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ABSTRACT

The soil water–retention curve (SWRC) is commonly theorized and measured in the positive

matric suction or negative pore water pressure domain. However, all soils do not reach full

saturation when matric suction decreases to zero. To date, few methods or theories have

been developed to understand the SWRC in the negative matric suction domain, which

could play important roles in field mechanical stability conditions, such as slopes under

heavy rainfall or levees under rapidly rising water table conditions. A method employing

both the transient water release and imbibition method (TRIM) and a constant flow method

(CFM) is devised to measure a soil’s complete loop of the SWRC under both wetting and

drying, and positive and negative matric suction conditions. Although the TRIM is used to

measure both drying and wetting paths of the SWRC in the positive matric suction domain,

the CFM is used to quantify the soil water–retention behavior in the negative matric suction

domain. The TRIM method has been previously validated and extensively tested. The novel

feature is the cyclic application of the CFM in the negative matric suction domain. The head

loss in the high air entry ceramic stone because of the application of the CFM is calibrated in

the range of the applied flow rates. Similar sets of flow rates are used to validate the

repeatability of the measured SWRC behavior in the negative matric suction domain. Three

different soils, sandy, silty, and clayey soils, are used to demonstrate the applicability of the

methodology for various soil types. It is shown that, for the sandy soil, a few kPa of negative

matric suction are needed to fully saturate the specimen, whereas for the clayey soil, over

10 kPa of negative matric suction are needed to fully saturate the specimen.
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Introduction

The soil water–retention curve (SWRC) is the foundation of

modern soil physics, hydrology, and soil mechanics. It defines

the energy equilibrium conditions between soil water content

(often in terms of the gravimetric water content, degree of

saturation, or volumetric water content) and its prevailing water

potential (often in terms of pore water pressure, suction head,

or matric suction). The water potential in terms of matric suc-

tion represents the negative pressure formed by the soil water

and the soil matrix interaction, and it is defined as the pressure

difference between the soil water and the surrounding gas.

Fundamentally, the SWRC is governed by two groups of soil

properties: pore-size distribution and interfacial surface proper-

ties, namely solid–water and air–water interfacial tensions and

air–solid–water contact angle (e.g., Tuller et al. 1999; Lu and

Likos 2004; Frydman and Baker 2009; Lu and Khorshidi 2014).

Because each soil has a unique pore-size distribution, the

SWRC is characteristic to a given soil. For this reason, it is often

called the soil water–characteristic curve (SWCC).

Like other constitutive behaviors of soil, such as the

stress–strain relation, the SWRC is also hysteretic (e.g., van

Genuchten 1980; Fredlund and Xing 1994; �Simůnek et al. 1999;

Likos et al. 2013). Thus, depending on the initial water content

and wetting/drying trajectory, the SWRC could follow paths

other than the principal drying or principal wetting curve. The

principal drying SWRC is defined here as the trajectory for

which the initial water content is full saturation and matric

suction is zero and follows the drying trajectory, whereas the

principal wetting SWRC is defined as the trajectory for which

the initial water content is the residual water content and fol-

lows the wetting trajectory. A dominant phenomenon of SWRC

hysteresis is that the volumetric water content at zero matric

suction could significantly differ between the two principal

SWRCs as indicated in the illustration in Fig. 1. Depending on

soil type, the volumetric water content at zero matric suction

could vary by as much as 20 % between the two principal

SWRCs (e.g., Likos et al. 2013; Lu et al. 2013).

Nearly all published SWRC models (e.g., Gardner 1958;

