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Hysteresis of Unsaturated Hydromechanical
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Abstract: Laboratory tests to examine hysteresis in the hydrologic and mechanical properties of partially saturated soils were conducted on six
intact specimens collected from a landslide-prone area of Alameda County, California. The results reveal that the pore-size distribution parameter
remains statistically unchanged between the wetting and drying paths; however, the wetting or drying state has a pronounced influence on the
water-entry pressure, the water-filled porosity at zero suction, and the saturated hydraulic conductivity. The suction stress values obtained from
the shear-strength tests under both natural moisture and resaturated conditions were mostly bounded by the suction stress characteristic curves
(SSCCs) obtained from the hydrologic tests. This finding experimentally confirms that the soil-water retention curve, hydraulic conductivity func-
tion, and SSCC are intrinsically related. DOI: 10.1061/(ASCE)GT.1943-5606.0000786. © 2013 American Society of Civil Engineers.
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Introduction

The constitutive relationships between the soil-water potential and
volumetric water content and between the hydraulic conductivity
and volumetric water content are known as the soil-water retention
curve (SWRC) (e.g., van Genuchten 1980) and the hydraulic con-
ductivity function (HCF) (e.g., Mualem 1976), respectively. The
constitutive relationships between the suction stress and volumetric
water content or matric suction are known as the suction stress
characteristic curve (SSCC) (Lu and Likos 2004, 2006). One chal-
lenge in describing these constitutive relationships is their hysteretic
behavior. The magnitude of the water potential at a given moisture
content in a soil may vary by a factor of 2 or more depending on the
wetting and drying history. Similar hysteretic behavior is evident in
both hydraulic conductivity (Topp andMiller 1966) and suction stress
(Khalili and Zargarbashi 2010). The importance of hysteresis in
hydrologic processes is widely recognized (e.g., Kool and Parker
1987) and recent emphasis has been given to hysteresis in mechanical
processes (e.g., Wheeler et al. 2003; Likos and Lu 2004).

Currently, semiempirical mathematical models for the SWRC,
HCF, and SSCC are used (e.g., Mualem 1976; van Genuchten 1980;
Lu and Likos 2004) with various controlling parameters, and most
experimental techniques for obtaining SWRC and HCF are typically
conducted under drying conditions. Because experiments on wetting

conditions are complicated and time consuming (e.g., Benson and
Gribb 1997), hysteresis is often neglected in modeling fluid flow and
the stress distribution in variably saturated soils.

Some basic characteristics of hysteresis in the SWRC, HCF, and
SSCCfordryingandwetting states aredefined inFig. 1, where saturated
hydraulic conductivity is kds , the saturatedmoisture content is u

d
s , the air-

entry pressure is 1=ad, the pore size parameter is n, and the residual
moisture content is udr during the drying state. The corresponding
parameters for the wetting state are defined by superscript w. For the
SWRC, the van Genuchten (1980) model is used to describe the vol-
umetric water content in terms of matric suction ðua � uwÞ [Fig. 1(a)]
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For HCF, the Mualem (1976) model is used [Fig. 1(b)]
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Finally, for suction stress s s, which defines changes of effective
stress s0 in unsaturated soil (i.e., s0 5 s � ua � s s), the Lu et al.
model (Lu and Likos 2004; Lu et al. 2010) is used [Fig. 1(c)]

s s d;w ¼ 2
ðua2 uwÞn

1 þ ½ad;wðua2 uwÞ�n
d;w
oðnd;w21Þ=nd;w ð3Þ

Soil Characterization and Testing Procedures

Six soil specimenswere obtained inDecember 2009 from a landslide-
prone hillslope in Alameda County, California (latitude, 35.7614
N; longitude, 122.0758 W). The sample location was covered with
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grasses and mantled by colluvium (∼100 cm in thickness) formed
from the weathering products of the underlying sandstone. The
specimens were collected at the midslope location about 6-m apart on
both sides of a topographic hollow (hereafter, referencedasTest PitsA
andB), using a 6.4-cm-diameter split-spoon sampler with brass liners.

