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Unit Weight of Water in Clayey Soil

Shengmin Luo, A.M.ASCE"; Baochun Zhou?; Jing Peng, Ph.D., S.M.ASCE?3;
William J. Likos, M.ASCE*: and Ning Lu, F.ASCE®

Abstract: A soil water unit weight of 9.8 kN/m? has been universally considered to quantify soil volumetric phase properties such as
void ratio and degree of saturation, but has been found to greatly vary depending on soil type and the volume scale with which it is
defined. Recent experimental and theoretical evidence has indicated that the unit weight of soil water can be significantly greater than
9.8 kN/m? for clayey soils when gravimetric water content is less than 30%. A soil water unit weight as high as 18.8 kN/m? is evident for
some expansive soils at low water content. The significance of abnormally high water unit weight in quantifying soil phase volumes,
saturation, and void ratio was experimentally assessed for various clayey soils and theoretically interpreted as a function of water content
and soil type. For clayey soils with low liquid limit, average soil water unit weight can be as high as 12.5 kN/m? for gravimetric water
content less than 10%. This leads to an overestimation of liquid-phase saturation and void ratio by as much as 8% if a soil water unit
weight of 9.8 kN/m? is used. For clayey soil with a high liquid limit, the average soil water unit weight can be as high as 18.8 kN/m? for
water content less than 18%, leading to overestimation of liquid-phase saturation by as much as 36% and void ratio by as much as 20%
if 9.8 kN/m? is used. Charts were developed to estimate average soil water unit weight as a function of soil specific surface area and
water content, and as a function of liquid limit and water content. The commonly used value of 9.8 kN/m® for water unit weight can
lead to significant errors in estimating phase volumes, void ratio, and saturation for clayey soils. DOI: 10.1061/JGGEFK.GTENG-
10844. © 2022 American Society of Civil Engineers.

Author keywords: Soil water unit weight; Pore water pressure; Soil phase diagram; Specific surface area; Adsorbed water; Capillary

water.

Introduction

The soil water unit weight (kN/m?%) is defined as the soil water
mass per unit of soil water volume. Soil water unit weight has been
widely considered in geotechnical and geoenvironmental engineer-
ing practice to be a constant value equal to the unit weight of free
water, or 9.8 kN/ m?3. There has been sporadic evidence, however,
both historically and more recently, to indicate that the unit weight
of soil water can greatly exceed 9.8 kN/m? in clayey soils at low
water content. Values as high as 16.5 kN/m?> have been reported (e.
g., Martin 1960; Richards and Bouazza 2007) and more recent ex-
perimental evidence using helium gas pycnometer approaches
(Zhang and Lu 2018a; Dong et al. 2020b) have further confirmed
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the pervasiveness of abnormally high soil water unit weight in
clayey soils.

The recently developed soil sorptive potential theory (Lu and
Zhang 2019) provided the quantitative theoretical and physical ba-
sis for why this is so. Water sorption on and within soil particles
leads to extremely high compressive pressure (up to 1.6 GPa) ad-
jacent to mineral surfaces (Lu and Khorshidi 2015; Khorshidi et al.
2016), leading to a soil water unit weight that can be significantly
higher than that of free water (Zhang and Lu 2018a, b). Because
sorptive potential is most significant for high-surface-area materials
and at low gravimetric water content, its effects on soil water den-
sity are most pronounced under these conditions. For bentonite
soils with specific surface area >300 m?/g, for example, the unit
weight of soil water mostly exceeds 13.8 kN/m?> for water content
<15%, which is over 40% above the free water value of 9.8 kN/ m?
(Zhang and Lu 2018a, b).

