisfactorily account for the influence of soil volume change on its water

retention property.

5 CONCLUSIONS

In order to analysis the difference between the conventional SWRC and SWRCwip
derived from PSD due to volume change, drying test was conducted on a reconstituted
silty soil, together with the volume, suction and PSD measurements. The changes of
the SWRCwmip families and their relation with conventional SWRC were analyzed. It can
be concluded that deformation of the soil is the main reason for the difference

between the conventional SWRC and SWRCwp.

A transformation model was proposed further. The model is based on the finding that
the Si-s (e=emin) curve in S-e-s 3D surface, the Sivip-s (e=emin) relationship in the Syvip-
e-s 3D surface and the projection of the conventional SWRC on S/ (Srmip)-0-s coordinate

coincide at high suctions. This model takes the soil state with no longer volume change
23
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as a reference, and takes the Syvip-s (e=emin) curve as a reference curve in S-SWRC
prediction, which connects the Syvp-e-s and S-e-s surfaces. The model is expected to
be suitable for undisturbed and compacted—saturated samples undergoing drying

path, no matter what stress histories they have before saturation.
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Table 1. Indexes of samples drying to different target states

No. Sample s(kPa) e w(%) S/{%)
(1)1 6 0.96 35.02 99.71
(1) (1)-2 6 0.95 34.71 99.73
(1)-3 5 0.98 35.70 99.28
(2)-1 13 0.87 31.75 98.92
(2) (2)-2 13 0.87 31.34 98.42
(2)3 13 0.87 31.68 98.58
(3)1 160 0.61 22.12 98.04
(3) (3)-2 160 0.62 22.31 98.29
(3)-3 160 0.62 22.31 98.24
(4)-1 1000 0.54 14.29 71.42
(4) (4)-2 1180 0.55 13.65 67.33
(4)-3 870 0.55 14.44 71.92
(5)-1 11020 0.51 7.58 40.61
(5) (5)-2 10160 0.52 7.87 41.38
(5)-3 20000 0.50 6.35 34.80
(6)-1 65690 0.50 3.98 21.50
(6) (6)-2 75610 0.51 4.07 21.70
(6)-3 71510 0.50 4.24 22.89
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