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Abstract: Recently, rainfall-induced slope failure has struck
Cimanggung village, West Java province, Indonesia. In order
to anticipate future slope failures due to rainfall, an unsa-
turated slope stability analysis is compulsory. Precise infor-
mation on the soil-water characteristic curve (SWCC) is
required to conduct an accurate unsaturated soil analysis.
In this article, a procedure to obtain SWCC by using a
polymer tensiometer for Cimanggung village is proposed.
Considering the long period of time needed to obtain the
measured data, some prediction methods are available. The
measured SWCCs are then compared with SWCCs based on
two prediction methods. Chin’s 1-point and Perera et al’s
methods are applied as the prediction methods and then
compared with the measured SWCCs. It could be concluded
that Chin’s 1-point method yields a close estimation within
the suction range. Meanwhile, the Perera et al method
underestimates the air entry value, and the predicted curve
deviates significantly with the measured SWCC. Hence,
Chin’s 1-point method is recommended for predicting
SWCCs in Cimanggung Village.
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1 Introduction

The role of the soil-water characteristic curve (SWCC) is
not limited to serving as an input parameter for the tran-
sient flow analysis in unsaturated soil [1] but is also one of
the most reliable parameters to estimate the shear strength
[2-8] and permeability [9-13] of unsaturated soil which are
a function of soil suction. Zhai et al. [14] used a contact
angle method to estimate SWCC from the grain-size distri-
bution of coarse-grained soil. Zhai et al. [15,16] used both
“ink-bottle” and “rain-drop” effects to estimate the hyster-
esis of SWCC and unsaturated permeability of soil. The
hysteresis path of SWCC and unsaturated permeability of
soil resulting from wetting—drying cycles is important to
conduct slope stability analysis [17].

There are three types of SWCCs [18], which are the
gravimetric-based SWCC (SWCC-w), the volumetric-based
SWCC (SWCC-0), and the degree of saturation-based SWCC
(SWCC-S). SWCC-w is the easiest to obtain as it is not
required to measure the volume change of unsaturated
soil specimens due to the change in soil suction [19-21].
The effect of density and stress dependency on SWCC-w
has also been investigated by several researchers [22-26].
The investigations have shown that the effect of density
(either due to compaction or consolidation) on coarse-
grained and fine-grained soils only affects the initial part
of the curve and will merge into the virgin drying line, as
illustrated in Figure 1. However, it is important to note that
the input for the flow analysis in unsaturated soil requires
SWCC-0, while the determination of the unsaturated perme-
ability function and air entry value (AEV) requires SWCC-S
[11,12,18]. Hence, it is imperative to obtain all the three
SWCCs. For coarse-grained soil, there will be no change in
volume due to the change in soil suction. Hence, SWCC-w,
SWCC-6, and SWCC-S will provide similar information [18].
However, there will be a significant change in soil volume
due to the change in soil suction when it comes to fine-
grained soil. Suction on fine-grained soil can be extremely
high, especially when there is a vegetation on the sloping
ground. The significant increase in soil suction may affect
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Figure 1: Effect of density on SWCC-w [24].

the hydraulic properties of unsaturated soil [27]. Hence, con-
version between SWCCs will be very important. As it is
difficult to measure the volume change during the SWCC
test, it is recommended to construct a shrinkage curve (a
curve that represents a change in the void ratio due to the
change in the gravimetric water content) to convert SWCC-w
to SWCC-9 and SWCC-S [18,28,29].