Three practical questions arise: Is it necessary to consider soil
water unit weight greater than the conventionally assumed value
of 9.8 kN/m? in geotechnical and geoenvironmental practice? If
so, how does the unit weight of soil water depend on water content,
void ratio, and soil type? Finally, how can we practically account for
these effects to accurately estimate the soil water unit weight for a
wide range of soil types? We address these questions in the following
by measuring soil water unit weight, soil water sorption isotherms,
and soil shrinkage curves for various clayey and silty soils. Gener-
alized soil phase relationships that account for variable soil water unit
weight were derived. For soil under saturated conditions, the general
phase relationships and experimental results were used to quantify
void ratio as a function of the unit weight of soil water. For soil
unsaturated conditions, the general phase relationships and experi-
mental results were used to quantify degree of saturation as a function
of the unit weight of soil water. Results are plotted in the form of
practical charts that may be applied to a wide range of soil types.
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Fig. 1. Soil phase diagram under unsaturated conditions. The water
phase is conceptually differentiated to include capillary water and ad-
sorbed water owing to the presence of soil sorptive potential according
to Lu and Zhang (2019).

Soil Phase Relationships and Fundamental
Soil Properties

General Soil Phase Diagram

Soil is a three-phase material consisting of air, liquid water, and
soil solids. Weight—volume relationships among these phases are
commonly represented using a soil phase diagram, as demonstrated
in Fig. 1. Fundamental soil properties such as water content, void
ratio, porosity, degree of saturation, and specific gravity are dictated
and determined by the relative amount (mass or volume) of the
different phases. A classic equation derived from the phase diagram
to quantify the relationships among gravimetric water content (w),
void ratio (e), degree of saturation (S), and specific gravity (G;) is

Se = Gyw (1)

where the underlying assumption in deriving Eq. (1) is that average
soil water unit weight (,,) is equal to the unit weight of free water
(79, or v,,/7% = 1. Despite the prevalence of this assumption in
practice, much higher unit weights have been reported in the liter-
ature (e.g., Martin 1960; Mitchell and Soga 2005). An upper bound
of 1.872 g/cm? for soil water density was estimated by Zhang and
Lu (2018b), corresponding to unit weight of 18.3 kN/m?>.

Void Ratio for Varying Water Unit Weight under
Saturated Conditions

Eq. (1) can be rewritten in a more general form to consider the
effect of variable soil water unit weight

~
5 Se =G,w (2)

w

For a saturated soil, the degree of saturation (S) is equal to unity
and Eq. (2) becomes

e=—Gw (3)

Considering Eq. (3), the influence of soil water unit weight on
the relationship between void ratio and water content for constant
G, can be illustrated in Fig. 2 (assuming G, = 2.8). The lower-
bound ratio ,,/7% = 1 is the conventional case for soil water unit
weight equal to 9.8 kN/m?, whereas the upper-bound ratio
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Fig. 2. Void ratio as a function of soil water content and soil water unit
weight under the saturated condition. The water volume affected zone
(shaded) indicates the influence of soil sorptive potential at low water
content. The soil water unit weight function captures the dependency of
soil water unit weight on void ratio and water content.

Y/7% =2 is the case when the soil water unit weight is
19.6 kN/m? (v,, = 2.0 g/cm?®), which may occur in expansive
clays with water content less than 20% (e.g., De Wit and Arens
1950; Mooney et al. 1952; Baramian et al. 2017). In reality, the aver-
age water unit weight in soil is a monotonically decreasing function
of water content with a lower-bound value of free water unit weight
(Dong et al. 2020b; Martin 1960; Zhang and Lu 2018b). This results
in dependency of the ratio +,,(w)/~% on soil water content, as illus-
trated by the dashed curve in Fig. 2. Higher soil water unit weight
results in a decrease in void ratio at S = 100%. The change in void
ratio is most significant at relatively low soil water content and
gradually diminishes as water content increases.

The relative change in void ratio can be obtained by taking the
total differentiation of Eq. (3)

d d 1 dv,,
de_w 2D, ()

e w7, dw

which indicates that an increase in soil water content results in an
increase in void ratio through two mechanisms: (1) increases in soil
water content (first term on the right-hand side of the equation); and
(2) decreases in the rate of average soil water unit weight with re-
spect to the increase in soil water content (second term on the
right-hand side of the equation). The average soil water unit weight
is defined as the ratio of total soil water mass to soil void volume.
If the average soil water unit weight remains a constant of
9.8 kN/m?, the second term on the right-hand side becomes zero,
and the relative change in void ratio is equal to the relative change
in gravimetric water content.

