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To investigate the effect of dry density on the soil-water characteristics of compacted soil, loess used as filling in the land-making
project of the Yan’an new district was collected and compacted to five initial dry densities of 1.40, 1.50, 1.60, 1.70, and 1.80 g/cm3,
respectively. ,e soil-water characteristic curves (SWCCs) of all specimens in the range of 0–105 kPa were measured using the
filter paper method. ,e measured data were fitted using the Fredlund and Xing equation for each initial dry density. ,e SWCCs
have obvious differences in a suction range below 100 kPa and overlap when the suction range is higher. ,is suggests that the
SWCC of compacted soil is independent of the initial dry density in the high suction range, but the correlation with the initial dry
density exists in the low suction range. ,erefore, the correlation functions of the parameters in the Fredlund and Xing equation
with respect to the initial dry density were regressed, respectively. By substituting these functions into the Fredlund and Xing
equation, the state surface function of θw − ψ − ρd was obtained and can reflect the SWCCs of all densities of the filled soil to
support the further investigation of the unsaturated behavior of compacted soil.

1. Introduction

In the Chinese loess plateau, loess formations are used not
only as natural foundation materials for buildings and in-
frastructures but also as compacted geomaterials for building
foundations. With the rapid development of modern urban
areas in the Chinese loess plateau in recent years, land-making
projects, whose objective is to flatten hills and fill gullies to
form a smooth spread of land for the development of urban
sites or industrial plants, have been carried out for nearly a
decade [1, 2]. ,e largest such project is the new districts of
Yan’an City, in the central region of China, as shown in
Figure 1. Loess gullies are general V-shaped valleys; therefore,
the thickness of the gully fillings is highly variable and can
vary from a few meters up to 100m. ,e gully fillings
comprise loess soil compacted in one layer with a thickness of
several meters. ,e investigation has revealed that the fillings

were a high heterogeneous soil for which the compactness is
difficult to control according to the requirements of land-
making projects (Figure 2). ,erefore, the prediction of the
postfilling settlement and uneven settlement is a key issue for
researchers, managers, and investors.

According to in situ monitoring data obtained at Yan’an
new district, the main consolidation of the filled soil is ac-
complished just after the filling, and the postfilling settlement is
minimal but continuous. ,e consolidation during filling is
caused by the load of the overlaid soil. ,e filling is an un-
saturated soil; however, surface water infiltration and ground-
water penetration may change the soil-water characteristics and
induce a large amount of postfilling settlement [3, 4]. For un-
saturated soil, the soil-water characteristic curve (SWCC) is
important for investigating the soil behavior. Hence, this study
focused on the measurement and uniformity of the SWCCs
obtained for compacted loess soil with different dry densities.
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,e SWCC describes the relationship between the matric
suction and the gravimetric water content, volumetric water
content, or saturation and plays a crucial role in modeling
the behavior of unsaturated soils [5, 6]. In fact, the mea-
surement of the SWCC is the most important test required
to introduce unsaturated soil mechanics into geotechnical
engineering practice [7]. To date, the measurement of matric
suction has been developed using the tensiometer method,
axial translation technology (pressure plate instrument,
Tempe instrument, centrifuge, etc.), and filter paper method
[7]. Almost all suction measurement methods have short-
comings, including issues such as the range of application,
cost, reliability, and feasibility [8].

Axial translation technology is a conventional method of
measuring the soil matric suction in the range of 1–1.5MPa.
However, Baker and Frydman have argued that this method
changes the energy state of the soil water by applying ex-
ternal pressure (up to 1MPa) to the soil, which in turn
changes the state and produces an unfavorable result
compared with the natural field condition (101.3 kPa) [9].
,e commonly used tensiometer is limited within the scope
of suction, that is, in the range of approximately 0–100 kPa
[10]. Various studies have shown that the filter paper method
(FPM) is a relatively simple, low-cost, and time-efficient
method that can be used to measure the suction in the range
of 10–300,000 kPa [11]. Since Hansen used blotting paper to
determine the osmotic potential of sugar solutions at the
same vapor pressure as the experimental soil specimens [12],
the FPM has gradually been used to measure the soil-water
potential. Additionally, Whatman No. 42 filter paper is
widely used to measure soil suction [13–15] and is con-
sidered to be the most practical out of the three above-
mentioned methods. Moreover, this method does not affect
the soil structure and can be used under atmospheric
conditions with acceptable accuracy.