On 9 January 2021, heavy rainfall (143 mm/day) induced
slope failure at Cimanggung (Figure 2) and caused sig-
nificant death toll and destruction of properties in the
landslide vicinity [30]. Due to the landslide, most of the
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people living in the landslide vicinity were temporarily
evacuated and arose a necessity to take a decision on
whether the housing in the landslide area could be recon-
structed after the landslide. Rainfall-induced slope failure
has been assessed in the Cimanggung slope using estimated
unsaturated soil properties [31]. In order to make a proper
assessment of the potential of a future landslide due to the
rainfall that might occur, it is important to obtain an SWCC,
which is one of the main soil properties in unsaturated soil
analysis [18]. In this article, an SWCC for volcanic soil in
Indonesia is proposed which can be applied as a volcanic
soil SWCC database for other regions in the world. SWCC
can be obtained from direct measurement of suction using
a tensiometer. However, conventional tensiometers gener-
ally only be able to measure suction up to 90 kPa. In this
article, the focus is on developing a procedure to determine
SWCC-w from the debris of the slope and how it is com-
pared with a typical prediction method which is used as no
data are available. The objective of this article is to estab-
lish a procedure to obtain SWCC-w, SWCC-0, and SWCC-S in
the most economical way by using a polymer tensiometer
developed by Umwelt-Gerdte-Technik (UGT) that can
measure the matric suction up to 1,500 kPa, and there is
no requirement for maintenance (flushing due to diffu-
sion), so that it is possible to do a long-term measurement.
Comparison will also be carried out to evaluate the suit-
ability of some prediction methods for soil at Cimanggung
village.

Figure 2: Aerial photo of Cimanggung slope failure.
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2 Background theory

SWCC-0 could be determined once a shrinkage curve is
obtained as follows:

w - Gg

0(s) = T+e M
where 0(s) is the volumetric water content as a function of
soil suction and w is the gravimetric water content that can
be obtained from SWCC-w and is a function of soil suction
and void ratio (e). Those parameters could be obtained
from the shrinkage curve. Similarly, SWCC-S can also be
obtained through the following relationship:

Sis) = -G @)
e

SWCC can be constructed by either reducing the water
content of the soil and then measuring its suction or by
controlling the soil suction and then measuring the water
content. Suction measurement can be done either by using
a direct measurement method where the pore water pres-
sure (uy,) is directly measured to determine the soil suction
or an indirect measurement method in which other prop-
erties are used to determine soil suction [32]. Regardless of
the methods that are used to construct the SWCC, the range
of suction that can be measured is limited by the appa-
ratus. For instance, a tensiometer (direct measurement) is
unable to measure the pore pressure less than —101 kPa due
to the cavitation phenomenon [33-35]. A way to overcome
the limitation of direct measurement is either by using an
axis translation apparatus [34,36] or by employing a high-
capacity tensiometer (HCT) [32,33,37-42].

In the axis translation apparatus, the air pressure (u,)
is increased such that the pore water pressure (u,,) is also
increased to avoid cavitation [34,36]. The maximum air
pressure that can be applied depends on the amount of
air that enters the high-air entry (HAE) disk, with the max-
imum value typically around 1,500 kPa. The equilibrium
time required to measure the soil suction may range
from a few hours to days depending on the type of soil.
An HCT is developed to directly measure soil suction as
high as 1,500 kPa. The reason behind HCT can extend the
range of suction measurement beyond 101 kPa is that due
to the use of demineralized water, the water in the small
water compartment between the transducer and the HAE
disk is pressurized under very high pressure to remove all
the air bubbles in the water compartment [37,38]. The pro-
blem with HCT is that once it is used for a long period of
time, it may cavitate despite not reaching its maximum
capacity, and once it is cavitated, the HCT needs to be
repressurized [41].
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In the indirect measurement method, the soil suction
is measured by using other properties such as filter paper
[43,44] or chilled mirror hygrometer [45]. The indirect mea-
surement typically has a much wider range of suction mea-
surements but unsuitable for the low suction range [46].
Looking at the limitations that come from different appa-
ratuses, it is difficult to obtain the entire range of SWCCs
[47]. While it is possible to use different apparatuses to
obtain the entire range of SWCCs, the cost of purchasing
different apparatuses to measure soil suction makes it
practically difficult for industrial laboratories to use it as
a routine practice. Another problem is the test duration to
obtain sufficient data to construct SWCCs.