Integrating Eq. (4) from the dry state at some initial void ratio e
(eg,w = 0) to a state at some water content (e, w) leads to an ex-
pression for void ratio as a function of soil water content

wo ] w ld
e—eO:Gﬂﬂ.( | W—dw— ; fde’I;VWdW) (5)

Thus, if an analytical expression for soil water unit weight is
available, or if experimental data for soil water unit weight are
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available, then the void ratio as a function of soil water content can
be fully established. Detailed derivation of Eqs. (4) and (5) is pro-
vided in the Appendix.

Degree of Saturation for Varying Water Unit Weight
under Unsaturated Conditions

For soil under the unsaturated condition, the relationship among
degree of saturation (S), gravimetric water content (w), and void
ratio (e) for a varying soil water unit weight [,,(w)] is derived from
Eq. (2) as follows:

1 Gyw
S=——
I e

(6)

2

Thus, if the soil water unit weight is greater than the free water
unit weight in the low-water-content range (e.g., w < 30%), the true
degree of saturation is lower than the value calculated convention-
ally using a constant ratio ,,/7% = 1. In addition, if a soil deforms
as the water content varies [i.e., e(w)], the change in degree of sat-
uration can be derived by differentiating Eq. (6) (details provided in
Appendix):

ds = - = 7
Tv e wooe v, dw ()

1 Gyw (dw de 1 dvy, >
= — —dw

The first term in the bracket of the right-hand side of Eq. (7)
reflects an increase in degree of saturation due to an increase in
water content. The second term reflects a decrease in the degree
of saturation due swelling or an increase in the degree of saturation
due to shrinkage of the soil. The third term reflects an increase in
degree of saturation due to a decreasing rate in soil water unit
weight as water content increases.

Experimental Methods and Database

One-Dimensional Consolidation

The preceding analysis indicated that the effects of variable soil
water unit weight on soil phase relationships can be significant
for clayey soils at low water content. It is thus important to exper-
imentally quantify the effects of water content, void ratio, and soil
type on the unit weight of soil water. According to the soil phase
diagram (Fig. 1), the average water unit weight in soil (v,,) is

Yo = =g (8)

where M,, and m, = weight (N) and mass (kg) of soil water,
respectively; V,, = volume of soil water (m?®); and g = gravitational
acceleration (N/kg).

The mass and volume of soil water, and thus the corresponding
soil water unit weight (Eq. 8), may be experimentally quantified
using standard one-dimensional (1D) consolidation tests. Soil sam-
ples for the consolidation testing program herein were prepared fol-
lowing the specified procedures. Pulverized air-dried soil was
sieved through a #40 sieve and dampened with deionized (DI) water
to an initial gravimetric water content of 17%. Then, 23.60 g of the
wet soil was filled into a consolidation ring with inner diameter of
39.1 mm and height of 10 mm using static load compaction, such
that a soil cake with a dry density of 1.68 g/cm?® was obtained. The
compacted soil cake was transferred into a consolidation cell with
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Fig. 3. Oedometer for measuring soil water density using a standard
consolidation test.

porous stones and filter papers on the specimen’s top and bottom
surfaces (Fig. 3).

The top loading cap was placed in position to ensure good
contact between the surfaces. The consolidation cell enclosing the
soil specimen was exposed to a vacuum pressure for at least 1 h
followed by additional soaking in the vacuum chamber for 24 h
to eliminate air bubbles entrained in the system [Lade 2016; ASTM
D7370/D7370M-14 (ASTM 2021)]. Considering the relatively
smaller dimensions of the soil cake (39.1-mm diameter and 10-mm
height) used in this study than the common sample dimensions in
oedometer testing, all specimens were thus assumed to be saturated
during the consolidation tests. The height of the soil specimen was
closely monitored throughout the process of preparation, and the
total mass of the consolidation cell including the specimen was
weighed upon completion of vacuum saturation.

All consolidation tests were conducted under the room tem-
perature ranging between 21.2°C and 28.3°C, which could lead
to soil water density variation within 0.998 —0.996 g/cm? or rel-
ative £0.1% variation with respect to the free water density of
0.997 g/cm? at 25.0°C. The initial soil water densities for all spec-
imens were all very close to the standard 0.997 g/m? of the free
water, calculated to be 0.996-1.000 g/cm? as shown in Fig. 4 for
soil water unit weight range of 9.771-9.810 kN/m?>.