Brooks and Corey 1964; van Genuchten 1980; Fredlund and

Xing 1994) and experimental techniques [e.g., axis translation

technique (Hilf 1956), tensiometers (e.g., Cassel and Klute

1986), and thermocouple psychrometers (e.g., Spanner 1951)]

do not extend below zero matric suction. Corey (1994) states

that, at large saturations in the wetting state, the air is not inter-

connected and, therefore, only pore water pressures and not

capillary pressures have been reported. Bicalho (1999) pointed

out the non-applicability of using existing models of water

flow with continued air channels to simulate the case where the

soil system involved discontinued air phase, and hydraulic con-

stitutive functions were proposed to model infiltration through

compacted soils. To verify the model, Bicalho et al. (2000)

developed a new testing approach to investigate the developed

relationship between the pore water pressure and saturation

involving discontinuous air phase. Their test technique involved

saturation of the soil by increasing the back pressure to drive air

into solution. To date, the loop of the SWRC has not been

considered a closed one, i.e., there is no information regarding

the path of matric suction as a function of soil water content

between these two water contents at zero matric suction. By

physical reasoning, some path, likely in the negative matric suc-

tion or positive pore water–pressure regime, would close the

loop to have a completed SWRC. Such a path represents contin-

ued wetting below zero matric suction, yet the soil is still under

unsaturated conditions. This is relevant to field conditions, such

as those where slopes are wetting under heavy rainfall or rapid

groundwater table rise in earthen dams or levees. In each of

these circumstances, measurements and theory defining the

SWRC in the negative matric suction regime are needed to

properly conduct stability analysis.

The objective of this study is to identify a new SWRC

regime that is below the zero matric suction to enable the

measurement of completed soil water–retention curves of un-

saturated soils under laboratory conditions. To achieve this

objective, a new testing methodology is created allowing testing

of matric suction under both positive and negative unsaturated

conditions. The technique quantifies the SWRC under positive

matric suction by a transient water release and imbibition

method (TRIM) (Wayllace and Lu 2012), and quantifies the

SWRC under negative matric suction by a constant flow

method (CFM) (e.g., Lu et al. 2006). The testing methodology is

innovative as it is a first time to employ the CFM technique for

negative matric suction under unsaturated conditions.

FIG. 1 Illustration of the concept of unsaturated positive pore water pressure

domain on the completed SWRC.
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Previously, the CFM has been used for either positive pore

water under saturated conditions (e.g., Olsen 1969) or positive

matric suction under unsaturated conditions (e.g., Malusis et al.

2003; Lu et al. 2006).

Experimental Program

APPARATUS

The experimental setup used in this study includes the TRIM

setup with its main components to produce the wetting and

drying paths of SWRCs and the constant flow pump for com-

pleting the SWRCs in the positive pore water pressure regime

under unsaturated conditions. A schematic diagram and

photograph of the experimental apparatus with its six main

components are shown in Fig. 2(a) and 2(b), respectively. The

equipment consists of (1) a flow cell where the specimen is

placed and matric suction is controlled, (2) a pressure panel to

control air pressure in the soil, (3) a large reservoir and bubble

trap for sample saturation and volume of diffused air quantifica-

tion, (4) a water jar and electronic balance for recording water

content changes in the soil, (5) a constant flow pump and pres-

sure sensor for applying flow through the soil while monitoring

the pore water pressure, and (6) a computer with a graphic

interface software for data monitoring and logging.

A cylindrical specimen in either undisturbed or remolded

state is placed in the flow cell where matric suction is controlled;

the sample rests on a saturated high air entry (HAE) ceramic

disk (300-kPa or 100-kPa ceramic disk). A square O-ring seals

the system between the O-ring and the stone and between the

O-ring and the base plate. A coarse mesh and spring are placed

on top of the specimen to minimize volume change and to pro-

vide support for the HAE disk during the constant flow water

injection portion of the test. The base plate of the flow cell is

designed in a way that it has a small water reservoir underneath

the ceramic disk to maintain the disk saturated and it has two

outlets. The first outlet is connected to a large water reservoir

and it is used to saturate the system, whereas the second outlet

is connected to a three-way valve that allows flow either from

the flow pump to the flow cell or from the flow cell to the small

water jar that sits on the balance as indicated by the flow paths

in Fig. 2(c).