The soils were sand-silt mixtures ranging from SM to CL-ML for
both Test Pits A andB, except for SpecimensA55 (SP) andB62 (SM)
that were located near the interface of the sandstone bedrock and soil
layer [see Fig. 2(a) and Table 1). The field moisture content of the
specimens ranged from 22 to 28%. The tests to determine the SWRC
and HCF employed the transient release and imbibitions method
(TRIM) technique developed byWayllace and Lu (2012). The chilled
mirror hygrometer technique (Lu and Likos 2004) was used to
measure and verify the field suction values from disturbed samples.
The drained shear-strength tests were performed at the field suction
conditions in a modified direct-shear device (Likos et al. 2010).

Experimental Results

The shear-strength results are shown in Figs. 2(b and c), which
qualitatively confirm many previous findings (Cui and Delage
1996; Vanapalli et al. 1996) indicating that the friction angle is
insensitive—while the apparent cohesion is sensitive—to the degree
of saturation. The SWRC and HCF of these soils are shown in Figs.
3(a–d) and Table 1. The smooth curves are from inverse modeling
calibrated with the experimental data of the soil-water release (for
drying) and imbibition (for wetting) and the data points are the
suction stress data measured from direct-shear-strength tests. Strong
hysteresis was observed for Sample A20 (not shown in Fig. 3; given

in Table 1) and Sample A55. The air-entry pressure for the initial
drying curve was 8.3 kPa (51/ad), whereas the water-entry pressure
was 7.7 kPa. Thewater-filled porosity for the initial drying curvewas
about the same (0.38–0.50) (Table 1); however, the water-filled
porosity for the main wetting curves differed from the initial drying
curves and varied from0.30 to 0.46 [see Figs. 3(a and b) andTable 1].
The hydraulic conductivity under initial drying for both saturated and
unsaturated conditions was higher than that under the main wetting
curve. At zero matric suction, the initial drying saturated hydraulic
conductivity was on the order of 1025 cm/s, and for the wetting
process it varied between 1025 and 1027 cm/s [Figs. 3(c and d)]. The
residual moisture content varied between 0.07 and 0.19. The n
parameter varied from 1.46 to 2.2 but had a similar value for both the
wetting and drying curves (Table 1).

Interpretation of the Experimental Results

Intrinsic Relationship between the SSCC and SWRC

The results from the present work provide experimental evidence of
theclosed-formexpression[Eq. (3)] for the effective stress in soil under
variable saturated conditions (Lu and Likos 2004; Lu et al. 2010).
Under this framework, the SWRC and SSCC are intrinsically related
and the same set of unsaturated soil parameters defined in the van
Genuchten (1980) model fully define the water retention, hydraulic
conductivity, and stress in soil, as defined in Eqs. (1)–(3). Depending
on thewater content, the absolute value of the suction stress for both the
wetting and drying curves generally increased monotonically as the

Fig. 1. Illustration of hydromechanical hysteresis for the limiting drying and wetting curves: (a) SWRC; (b) HCF; (c) SSCC

Fig. 2. Test results showing: (a) particle-size distributions for the specimens from Test Pits A and B; (b) shear strengths obtained for field moisture and
saturated conditions from direct shear tests of specimens from Test Pit A; (c) shear strengths of Test Pit B
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water content decreased [Figs. 3(e and f)]. For Specimen B37, the
suction stress also varied as much as tens of kPa near the residual
moisture content. The exception to the monotonic variation of suction
stresswas thewetting curve forSpecimenB62,where the suction stress
was zero at both the residual and saturated water contents. Consistent
with the hysteresis of SWRCs, a given specimen subject to drying has
greater suction stress than the same specimen under wetting conditions
[Figs. 3(e and f)], although this hysteresis is smaller than that in soil-
water retention [Figs. 3(a and b)]. The hysteresis of the SSCCwasmost
pronounced in Specimen A55, where the suction stress varied by an
order of magnitude between the wetting and drying states. In all other
specimens, the difference in suction stress between wetting and drying
was much less than a factor of 10.

The suction stress value for the field conditions (u 5 22e28%)
deduced from the direct-shear tests [larger symbols in Figs. 3(e and
f)] ranged between 5 and 28 kPa. In general, the SSCCs measured
using the TRIM tests bound the suction stress values deduced from
the shear-strength tests very well. The discrepancy apparent for
Specimen A35 can be reconciled by the fact that the wetting tests
started at a matric suction value of 290 kPa, whereas the soil may
have experienced greater suction in the field prior to the sampling.
Overall, the comparisons were consistent and provide experimental
confirmation of the hypothesis that there is an intrinsic relationship

among the SWRC, HCF, and SSCC under both wetting and drying
conditions.