In this study, the fillings in the filled area of Yan’an new
district were collected, and five groups of specimens with
different initial dry densities in the range of the filled loess
were generated using a static pressure instrument. ,e
matric suction was measured using a modified FPM
(10–105 kPa) and the corresponding SWCCs were obtained.

,e data measured for each specimen with different com-
pacted density were fitted using the Fredlund and Xing
equation [16] to obtain the respective SWCCs, and the
SWCCs of the compacted loess were unified as a binary
function of the matric suction against the water content and
dry density, which can be used to investigate geotechnical
problems related to compacted loess throughout the entire
density and water content range.

2. Soil Material for Tests

,e sampling site is located in the new district of Yan’an
City, in the central region of China, where a new flat city
site has been constructed by cutting and filling the hilly
landscape (Figure 1). ,e deep gullies are filled by layered
loess with a thickness of up to 100m, while the thickness
of the cut section is up to 45m. According to the labo-
ratory test data for 19 boreholes in the filled soil (Fig-
ure 2), the dry density of the compacted loess samples is
mostly in the range of 1.40–1.80 g/cm3 and accounts for
97% of the total density. ,is suggests that the dry density
is far lower than the maximum value of 1.80 g/cm3 ob-
tained by standard compaction in the laboratory and
much lower than the required dry density of 1.70 g/cm3.
,e water content of the vertical section exhibits great
differences and tends to move away from the optimal
value (16%) in reality.

,e filling was collected at the middle of the excavated
profile to adequately represent the average components of
compacted loess. ,e particle size, plastic limit, liquid
limit, and specific gravity were measured first and the
results are presented in Table 1. Additionally, as shown in
Figure 3, the silt fraction (0.002–0.05mm) makes up
66.0% of the total amount, and the clay particle
(<0.002mm) accounts for 6.6%. ,e coefficient of uni-
formity is 8.5 and the coefficient of curvature is 1.4, which
is classified as well-graded cohesive soil (Cu > 5 and
CC ∈ [1, 3]). According to the Unified Soil Classification
System [17], the loess is classified as silty clay.

Previous studies have reported that the initial water
content greatly influences the soil’s pore structure [18].

Original landform

Loess

(a)

Land-making area 

Cut
Compaction layer by layer

Filling

Loess

(b)

Figure 1: Overview of land-making area: (a) original landform; (b) after cutting and filling.

2 Advances in Civil Engineering



For compacted soil with the same void ratio, the mac-
ropores increase as the initial water content decreases
[19]. However, there is a homogeneous distribution of
pores in the compacted soil under the optimal water
content [20]. For practical projects, the optimal water
content is difficult to achieve and the water content is
typically suboptimal, as shown in Figure 2. ,erefore, to
fully consider the soil-water characteristics of compacted
soil with more macropores, the minimum average
moisture content (10%) in the filling area was selected for
compaction.

Subsequently, the filling was crushed and remolded
into five groups based on the results of their initial dry
densities. ,e target initial dry densities are 1.40, 150,
1.60, 1.70, and 1.80 g/cm3 and cover 97.0% of the filled
loess specimens at the site. ,e corresponding void ratio
and bulk density are listed in Table 1. ,e water content
of all remolded specimens was controlled to be 10%, and
the initial dry density error was controlled to be
±0.01 g/cm3.

Dry density (g/cm3)

So
il 

sp
ec

im
en

s’ 
qu

an
tit

ie
s

1.4~1.8g/cm3

Max. = 1.8g/cm3

1.7g/cm3
λ = 0.93

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

200

180

160

140

120

100

80

60

40

20

0

Distribution

(a)

Water content (%)

0

5

10

15

20

25

Min. Max.

30

35

40

45

50

D
ee

p 
(m

)

8 10 12 14 16 18 20 22 24

Optimum = 16%

Average water content

(b)

Figure 2: (a) Dry density and (b) water content in filled area.

Table 1: Physical parameters of remolded specimens.