Positive matric suction is controlled by applying air pres-

sure through the top of the flow cell while maintaining the pore

water pressure behind the ceramic stone at the ambient atmos-

pheric pressure. Air pressure is applied through a panel with

two switchable regulators, one for controlling pressures of

0–15 kPa and the other for pressures of 10–300 kPa. Negative

matric suction is controlled by setting the air pressure equal to

ambient atmospheric pressure while introducing a positive pore

water pressure with the constant flow pump. Positive pore water

pressure is monitored with a pressure transducer of 103 kPa

range and 0.26 kPa resolution, which is mounted on the flow

FIG. 2 Experimental setup for the measurement of completed SWRC: (a)

schematic drawing, (b) photograph, and (c) flow cell.
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pump. This pressure transducer was found to provide a quality

set of data with minimal level of noise, which allows an accurate

evaluation of the pressure value when the steady state is

reached.

A graphic user interface allows the experimenter to monitor

and record data of all water flow in and out of the flow cell as

well as pore water pressures induced by applying constant flow.

Details of the working principle of TRIM and its major compo-

nents can be found in Wayllace and Lu (2012).

CALIBRATION FOR SYSTEM HEAD LOSS

During the measurement of the SWRC in the negative matric

suction regime, a constant flow is applied through the ceramic

disk and soil sample while a pressure sensor monitors the water

pressure underneath the ceramic disk. It is, therefore, necessary

to accurately quantify the head loss in the HAE ceramic disk for

different applied flow rates. A series of calibration tests called

“blank sleeve tests” were performed to quantify the performance

and effectiveness of the HAE disks. The objective of these tests

was to account for the overall test equipment head loss Dhs
caused by the flow of water through the plumbing system and

the HAE disk. Once quantified, these system head losses can be

subtracted from the head losses measured during actual testing.

System head losses were quantified by applying a series of

constant flow rates through the assembled system with only the

ceramic disk and no soil sample in the flow cell. The results

from the calibration tests of 1-bar high-flow and 3-bar stand-

ard-flow HAE disks in terms of head loss versus flow rate are

shown in Fig. 3. Results show a significant difference of system

head loss depending on the disk used. For example, if a constant

flow rate of 0.8 cm3/min was applied, the head loss quantified in

the experimental system with a 3-bar HAE disk was 85 kPa,

whereas the measured value for a 1-bar high-flow disk was only

around 8 kPa.

SPECIMEN PREPARATION

The apparatus used in this experimental study can accommo-

date undisturbed and remolded specimens. If the sample is

undisturbed, the experimenter should extrude the sample

directly from the Shelby tube into the metal mold of the flow

cell ensuring good contact between the soil and the ceramic

disk; the diameter of the sample must be the same as the diame-

ter of the flow cell mold. On the other hand, a remolded sample

could be compacted in layers using dry soil and static weight. In

both cases, the experimenter must obtain the porosity, dimen-

sions, and saturated hydraulic conductivity of the sample. The

results presented in this paper are for samples of 6.35 cm in

diameter and 2.54 cm in height. Once the specimen is placed in

the mold of the flow cell and before it is assembled with the

base plate and the ceramic disk, it must be saturated by applying

vacuum on top while allowing degassed water to flow in from

the bottom. Vacuum can be applied for about 24 h or until

some excess water is observed at the top of the soil. Saturation

can be verified by measuring the total mass of the sample

before and after the saturation process and by ensuring that the

difference is equal to the amount of water required for 100 %

saturation. During this process, a coarse mesh and a spring are

placed on top of the specimen to minimize volume change.

Parallel to this process, the ceramic disk must also be saturated

following a similar technique of applying vacuum on top and

flowing degassed water through it. Finally, the complete flow

cell is assembled and the specimen is pushed slightly from top

to ensure good contact between the soil and the ceramic disk.

APPLICATION OF MATRIC SUCTION

The testing procedure followed for matric suction application

consists of two sequential stages: the TRIM for measuring the

drying and wetting SWRCs for matric suction greater than or

equal to zero and the CFM for matric suction less than zero.

The application of positive matric suction is attained

through TRIM testing stage following the same procedure

described by Wayllace and Lu (2012). For this stage, the three-

way valve in the base of the flow cell is placed so that the flow

cell and the water jar on the balance are connected (Fig. 2(c)).