The most recent development in suction measurement
is using a polymer-based or an osmotic tensiometer [47-53].
In a polymer-based tensiometer, a polymer solution is
placed inside a membrane that is permeable to the soil
solution but impermeable to the polymer solution [50].
The polymer tensiometer is pre-saturated so that the
polymer solution absorbs the water and generates a swel-
ling pressure, sometimes referred to as the osmotic pressure
[47]. The maximum osmotic pressure which is obtained
through pre-saturation is referred to as P, When the
polymer tensiometer is in contact with unsaturated soil,
there will be a pressure drop inside the polymer tensi-
ometer (Peyren)- The drop in pressure is assumed to be
equal to the increase in uncorrected soil suction (Syncor),
and hence soil suction can be calculated as follows [47,50]:

Suncor = Pref ~ Peurrent- &)

The first polymer tensiometer was perhaps developed
by Peck and Rabbidge [51]. The conventional tensiometer
generally can only measure suction up to 90KkPa. The
polymer tensiometer is attractive due to its potential to
measure high suction, with the maximum suction mea-
sured to be about 1,000-1,500 kPa; it can be pre-saturated
using a simple water bath without any water pressure to
reach its full capacity, has no issue with cavitation, and
hence can be easily adopted for in situ measurement
[47-50,53]. However, several issues related to polymer ten-
siometer have been addressed by Bocking and Fredlund
[54], such as the polymer tensiometer suffering gradual
loss of pressure (pressure decay), unknown zero drift, tem-
perature effects, and slow equilibration times, which then
halted the development of polymer tensiometer at that
time [50].

Figure 3a shows the decay in osmotic pressure mea-
sured by van der Ploeg [50], while Figure 3b shows the
effect of temperature on the osmotic pressure. Figure 4
shows the decay in suction and the effect of temperature
on the suction measurement using a polymer tensiometer
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Figure 3: (a) Pressure decay and (b) temperature effect [50].

conducted by Hamdany et al. [47]. Pressure decay is sus-
pected due to polymer degradation or by diffusion of some
smaller-sized polymer molecules through the membrane
[47,50] and hence requires a correction to be applied.
van der Ploeg [50] observed that the pressure decay gra-
dually became less (or exponential decay) and proposed
the following correction for pressure decay:

7, = bexp - (t/7)5, 4

where 7, is the pressure decay correction, t is the time, and
b, 7, and c are curve-fitting parameters. On the other hand,
Peck and Rabbidge [52] and Hamdany et al. [47] observed a
linear decay. Hamdany et al. [47] proposed a linear correc-
tion as follows:

7 = my(t — to), (5)

where my is the curve-fitting parameter and ¢, is the time
when the probe is fully saturated. For temperature correction,
van der Ploeg [50] proposed a quadratic function as follows:

2
Pr - P, T-T, T-T,
=C +C
P, 1[ Ty 2

+ G, (6)
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Figure 4: (a) Effect of pressure decay and temperature effect on suction
measurement and (b) temperature correction [47].

where P, is the pressure at temperature T, P, is the reference
pressure at reference temperature T, and Cy, C,, and C; are
curve-fitting parameters. An example of the fitted equation is
shown in Figure 3b. Hamdany et al. [47] proposed employing
linear regression to fit the change in suction (Ds,) with tem-
perature, as shown in Figure 4b. Soil suction (uncorrected
with pressure decay) can then be calculated as follows:

St = Suncor — AST. @)

The corrected soil suction (s) can then be corrected as
follows [47]:

s =8 — Asg. ®
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Figure 5: Correction for temperature and pressure [47].

Figure 5 shows the correction for temperature and
pressure conducted by Hamdany et al [47]. Extensive
research has been carried out by Degré et al. [48] to com-
pare the SWCC obtained from the polymer tensiometer and
the matric potential sensor (MPS) with a reference SWCC
(constructed by using five intact soil cores), and by van der
Ploeg et al. [53] where a sand box (0-9.8 kPa suction), suction
Pplates (9.8-59 kPa suction), and a pressure plate (100-1,500 kPa
suction) are used to construct the SWCC (Figure 6). It is
shown that the polymer tensiometer appears to agree very
well with the reference curve, which shows the capability of
the polymer tensiometer. It is interesting to note that there
appears to be no decay in the polymer tensiometer used by
Degré et al. and van der Ploeg et al. [48].