Specimen number No. 1 No. 2 No. 3 No. 4 No. 5
Initial dry density (g/cm3) 1.40 1.50 1.60 1.70 1.80
Initial void ratio 0.936 0.807 0.694 0.594 0.506
Degree of compaction (%) 78 83 89 94 100
Same parameters Remolding water content Specific gravity Plastic limit Liquid limit Plasticity index
Value 10% 2.71 18.7% 18.8% 9.8
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Figure 3: Curves of particle size distribution.
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3. Method of Measuring SWCC

,e principle of the FPM can be understood as the trans-
portation of the pore water in the soil to wet or dry filter
paper. ,e matric suction is measured as the soil specimen
contacts the filter paper. And when there is no direct contact
between them, the total suction (equal to the sum of the
matric suction and osmotic suction) is also measured [6, 21].
In this study, the contact method was used to measure the
matric suction, and the oven-drying method was used to
measure the water content.

Once the specimens were remolded, they were put into
sealed desiccators to maintain the original water content and
keep free from disturbances. ,e specimens for each initial
dry density were set as a group and used to measure the
SWCC.,emeasuring processes were carried out as follows:

(1) Filter paper preparation: ordinary filter paper was
cut to the same size as the specimen surface with a
diameter of 61.8mm (equal to the size of the spec-
imens), as shown in Figure 4(a), and used to cover
the surface of the specimens to protect them against
falling slags and to protect the test filter paper against
contamination. ,e test filter paper was slightly
smaller than the specimen or ordinary filter paper
and had a diameter of 42.5mm. Both the ordinary
filter paper and the measuring filter paper were
soaked in formalin solution (2%) and then dried to
prevent the growth of microorganisms before use
[22]. Notably, the weighing of the filter paper was
carried out in a clean aluminum box with a cover.

(2) Specimens preparation: first, using a static com-
pression method at the water content of 10%, the
specimens were remolded with a definite initial dry
density in metal rings with a diameter of 61.8mm
and height of 20mm. Subsequently, the set of
specimens were dried in an oven at 120°C for 24
hours. ,is drying method may cause changes to the
soil microstructure [23, 24], and freeze-drying is
probably the most appropriate way of avoiding this
issue when testing the wetting SWCC [25, 26]. Next,
water was dropped on the specimens to control the
target water content from very low (2%) to saturated
at an increasing interval of 1% or 2%. Two parallel
specimens with the same water content were
prepared.

(3) Water balance in the specimens: as soon as water was
dropped on a specimen, the process of wrapping the
specimen began, as shown in Figure 4. Specimens with
varying water content were placed into the moisturizer
for 48 hours and were packed after being removed.
First, the initial weight of the soil specimens and filter
paper was measured, and then the filter paper was
nimbly placed between two identical specimens, as
shown in Figure 4(b). Subsequently, the upper and
lower specimens were fixed using waterproof tape and
tightly wrapped up using plastic wrap to create a simple
waterproof environment, as shown in Figure 4(c).
Aluminum foil paper was used as a protective and

shaping material to further wrap the specimens
[27–29], and melted paraffin wax was evenly brushed
on the aluminum foil paper such that the entire
specimen was sealed with wax, as shown in Figure 4(d).
Finally, the specimens were placed in the incubator
(20°C) for soil-water balancing after being labeled.

(4) Weighing of filter paper and specimens: the speci-
mens were removed after seven days of balancing in
the incubator [9, 22]. After unpacking the wrapped
specimens, the mass of the wet soil specimens and
the wet test filter paper were weighed, respectively,
and both were dried and then weighed again. No-
tably, the filter paper must be quickly put into an
aluminum box using tweezers and the box should be
covered for weighing, which is a key operation to
ensure the accuracy of the data. In this process, an
ordinary balance (accuracy of 0.01 g) was used to
weigh the soil specimens and the Mettler analytical
balance (accuracy of 0.0001 g) was used to weigh the
filter paper, owing to the different precision re-
quirements, as shown in Figure 5. Moreover, dif-
ferent ovens were used to avoid contamination.

(5) Calculating the matric suction and water content of
the specimens: according to the above-mentioned
operation, the weight of the test filter paper before
and after balancing can be obtained for each spec-
imen, and the matric suction can be calculated using
the calibration equation (1) [22].

log10ψ � 5.327 − 0.0779∗wfp wfp < 45.26% ,

log10ψ � 2.412 − 0.0135∗wfp wfp > 45.26% ,
(1)

where ψ represents the matric suction (kPa); wfp represents
the gravity water content change of the filter paper (%).