Typical testing time required to complete one test varies

between 1 and 2 weeks depending on the soil type; tests for

clean sands can take 5–7 days, whereas tests for clayey soils can

last for 14 days. After the specimen is fully saturated and

assembled in the TRIM set-up, the entire system is saturated,

including the HAE ceramic disk, the small water reservoir

beneath the HAE disk, the bubble trap, the valves, and the tub-

ing. Then two steps of matric suction increase followed by a

decrease of matric suction to a zero value are applied to measure

FIG. 3 Calibration of system head loss as a function of applied constant flow

rate for different high air entry ceramic disks.
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the transient water release and imbibition data during drying

and wetting processes, respectively. The small suction incre-

ment is as small as the air entry value of the soil being tested,

and the large suction increment is 50 kPa for clean, coarse, and

medium sands and 290 kPa for finer soils. It is recommended

to reach steady-state conditions during both drying and

wetting states so that the volumetric water content in the soil

corresponds to the applied suction. Corrections caused by the

volume of diffused air measured in the bubble trap are imple-

mented to the outflow data. The time series water content data

is considered to be a signature function of the soil and the fixed

system and, therefore, it can be used as an objective function

from which the hydrological parameters of the soil are obtained

through inverse modeling. Thus, the saturated volumetric water

content (hds ), saturated hydraulic conductivity (kds ), residual

moisture content (hr), and the model fitting parameters (ad, nd)

during principal drying SWRC, saturated volumetric water con-

tent (hws ), saturated hydraulic conductivity (kws ), and the model

fitting parameters (aw, nw) during principal wetting SWRC

(upper portion of Fig. 1) can be obtained. The soils tested in this

study do not undergo significant volume changes during drying

and wetting; the porosity during all stages of the tests was moni-

tored by recording the height of the soil specimen. The observed

volume change of the soil specimen as a result of the drying and

wetting process was within 0.26 %, which affects the saturation

results within 0.4 % of the reported value. Here we report all

values calculated with the initial volumes. An example of tran-

sient data obtained during TRIM testing is shown in Fig. 4.

The CFM testing stage for applying negative matric suction

follows the TRIM testing after the wetting of the soil specimen

was completed and the matric suction became zero. This stage

consists of three steps: (1) water injection, (2) water draining,

and (3) calculation of volumetric water content. During the

injection step, a constant flow rate is applied through the

specimen while the water pressure underneath the ceramic disk

is monitored and the top of the soil specimen is vented to the

atmosphere. For this purpose, the three-way valve on the base

of the flow cell is switched to allow water flow from the pump

to the flow cell. The highest total head loss of the system and

the total water volume injected are recorded until a steady state

is reached and some water ponded on the specimen is observed

(Fig. 5). The results in Fig. 5 show data for four steps of flow

rates ranging from 0.1 to 0.8 cm3/min in terms of total head

loss of the system versus the injected volume of water. No water

outflow to the balance is permitted. During the draining step,

the flow pump is turned off, the three-way valve on the base of

the flow cell is switched to connect the flow cell with the water

jar on the balance, and water is allowed to drain until the flow

rate is zero and the pore water pressure is zero as indicated in

Fig. 6. Calculation of the new water content is done by subtract-

ing the amount of drained water from the amount of injected

water. These three steps are repeated by applying a larger con-

stant flow rate until full saturation is reached and the SWRC

loop is closed. An evaluation of the full saturation condition of

the soil specimen is achieved by tracking the water content

change during all stages of the test and measuring the final

water content at the end of testing. Matric suction is calculated

from the measured pore water pressure and calibration for

system head loss; it is assumed that the pore air pressure is neg-

ligible. For example, in Table 1, a specimen of porosity 0.435 was

initially saturated. After wetting state ended, the volumetric

water content was 0.408. When a flow rate of 0.1 cm3/min was

applied and 4.1 g of water was drained, the volumetric moisture

content of the soil was 0.412.

FIG. 4 Transient water flow data obtained from a typical TRIM testing stage

with complete drying and wetting loops.