600000
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Time (s)

1000000 1200000

UGT developed a polymer tensiometer (Figure 7), which
isreferred to as a full-range tensiometer (FRT). The polymer-
based tensiometer is typically affected with the decay issue,
as described in the literature review. However, the UGT
polymer tensiometer is unaffected by decay. The capacity
of the UGT polymer tensiometer is around 2,000 kPa. The
UGT polymer tensiometer is claimed to be maintenance-free
and can remain in the field for a very long period due to low
power consumption. The UGT polymer tensiometer mea-
surement is also reliable in difficult media such as in saline
sites. The temperature correction to the P is given by:

9
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Figure 6: Comparison between MPS and the polymer tensiometer (POT) with a reference water retention curve from van der Ploeg et al. [53]

conducted by (Degré et al. [48].
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where Cr; and Cr, are curve-fitting parameters, P is the
reference pressure at 0°C, and T,yyrent iS the current tem-
perature. Decay correction is only required when there is
an offset in the P,. While the UGT polymer tensiometer is
actually meant for in situ measurement, it is of interest to
use the UGT polymer tensiometer to obtain SWCC in the lab
which makes the tensiometer attractive as it can be used in
the lab and on the site.

As obtaining SWCCs takes a very long time to finish,
the use of an estimation method is sometimes preferred to
obtain the SWCC, especially for the case where a quick
decision has to be made. Perera et al. [55] proposed the
use of Fredlund and Xing’ [56] degree of saturation-based
SWCC (SWCC-S), which is expressed as follows:

C(s)

exp(1) + [aifJnf”

s ] (10)

mg
In

Si(s) = [

Determination of as, ng, mg and ¥, depends on the
plasticity index (PI) and percent passing sieve No. 200
(Pygp). Soil is considered as non-plastic granular soil if
P1.P,,/100 < 1, while it is considered as plastic soil when
PI.P,y0/100 > 1. For non-plastic granular soil, Fredlund and
Xing’s [56] empirical parameters are given as follows:

as = max(1.14a - 0.5,1)
a=-2.79 - 14.11og(Dy) - 1.9 x 1076P;53*
+7 IOg(Dgg) + 0.055D1q,

(11a)

40
Dl()() = 10[Wm+ log(DSO)]’ (11b)

30
My = [log(Dgg) — log(Deo)]’

(11c)
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ng = 0.936b - 3.8, 11d)
Dy 0.57
b =15.39 = 0.29 In | Pygo| —|[ + 3Dy
Dy
(11e)
+ o.ozwgé{)g]m{“,
D0 = 10[;%2*' log(DSO)]’ (11f)
my, = 20 (11g)
%~ Tlog(Dsp) - 1og(Do)] 5
mg = 0.26 exp(0.758¢) + 1.4Dyy, (11h)
= logm®) - [1- - (11i)
¢ = log(my,”) )
¥, =100, (115)

where D, is the particle size at percent passing x. For
plastic soil, Fredlund and Xing’s [56] empirical parameters
are given as follows:

P
ar = 32.853{ In ﬂpl] + 32,438, (1K)
100
P, -0.3185
ne = 1.421[—00 PI] , a1
100
P
mg = —0.2154{ In ﬂpl] + 0.7145, (11m)
100
¥, = 500. (11n)

Another method is to use Chin’s 1-point method [57].
According to Chin’s 1-point method, one pair of suction and
volumetric water content data is required. The advantage
of this method is that as measuring a single suction and
water content can be done relatively quick (either in the
laboratory or at the site), prediction can be done reason-
ably fast with a higher degree of confidence (1 data defi-
nitely correct). The Chin 1-point method adopted Fredlund
and Xing’s [56] volumetric water content-based SWCC
(SWCC-6), where the empirical parameters in Fredlund
and Xing [56] are correlated with a single empirical para-
meter y. In Chin’s 1-point method, the soil is classified
either as fine-grained soil (P, > 30%) or as coarse-
grained soil (Pyoo < 30%). For fine-grained soil, Fredlund
and Xing’s [56] empirical parameters are given as follows:

ag = —2.4y + 722, (12a)

ne = 0.07y%4, (12b)

ms = 0.015¢%7, (12¢)