4. Regression for SWCCs with Measured Data

Among the many empirical models (such as Gardner,
Brooks and Corey, van Genuchten, McKee, and Bumb), the
Fredlund et al. model [16] is widely used throughout the
entire suction range (equation (2)) and has a correction
factor c(ψ) (equation (3)) that always makes the suction
under zero water content approach 106 kPa. In equation (2),
parameter a is the air entry value of soil; n is the inflection
rate in the transient zone, and as this value increases, the
inflection rate also increases, which reflects the pore size
uniformity; m controls the shape in the low suction range.

θw � c(ψ)
θs

ln e +(ψ/a)
n

(  
m, (2)

c(ψ) � 1 −
ln 1 + ψ/ψr( ( 

ln 1 + 106/ψr  
, (3)

where θw is the gravity water content (%); θs is the saturated
gravity water content (%); ψ is the matric suction (kPa);
e≈ 2.71828.
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As shown in Figure 6, the fitting curves intersect at ap-
proximately 100 kPa using equation (2), and the data mea-
sured for different initial dry densities overlap in a suction
range greater than 100 kPa, but the curves are more scattered.
,is suggests that the SWCCs in this range are independent of
the initial dry density and exhibit a linear relationship in the
semilogarithmic coordinate system. Other studies have also
confirmed that the curves for the same type of soil exhibit
similar distribution characteristics under different pressures
[9], which is called the “broom” shape [30–31].,erefore, it is
reasonable to use piecewise fitting. Equation (2) is used for the
range of 1–100 kPa, and linear fitting is used over 100 kPa. All
measured data obtained in the range of 1–100 kPa were fitted
using equation (2). ,e parameters are listed in Table 2 and
the fitting curves are shown in Figure 7.

As shown in Figure 7, according to the shape and
physical context of the curves, each SWCC can be divided
into three stages in the wetting curve: the residual stage,
transient stage, and boundary effect stage [5]. During the
wetting process, the transient stage and boundary stage are
divided by the air occlusion value (AOV), while the transient
stage and residual stage are divided by the residual value
(RV). ,e AOV and RV of the SWCC can be determined
using the method proposed by Vanapalli et al. [5], and the
data are also presented in Table 2.

In the wetting process, the first stage is the residual stage.
,e water molecules are adsorbed by the soil particles to
form adsorbed water, and the pore space is essentially oc-
cupied by the gas phase as the suction increases. ,e water
content of the soil slowly changes, the performance tends to
be consistent, and the RVs of all specimens are approxi-
mately 100 kPa with a water content of approximately 11%.

During the transient stage, capillarity becomes
dominant and the water begins to occupy the smallest
pore in the soil, which leads to the escape of air. ,us, the
soil is in a three-phase state (solid, liquid, and air), which
is referred to as the contractile skim or interface by
Fredlund [32]. Most engineering problems related to
unsaturated soils occur at this stage. As the water content
increases, the suction starts to decrease in a rapid manner.
,e change at this stage is closely associated with the
initial dry density and the path is positively correlated
with the initial dry density.

When the suction exceeds the AOV, the soil enters the
boundary stage and is nearly saturated. Additionally, the
water phase is continuous and the gas phase is suspended in
the water in the form of closed bubbles. As can be seen from
the curves, specimen No.1 (1.4 g/cm3) has an AOV of 5 kPa
and corresponding water content of 33%, while No. 5 (1.8 g/
cm3) has the highest AOV of 11.5 kPa corresponding to a
water content of 18%.

Tailored ordinary
filter paper

Two samples with the same water
content after spraying water

Test filter paper
(Whatman No. 42)

(a)

Fixed and brushed

(b) (c) (d)

Closed and
sandwhiched

Figure 4: Process of wrapping specimens.

Use analytical
balance

Use electronic balance

Put the filter paper into
the aluminum box quickly

Figure 5: Process of removing specimens.
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,e Equi-suction lines (Figure 8) also show that the lines
below 100 kPa have a high inclination degree and the
specimens with lower initial dry density have a higher
moisture content under the same suction condition. ,e
lines above 100 kPa are considered to be approximately
vertical, which means that the initial dry density or pore
ratio of the compacted soil in the high suction phase is
independent of the suction. According to Ridley and Delage
(1998), Delage (2007), and Rafael and Bake (2009), within
the scope of dominant adsorption, suction should only
depend on the gravity water content of remolded clay, and
there is no correlation between the dry density or pore ratio

of the soil at the high suction phase and suction change
[9, 33, 34].