FIG. 5 Typical results of applying various constant flow rates in terms of

total head loss of the system versus injected volume of water.
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Depending on the soil tested, the CFM testing stage

requires 2 to 6 days to be completed. The testing time required

to complete each step of constant flow rate applied including

the water injection and draining may vary from a few hours for

clean coarse and medium sands up to a couple of days for finer

soils. For one step of constant flow rate applied, a typical time

period needed for the head loss to reach steady state is around

2 h, whereas a typical time period needed for draining the

ponded water is around 24 h.

Validation of the Testing Technique

The validation of the TRIM testing stage has been previously

extensively done against other methods, such as the Tempe cell

technique (e.g., Wayllace and Lu 2012) and the drying cake

(DC) method (e.g., Lu and Kaya 2013). For the validation of the

testing methodology including the CFM testing stage, because

of the lack of available independent techniques for measuring

the SWRC in the negative matric suction regime, a direct com-

parison is not possible at the present time. However,

repeatability tests were conducted on different independent

samples. In addition, experimental measurement of the final

volumetric water content and saturation values after the tests

were completed was used to confirm that the full loop in the

SWRC was closed.

Repeatability of the soil head loss and the corresponding

change of volumetric water content obtained experimentally for

various constant flow rates applied were verified by performing

two independent trials on the same soil type prepared to the

same initial condition. A specimen of a poorly graded sand (SP)

was compacted to a porosity of 0.39 and saturated as specified

in the procedure section. The small and large suction incre-

ments for the drying state were 2 kPa and 50 kPa, respectively.

Wetting was then induced by reducing the applied suction to

zero (venting the flow cell) and allowing sufficient time so that

the inflow of water becomes minimal. Then, sequential constant

flow rates of 0.15, 0.3, 0.6, and 1.2 cm3/min were applied. As

specified above, ponded water was allowed to drain after each

flow rate, and the new volumetric water content was calculated.

At the end of the test, the soil sample was oven dried to verify

the final volumetric water content and saturation. An identical

procedure was repeated one more time on an identical soil

specimen; the data from the two trials is reported in Fig. 7. The

results indicate that, for an identical soil specimen and fixed ini-

tial boundary condition, the SWRCs in the identified negative

matric suction regime are repeatable. For the two trials

recorded, all points are within 0.05 % of each other, confirming

the uniqueness of the SWR regime for a given soil.

The SWRCs of Various Soils

The applicability of the completed SWRC experimental tech-

nique to different soils was confirmed by performing tests

using the proposed technique on three different soils:

remolded poorly graded sand (Esperance sand), remolded silt

(Bonny silt), and undisturbed clay (Arkansas clay). The

results of SWRC parameters from TRIM and negative matric

suction at a fully saturated condition obtained for the three

soils along with its general index properties are characterized

in Table 2.

TABLE 1 Typical results of TRIM testing stage and CFM testing stage for remolded Bonny silt.

Description
Flow Rate
q (cm3/min)

Injected Water
Vw
inj (cm

3)
Drained Water
Vw

drain (cm
3)

Water in Soil
Vw

soil (cm
3)

Volume Water
Content (h)

Matric Suction
ua-uw (kPa)

Degree of
Saturation Sr

Initial saturated condition 0.0 0.0 0.0 35.7 0.435 0.00 1.00

Drying using TRIM 0.0 0.0 20.8 14.9 0.181 290.00 0.42

Wetting using TRIM 0.0 18.6 0.0 33.5 0.408 0.00 0.94

First flow rate 0.1 4.4 4.1 33.8 0.412 �2.91 0.95

Second flow rate 0.2 4.8 4.4 34.2 0.417 �4.39 0.96

Third flow rate 0.4 6.0 5.7 34.5 0.421 �8.14 0.97

Fourth flow rate 0.8 10.6 10.0 35.1 0.428 �9.16 0.98

Fifth flow rate 1.5 11.9 11.3 35.7 0.435 �9.61 1.00

FIG. 6 Typical results of constant flow rate steps for CFM stage.
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REMOLDED ESPERANCE SAND

The first soil is Esperance sand, a glacial outwash sand from a

landslide-prone coastal hillslope near Seattle, WA (Godt et al.