¥, = 914 exp[-0.002(y)]. (12d)
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While for coarse-grained soil, Fredlund and Xing’s [56]
empirical parameters are given as follows:

ar = 0.53(Dsp) 0%, (12e)
ng = X, (12f)

mg = =023 In(y) + 1.13, (12g)
¥, = 100. (12h)

Chin et al. [57] recommended that the parameter y is
determined by using soil suction between 300 and 500 kPa.
However, predictive methods rely on the soil data which are
used as a database. Hence, evaluating predictive methods
with actual measurement is important to increase confi-
dence in using a predictive method in practice.

3 Materials and methods

The procedure to obtain SWCC-w, SWCC-6, and SWCC-S by
using the UGT polymer tensiometer follows the flow chart
shown in Figure 8. As it is difficult to obtain undisturbed
soil samples of sufficient size, it is recommended to obtain
disturbed soil samples which are then reconstituted to
obtain SWCC-w by using the polymer tensiometer. Undis-
turbed soil samples are important to characterize the soil
state at the site, which could be applied to correct the
SWCC-w in the field condition and to estimate the shrinkage
curve.

Pre-saturation and calibration of the UGT polymer ten-
siometer are conducted by submerging the tensiometer in

Determination of soil-water characteristic curves by using a polymer tensiometer
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Figure 9: Calibration of FRT.

a water chamber until the pressure reading reaches its
maximum value. Natural fluctuation of temperature and
pressure is recorded as shown in Figure 9. No apparent
decay is observed during the calibration process. In this
research, the quadratic function as described in Eq. (9) is
used to calibrate the polymer tensiometer with tempera-
ture. Cry, Cry, and P, values obtained from the calibration
result are —0.0765, 21.871, and 1523.41, respectively.

Soil samples are obtained from the landslide area at
Cimanggung village, West Jaya Province, Indonesia (Figure 10).
The undisturbed soil sample is obtained from the site to
determine the natural state of soil properties. The soil
properties are shown in Table 1.

Due to the size of the UGT polymer tensiometer, a
larger sample diameter is required. Another batch of dis-
turbed soil samples is obtained in order to be reconstituted

Figure 8: Proposed procedure to obtain SWCC-6 and SWCC-S.

Undisturbed Soil
Sample
Obtain In situ soil
properties
Estimate shrinkage
curve
A 4
» Corrected SWCC-w
Y

SWCC-6
SWCC-S
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Figure 10: Soil materials located at the landslide area.

Table 1: Basic soil properties

Soil properties Values
Specific gravity, G 2.53
Liquid limit, LL 54
Plastic limit, PL 31
Index plasticity, IP 23
Bulk density, yi, (kN/m?) 17.7
Dry density, yq (kN/m?) 126
Natural water content, w,, (%) 36.47
Void ratio, e 1.0
Porosity, n 0.5
Grain size distribution (USCS)

Sand (%) 15.83
Silt (%) 43.6
Clay (%) 40.6

and then compacted. The initial water content of the com-
pacted soil is about 32.3%. An SWCC is then constructed by
air-drying the soil specimen, and the soil suction is mea-
sured using the polymer tensiometer shown in Figure 11.
The weight of soil is also recorded in order to determine
the gravimetric water content (w) of the soil. Once the soil
suction reaches around 2,000 kPa, the test is deemed com-
pleted. The van Genuchten [10] (VG) SWCC equation was
used to curve fit the data points from the polymer tensi-
ometer, which is given as follows

(Ws B Wr)

[1+ ays)n,™’ 13

w(s) = wy +
where wy is the saturated gravimetric water content; w; is
the residual gravimetric water content; and a, n,, and m,
are VG’s curve-fitting parameters.

As it is of interest to obtain SWCC of the soil at in situ
conditions, it is of interest to correct gravimetric-based

DE GRUYTER

Figure 11: Installation of FRT.