Generally, as the initial dry density increases, the path of
the transient stage becomes shorter while that of the
boundary stage becomes longer, but the difference of the
residual region is not obvious.

5. Unified SWCC of Compacted Loess

By plotting the values of the fitting parameters a, m, and n
listed in Table 2 against the initial dry density shown in
Figure 9, it can be seen that each of them has a good cor-
relation with the initial dry density. ,e functions of the
parameters versus the initial dry density were also obtained
by regression analysis, and a is exponentially correlated with
the initial dry density, as expressed by equation (4), while n
and m are linearly correlated with the initial dry density, as
expressed by equations (5) and (6). Additionally, there exists
a linear relationship between the saturated water content
and the initial dry density (equation (7)), and we consider
that the matric suction in the residual stage tends to be
consistent. ,erefore, it is reasonable to consider that all
specimens have the same residual matric suction, which is
approximately equal to 100 kPa. By substituting these
functions into the Fredlund and Xing equation, the united
function (equation (8)) can be determined and used as an
empirical equation reflecting a series of the SWCC.

a � 0.255e
2.688ρd , (4)

n � 11.014ρd − 13.695, (5)

m � −1.371ρd − 2.636, (6)

Table 2: Fitting parameters.

Specimen number No. 1 No. 2 No. 3 No. 4 No. 5
Initial dry density (g/cm3) 1.4 1.5 1.6 1.7 1.8
A 11.47 14.53 18.026 24.584 32.304
N 1.71 2.356 3.361 4.93 5.930
M 0.765 0.550 0.402 0.283 0.213
R2 0.98 0.98 0.98 0.95 0.99
θs (%) 34.5 29.8 25.6 21.9 18.7
AOV (kPa) 5 9 10.2 11 11.5
RV (kPa) 100 100 100 100 100

AOVmax = 11.5kPa

AOVmin = 5kPa
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θs � −39.5ρd + 89.3, (7)

θw � c(ψ)
θs

ln(e + ψ/0.255e
2.688ρd( ) 

11.014ρd−13.695( )
 

1.371ρd+2.636 , (ψ < 100),

θw � −3.707 log ψ + 19.02, (ψ ≥ 100),

(8)

where θw is the gravity water content (%); θs is the saturated
gravity water content (%); ψ is the matric suction (kPa); ψr is
the residual matric suction (kPa); e≈ 2.7.

Figure 10 shows the fitting surface (θw −ψ − ρd), and the
five sets of experimental data are in good agreement. It can
be intuitively understood that, on the surface, the boundary
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effect area is enlarged, the transient area is reduced (slope
becomes steeper), and the residual area remains the same as
the initial dry density increases. Using equation (8), as long
as the dry density is given, a corresponding SWCC can be
determined on this fitting surface.

6. Summary and Conclusion

,is study measured the SWCCs of compacted loess soil
with different density using the FPM, and a unified
function based on the Fredlund and Xing equation was
regressed. It is expected that the findings of this study will
provide the foundation for further research on unsatu-
rated soil.

(1) In this paper, the steps for measuring the SWCC
using the contact FPM are described in detail. With
this procedure, the SWCC in the range of
1–10,000 kPa, or even higher, can be determined
quickly and more accurately. ,us, this method
should be widely adopted.

(2) ,e influence of the initial dry density on the soil-
water retention behavior was analyzed. ,e SWCCs
overlapped when the moisture content was less than
11%, which corresponds to a suction above ap-
proximately 100 kPa. For the same type of soil,
compaction only changed the soil-water retention
behavior when the suction was less than 100 kPa, and
the retention capacity decreased as the compactness
increased, whereas the soil-water characteristics es-
sentially remained the same when the suction was
greater than 100 kPa.

(3) A “nonlinear + linear” piecewise fitting method was
used to fit the measuring data. ,e equation
(θw −ψ − ρd) reflecting the SWCCs of the entire
filling area was obtained through regression analysis,
which is significant for practical engineering. Ad-
ditionally, this is the main equation used to calculate
the seepage field change and settlement under in-
filtration conditions in the filling area.
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