2009). A remolded specimen was compacted to a porosity of

0.39 and a total volume of 77.4 cm3. The specimen was placed

on a saturated 1-bar high-flow HAE disk, which is deemed for

coarse soils, such as clean sands. After saturation of the soil

specimen, a small suction increment of 3 kPa was applied

followed by a large suction increment of 50 kPa; the volumetric

water content at the end of drying was 0.085 (23.5 g of water

release with a corresponding degree of saturation of 0.22). Next,

wetting-state conditions were applied by decreasing the matric

suction to zero by reducing the applied air pressure to 0 kPa;

the volumetric water content increased to 0.343 hws (20 g of

imbibed water), and the corresponding degree of saturation was

0.88. The transient data then was used for the objective func-

tions and the numerical model parameters (hds , k
d
s , ad, and nd)

for drying and the numerical model parameters (hws , k
w
s , a

w, and

nw) for wetting state were obtained (Wayllace and Lu 2012).

The resulting wetting and drying SWRCs are shown in the

upper part of Fig. 8, and the identified SWRC parameters are

shown in Table 2. The superscript d in the symbols in Table 2

represents results obtained during principal drying SWRC, and

the superscript w in the symbols represents results obtained

during principal wetting SWRC. These results were confirmed

by the previous tests on the same soil (Wayllace and Lu 2012;

TABLE 2 Summary results of the measured SWRC parameters for the tested soils.

Parameter Name Symbol
Remolded Esperance

Sand
Remolded Bonny

Silt
Undisturbed Arkansas

Clay

USCS classification SP ML —

Specific gravity Gs 2.65 2.65 2.67

Saturated volume water content, drying hs
d 0.388 0.435 0.390

Saturated hydraulic conductivity, drying kds (cm/s) 5.86� 10�4 3.50� 10�6 1.18� 10�5

Inverse of the air entry pressure head, drying ad (kPa�1) 0.21 0.07 0.1

Pore size distribution parameter, drying nd 3 1.48 1.24

Residual moisture content hr 0.07 0.02 0.13

Saturated volume water content, wetting hws 0.34 0.41 0.37

Inverse of the air entry pressure head, wetting aw (kPa�1) 0.39 0.15 0.3

Pore size distribution parameter, wetting nw 3 1.49 1.24

Saturated hydraulic conductivity, wetting kws (cm/s) 4.33� 10�4 1.13� 10�7 9.79� 10�6

Negative suction for closing loop (ua - uw)s (kPa) �1.43 �9.61 �10.52
Final volume water content calculated from conservation of mass 0.390 0.435 0.391

Final volume water content oven drying 0.387 0.433 0.389

Final degree of saturation oven drying 0.998 0.995 0.997

FIG. 8 Results of the completed SWRC of Esperance sand.FIG. 7 Completed SWRC of two identical specimens of Esperance sand for

illustration of the test repeatability.
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Lu and Kaya 2013). For this soil, the difference in the volumet-

ric water content between the principal drying and wetting

SWRCs at zero matric suction is about 0.045.

For the CFM testing stage, four increasing constant injec-

tion rates of 0.15, 0.3, 0.6, and 1.2 cm3/min were sequentially

applied until full saturation of the specimen was achieved, and

the SWRC loop is closed. Water was allowed to drain between

injection steps, and volumetric water contents were calculated.

The lowest value of 0.15 cm3/min flow rate was first applied;