SWCC (SWCC-w) according to the density of the undis-
turbed soil sample. Correction for SWCC-w under different
densities can be done by using Wijaya and Leong [24],
which is illustrated in Figure 1 where the effect of density
can be reflected by the change in the saturated gravimetric
water content (W to wy ) and change in the matric suction
at the intersection between the initial drying line and the
virgin drying line (from s, to s,¢). Wijaya and Leong [58]
proposed an SWCC equation that uses physically signifi-
cant parameters and is given as follows:

w(s) = ws — my logsi1 - T,(log s, log si, log sy, my, 42)
a

m, kZ) - I"S(log S, log S1, log §3, M3, My, kB):

1
Ti(x, x5, Xi, My, M1, k) = E(mi - mi—1)<(X - x)
(14b)
. 1 In cosh[ki(x = xp)]
ki | cosh[ki(x; — x)]

)

where m; is the slope of the linear segment i, s; is the matric
suction at the intersection between segment i and segment i —
1, k; is the curvature parameter between segment i and seg-
ment i - 1, my is the slope of the initial drying line, s, is the
matric suction at w,, and n is the number of linear segments
where for unimodal SWCC, n = 3. Hence, by changing w; in
Eq. (14a) into wsr and s, into s, 5, correction for the density can
be done. The value of s,¢ can be obtained as follows [24]:

Sof = Sg,010Ws0~Wer)/(my=my), (15)
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Conversion between SWCC-w and volumetric-based
SWCC (SWCC-0) and degree of saturation-based SWCC
(SWCC-S) can be done by using the shrinkage curve [12,28]
by using Egs. (1) and (2). Leong and Wijaya [29] proposed a
shrinkage curve equation for normal shrinkage as follows:
1

G,
e(w) = epjn + Z_E[W + E

cosh(c(w - SL))

(16)
cosh(c - SL)

il

where e, is the minimum void ratio, SL is the shrinkage
limit, and c is the shrinkage curve empirical parameter,
which can be obtained as follows [59]:

4326,

= . 17
Somin

SL was estimated by using LL and PL based on the
Casagrande method [60,61] where SL can be determined
as follows:

LL + 435

——| - 43.5.
PI + 46.355

SL = 46.355[ (18)

The minimum void ratio (eni,) can be estimated through
the following relationship [18,28]:

enin _ Gs

19
SL S, (19)

4 Test results and discussion

Figure 12 shows the SWCC of the Cimanggung soil fitted
with the VG [10] SWCC equation with the curve-fitting para-
meters for the VG [10] SWCC equation shown in Table 2. It
can be seen that the UGT polymer tensiometer measure-
ment results show good fitting with the VG equation. In
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Table 2: VG curve-fitting parameters
Curve-fitting parameters Values
a, 7.2x1077
n, 0.670
my 37.712
w; (%) 0.096
ws (%) 32332
Table 3: Physically significant parameters
Reconstituted soil
w 32.33 %
w = 32.33% m; si (kPa) k;
1 0.18 0.1
2 18.01 570.0 1.15
3 0.0003 32500.0 3.20
In situ density
w 39.53 %
w = 35.67% m; si (kPa) k;
1 0.18 0.1
2 18.01 224.9 1.15
3 0.0003 32500.0 3.20

order to correct the density of the reconstituted soil into
the in situ density, parameters for Wijaya and Leong [58]
must first be determined to fit the SWCC determined from
the VG [10] SWCC equation and then corrected for the in
situ density according to the procedure described in the
study of Wijaya and Leong [24]. Parameters for the Wijaya
and Leong [58] SWCC equation are shown in Table 3, while
the corrected curve is shown in Figure 12.

-~
W
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(=]

35
30
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15

@ Data
= = = Van Genuchten (1980)
Wijaya and Leong 2016a
Corrected Density

10

Gravimetric water content, w (%)

wn

1 10 100

1000 10000 100000 1000000

Matric Suction (kPa)