Hysteresis of the Hydromechanical Parameters

The values of the four pairs of hydromechanical parameters under
both wetting and drying states obtained from the TRIM tests are
plotted in Figs. 4(a–d). In general, these data are consistent with the
literature where the air-entry pressure (1/a) for drying is higher than
the water-entry pressure for wetting. The test results [Fig. 4(a)] show
that some of the air- and water-entry pressures are very similar,
counter to otherwork that suggests a greater difference (e.g., Bouwer
1966). The water-entry pressure depends on the size of entrapped air
bubbles and the contact angle. Typically, the contact angle is
nonzero as the solid surface of the soil at this stage may not be
perfectly wet. The contact angle can increase as the initial suction
becomes higher. Therefore, a direct relationship between the air- and
water-entry pressures may not exist, and the test results support this
notion. The results [Fig. 4(b)] show that the n parameter for drying
and wetting lies very near the 1:1 line, confirming that the n pa-
rameter is insensitive to the wetting or drying state.

The difference of saturated water contents from the initial drying
curve are compared with the saturated water contents from the main

Table 1. Measured Wetting and Drying Hydromechanical Parameters

Sample USCS LL PL ad ðkPa�1Þ aw ðkPa�1Þ nd nw uds uws udr uwr kdsat (cm/s) kwsat (cm/s)

A20 SM 28.15 22.81 0.12 0.13 1.44 1.52 0.44 0.33 0.10 0.10 1. 10 3 10�5 3. 88 3 10�7

A35 CL-ML 26.48 19.45 0.14 0.15 1.76 1.90 0.44 0.41 0.15 0.15 5. 00 3 10�5 1. 00 3 10�5

A55 SP — — 0.10 0.52 1.70 1.70 0.45 0.40 0.07 0.07 5. 00 3 10�5 2. 17 3 10�6

B20 SC-SM 25.75 19.17 0.05 0.05 1.75 1.75 0.38 0.30 0.13 0.13 1. 20 3 10�5 1. 00 3 10�6

B37 ML 27.44 21.66 0.12 0.13 1.50 1.46 0.47 0.40 0.15 0.15 8. 00 3 10�5 5. 09 3 10�7

B62 SM 27.76 22.53 0.08 0.17 2.00 2.20 0.50 0.46 0.19 0.19 1. 00 3 10�5 1. 46 3 10�6

Fig. 3.Measured SWRCs, HCFs, and SSCCs for undisturbed samples: (a) SWRCs from Test Pit A; (b) SWRCs from Test Pit B; (c) HCFs from Test
Pit A; (d) HCFs from Test Pit B; (e) SSCCs from Test Pit A; (f) SSCCs from Test Pit B
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wetting curves in Fig. 4(c). The saturated water content from wetting
was always smaller than the total porosity as a result of entrapped air,
and the decrease could be as much as 30% of the total porosity
(Specimen A20). A comparison between the saturated hydraulic
conductivity (ks) measured at the end of wetting tests, when entrapped
airwaspresent in the sample, andks along thedryingpathwith the same
water-filled porosity at the end of the wetting test is shown in Fig. 4(d)
as hollow symbols.Additionally, a comparison between ks measured at
the end of the wetting tests when entrapped air was present and the ks
along the drying path is shown in Table 1 and Figs. 3(c and d). The
saturated hydraulic conductivity at the beginning of the initial drying
curvewas always greater than that obtained for themainwettingcurve,
consistent with the expectations. For the same water content, ks at the
beginning of the initial drying curve could be one order of magnitude
greater than that obtained forwetting. Furthermore, if thewater content
was equal to the total porosity, ks could be two orders of magnitude
greater than that obtained for the wetting curve. These differences in
suction stress and hydraulic conductivity as a result of hysteresis are
significant and have important implications for hillslope hydrology
and stability (Lu and Godt 2008). This study experimentally confirms
that the SWRC, HCF, and SSCC are intrinsically related.
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