after steady-state conditions were achieved, the negative suction

measured was �0.5 kPa; during this step, 0.91 g of water were

injected into the soil to change the volumetric water content

from 0.343 to 0.355, and to change the degree of saturation

from 0.88 to 0.91. A second flow rate of 0.3 cm3/min was

applied, and a corresponding negative matric suction of

�0.7 kPa caused 1.04 g of water to be injected to the soil and

increased the volumetric water content to 0.369, and a corre-

sponding 0.95 degree of saturation. The third step of injected

flow rate of 0.6 cm3/min raised up the negative matric suction

to �0.95 kPa and the volumetric water content to 0.379, and a

corresponding 0.98 degree of saturation. The path followed for

the CFM testing stage is shown in the insert in Fig. 8. A negative

matric suction of �1.43 kPa at a flow rate of 1.2 cm3/min was

applied to increase the volumetric water content to 0.39, thus

achieving full saturation. The test was terminated at this point

and the soil specimen was oven dried; from this data, a final

volumetric water content of 0.387 and final degree of saturation

of 0.998 were calculated. The small difference between the

experimentally measured and oven dried volumetric water

content corresponds to 0.77 % of the initial saturated volumetric

water content. The testing results of this soil indicate that

the proposed method can accurately quantify the soil water–

retention behavior for sandy soil where the negative matric

suction is expected to be within a few kPa.

REMOLDED BONNY SILT

A second remolded specimen of Bonny silt obtained from the

Bonny dam on the Colorado–Kansas border was compacted to

a porosity of 0.435 with a total volume of 82.05 cm3. A saturated

3-bar HAE disk was used to control matric suction, which was

found to be suitable for testing fine soils for two reasons: (1) it

allows the application of matric suction up to 300 kPa; (2) it has

low enough impedance that measurements of head loss for flow

rates up to 2 cm3/min are feasible. After saturation of the soil

specimen, a small suction increment of 5 kPa was applied fol-

lowed by a large suction increment of 290 kPa, which reduced

the volumetric water content to 0.18 (20.8 g of water release),

and a corresponding degree of saturation was 0.42. Next, matric

suction was decreased to zero by reducing the applied air pres-

sure to 0 kPa, wetting state was obtained, and the volumetric

water content was increased to 0.408 hws (18.6 g of imbibed

water), and corresponding 0.94 degree of saturation. The

transient data then was used for the objective functions, and the

numerical model parameters for the drying and wetting state

were obtained. The resulting wetting and drying SWRCs are

shown in the upper part of Fig. 9, and the identified SWRC pa-

rameters are shown in Table 2. These results were confirmed in-

dependently by the previous tests on the same soil (Likos et al.

2013). For this soil, the difference in the volumetric water con-

tent between the principal drying and wetting SWRCs at zero

matric suction is about 0.027.

For the CFM testing stage, five increasing constant injection

rates of 0.1, 0.2, 0.4, 0.8, and 1.5 cm3/min were sequentially

applied until full saturation of the specimen was achieved, and

the SWRC loop is closed. The lowest value of 0.1 cm3/min flow

rate was first applied following the previous procedure, and a

negative matric suction of �2.91 kPa was recorded. This step

caused an injection of 0.3 g of water to the soil to change the

volumetric water content from 0.408 to 0.412, and to increase

the degree of saturation from 0.94 to 0.95. A second flow rate of

0.2 cm3/min was applied, and corresponding negative matric

suction of �4.39 kPa was recorded and caused an injection of

0.4 g of water to the soil and an increase in the volumetric water

content to 0.417 (0.96 degree of saturation). The third step of

injected flow rate of 0.4 cm3/min raised up the negative matric

suction to �8.14 kPa, and the volumetric water content to

0.421(0.97 degree of saturation). The fourth step of injected

flow rate of 0.8 cm3/min raised up the negative matric suction

to �9.16 kPa, and the volumetric water content to 0.428 (0.98

degree of saturation) as indicated by the path followed in the

insert in Fig. 9. A final step of flow rate of 1.5 cm3/min was

applied, and a negative matric suction of �9.61 kPa was needed
to reach full saturation. The test was terminated at this point

and the soil specimen was oven dried to a final volumetric water

content of 0.433 and final degree of saturation of 0.995. The

FIG. 9 Results of the completed SWRC of Bonny silt.
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small difference between the experimentally measured and

oven-dried volumetric water content corresponds to 0.46 % of

the initial saturated volumetric water content. As a reference, in

silty hillslopes, a change of 10 kPa in the pore water pressure

or negative matric suction caused by rainfall is sufficient to trig-

gering landslides (Likos et al. 2013). These results are lower

than the results reported by Bicalho et al. (2000) for a similar

soil because their experiment forces air back into the solution.