Figure 12: SWCC based on FRT.
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Table 4: Parameters of the shrinkage curve Table 5: Chin’s 1-point method empirical parameters
Required parameters Values Empirical parameters Values (fit Values (fit
341 kPa) 1,111 kPa)
Gs 2.53
So (%) 100 X 67.457 98.183
SL 22 ar 560.104 486.361
€min 0.548 ng 0.377 0.438
C 9 ms 0.286 0.372
hy 798.645 751.044
65 0.501 0.501
1.2
1 estimated based on Chin’s 1-point method. The sensitivity
study on Chin’s 1-point method was carried out by using
0 0.8 two data points. The first data point was observed at the
% 06 soil suction of 341 kPa, and the second data point was at the
= soil suction of 1,111 kPa. Parameters for the Chin’s 1-point
” 04 method are shown in Table 5. It is important to note that
the range of measurements is only up to 2,000 kPa, and it
02 shows that the measured SWCC-6 and SWCC-6 estimated
0 from Chin’s 1-point method (predicted by using 341kPa
0 5 10 15 20 25 30 35 suction and 1,111 kPa suction) agree very well in this mea-

Gravimetric water content, w (%)

Figure 13: Obtained shrinkage curve.

According to Eq. (18), SL is 22, and e, determined
from Eq. (19) is 0.548, as shown in Table 4. Hence, by using
Eq. (16), the shrinkage curve can be obtained and is shown
in Figure 13. The shrinkage curve can then be used to con-
vert SWCC-w, which has been corrected for in situ density,
into SWCC-0 and SWCC-S.

Figure 14 shows the SWCC-6 obtained from the mea-
surement (corrected with in situ density) and also SWCC-0

surement range. The difference in SWCC beyond the range
of measurements could be due to the lack of data points
which affects the shape of SWCC.

Figure 15 shows the measured SWCC-S along with esti-
mated SWCC from the study of Perera et al. [55] and from
Chin’s 1-point method. SWCC-6 from Chin’s 1-point method
is converted into SWCC-S by using the shrinkage curve. It is
shown that Chin’s 1-point method for fit at 341 and 1,111 kPa
have roughly the same AEV. However, Perera et al’s [55]
SWCC-S equation underestimated the AEV, and the curve
deviated significantly with the measured SWCC. It is under-
standable that Chin’s 1-point method gives higher accuracy

Measured SWCC

Volumetric Water Content, 6

® Data

~ = = Chin 1 Point Method Fitat 341 kPa

=+ = . Chin 1 Point Method fitat 1111 kPa

1 10 100

1000 10000 100000 1000000

Matric Suction (kPa)

Figure 14: SWCC-§ obtained from our measurement and the Chin-1 point method.
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Figure 15: SWCC-S obtained from our measurement and the Perera et al. [55] method.

as it is based on 1 data point. However, considering that
obtaining 1 data point is not difficult, it is recommended to
use Chin’s 1-point method to estimate both SWCC-8 and
SWCC-S. Chin’s 1-point method can also be applied by
inserting the polymer tensiometer in situ and directly
taking the in situ soil for water content measurement.
Such procedures allow for rapid and reliable SWCC estima-
tion. The SWCCs can then be used as input parameters
along with an unsaturated permeability function to assess
the effect of rainfall infiltration on Cimanggung slope
failure.

5 Conclusions

Determination of SWCC on slope failure is difficult due to
the uncertainty in determining the density of the debris as
the soil has been altered from its original condition (before
slope failure). In this article, a new method and procedure
to generate SWCC-w, SWCC-6, and SWCC-S for soil located
at slope failure by using the full range of suction has been
developed. The key findings are as follows:
* In this procedure, it is recommended to obtain the soil
sample from the debris, reconstitute the soil sample, and
then obtain the SWCC-w.
The validation of the new procedure has been done to
obtain the SWCC of reconstituted soil located at the
Cimanggung village. SWCC-w, SWCC-6, and SWCC-S cor-
rected for in situ density have been obtained.
* The measured SWCC is also compared with those of
Chin’s 1-point method [57] and Perera et al.’s [55] method.

It could be concluded that Chin’s 1-point method yields
a close estimation within the suction range. Meanwhile, the
Perera et al. method underestimates the AEV and the pre-
dicted curve deviates significantly from the measured
SWCC. Hence, Chin’s 1-point method is recommended for
predicting SWCCs in Cimanggung Village and used as the
volcanic soil SWCC database.
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