UNDISTURBED ARKANSAS CLAY

A third soil is an undisturbed specimen of Arkansas clay, which

was obtained in a 6.35-cm diameter Shelby tube. The porosity

was 0.39 and the total volume was 78.0 cm3. The specimen was

placed directly into the flow cell and was saturated for about

24 h. Suction increments of 6 kPa was applied first, followed by

a larger suction increment of 290 kPa, and resulting in about 9 g

of water outflow, which reduced the volumetric water content

to 0.27 (0.70 degree of saturation). After wetting, the volumetric

water content increased to 0.37 hws (7.57 g of imbibed water),

and corresponding 0.94 degree of saturation. The resulting wet-

ting and drying SWRCs are shown in the upper part of Fig. 10.

For this soil, the hysteresis in the volumetric water content

between the principal drying and wetting SWRCs at zero matric

suction is smaller than that reported in Esperance sand and

bonny silt and is about 0.021.

For the CFM testing stage, four increasing constant injec-

tion rates of 0.1, 0.2, 0.4, and 0.8 cm3/min were sequentially

applied to achieve full saturation. The first value of 0.1 cm3/min

flow rate was applied resulted in applying negative matric suc-

tion of �0.88 kPa to the soil specimen, and almost no change in

the volumetric water content was recorded at this step. A sec-

ond flow rate of 0.2 cm3/min was applied, and a corresponding

negative matric suction of �1.82 kPa was recorded. During this

step, 0.22 g of water was injected into the soil, and the volumet-

ric water content increased into 0.373 (0.95 degree of satura-

tion). The third step of injected flow rate of 0.4 cm3/min raised

up the negative matric suction to �4.8 kPa and the volumetric

water content to 0.375 (0.96 degree of saturation). The path fol-

lowed for the CFM testing stage is shown in the insert in Fig. 10.

A final step of flow rate of 0.8 cm3/min was applied, and a nega-

tive matric suction of two times the value from the previous

step (�10.52 kPa) was recorded to reach full saturation. The test

was terminated at this point, and the soil specimen was oven

dried; from this data, a final volumetric water content of 0.389

and final degree of saturation of 0.997 were calculated. The

small difference between the experimentally measured and

oven-dried volumetric water content corresponds to 0.26 % of

the initial saturated volumetric water content.

Results obtained for the three different soils reported in

Table 2 show the range of applicability of the completed SWRC

method. Soils ranging from sand to clay in remolded and undis-

turbed conditions were tested, and a range of around 2 to

11 kPa of negative matric suction was needed to close the loop

of the SWRCs of the different soils tested.

Conclusions

A breakthrough technique reported in Lu et al. (2014) is sys-

tematically tested, validated, and described in this work includ-

ing a measurement of soil water–retention curve (SWRC) in the

positive and negative matric suction domain. To close the loop

of the SWRC of a soil, a new method developed in this study by

employing the TRIM to measure both drying and wetting paths

of the SWRC in the positive matric suction domain, and the

CFM to quantify the soil water–retention behavior in the nega-

tive matric suction domain. The test methodology is described

and a set of calibration tests were performed to account for the

system head loss in the range of the applied flow rates. The

uniqueness of the SWRC in the negative matric suction domain

for similar soil conditions was verified by validating the repeat-

ability of the measured SWR behavior, and the applicability of

the test methodology for various soil types was achieved by per-

forming tests on different sandy, silty, and clayey soils. The

results of set of tests performed indicates a range of negative

matric suction of a few kPa up to over �10 kPa to fully saturate

a specimen of sandy to clayey soils, respectively. These results

identify a new SWRC regime that is relevant to field conditions,

such as those where slopes are wetting under heavy rainfall or

rapid groundwater table rise in earthen dams or levees. In each

of these circumstances, measurements and theory defining the

SWRC in the negative matric suction regime are needed to

properly conduct stability analysis. The presented technique

provides a physical basis for future theoretical development of

the SWRC models in the negative matric suction regime.

FIG. 10 Results of the completed SWRC of Arkansas clay.
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