The consolidation cell containing the saturated soil specimen
was installed on a high-capacity load frame (up to 12,000 kPa),
and the water outlet port was connected to a high-resolution vertical
standpipe for measuring the volume of water outflow from the
bottom porous stone (Fig. 3). The drainage lines to the bottom
of the specimen were flushed multiple times to evacuate entrapped
air, and the flushing valve was then closed prior to an incremental-
loading consolidation test. A loading schedule consisting of 10
increments from a minimum of 31.25 kPa to a maximum of
12,000 kPa (i.e., 12 MPa) was implemented. Except for the last
stress level, the applied consolidation stress was doubled with each
increment, leading to a load-increment ratio (LIR) of ~1.0 [ASTM
D2435/D2435M-11 (ASTM 2020)]. Time-deformation readings
were obtained during each increment using a dial gauge attached
to the loading top cap and the volume of water expelled from the
saturated sample was independently measured using the standpipe.
Successive load increments were applied when there was no sig-
nificant difference observed between consecutive readings on
the dial gauge. The consolidation cell was covered with a watertight
plastic membrane to suppress evaporation over the course of a
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Fig. 4. Experimental results for various silty and clayey soils: (a) compression curves from 1D consolidation tests; (b) soil water unit weight
functions; (c) adsorption paths of the soil water isotherms (data from Zhou and Lu 2021); and (d) soil shrinkage curves.

3-month testing period. The soil specimen was oven-dried at 105°C
for 48 h at the end of the test to calculate the dry soil mass.

Determination of Soil Water Unit Weight Function

The soil water mass and soil water volume required to calculate soil
water unit weight [Eq. (1)] may be obtained from the dial gauge and
standpipe measurements. The volume of water drained during a
specific loading increment was directly measured by the graduated
standpipe (Fig. 3). Because the water collected in the standpipe is
regarded as free water with known density, the mass of water ex-
pelled from the soil specimen from the beginning to the end of the
ith increment (m,,; ;) is

Myaqi = PoVwa,i 9)

where V,,,; = volume of expelled water collected by the standpipe.
The water in the standpipe was under ambient atmospheric pressure
and room temperature so its density py was assumed to be
0.997 g/cm?. The mass of water retained by the soil at the end
of the ith increment can be calculated based on conservation of
mass as follows:

i
my, ;= mo —mg — Z Myq.i (10)
1
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where m, = total mass of the saturated soil sample measured
immediately before the first loading increment; and mg = mass
of soil solids determined after oven-drying.

For 1D consolidation, the volume change of the soil specimen
during the ith increment (V;) was calculated based on the vertical
displacement from the dial gauge

2
Vi:HiAozHi% (11)
where H; = change in specimen height during the ith increment;
Ay = area of the specimen; and D = diameter of the specimen.

The bulk volume change of the specimen (V;) and the volume of
water collected by the standpipe (V ;) are not necessarily equal
because the water in the specimen transitions from soil water to free
water, which can be accompanied by a density change. As such, the
volume of water remaining in soil at the end of the ith increment
must be determined indirectly as follows:

i i
Vii=Vo—» Vi=V,= (Ho - ZH,)AO -V,
1 1
d wD?
Hy—>» H; =V (12)
1

where V(, and H|, = total volume and initial height of the saturated
soil sample measured immediately before the first loading
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increment; and V = volume of soil solid. The latter is a constant
and can be determined as follows:
yo_ M ms
=t

13
Ps GSPO ( )

Substituting Egs. (3), (5), and (6) into Eq. (1), the average soil
water unit weight at the end of the ith increment (v, ;) is calculated
as follows:

my, i mgy — ng — le my,q i
Vi =9 =4Gpog e (14)
Vi GpomD*(Ho — Y_i H;) — 4m,
and the corresponding soil water content (w;) is
w; = m,, i _ my —mg — Z] mwd,i (15)
m,Y mS

The soil water unit weight can thus be characterized as a func-
tion of soil water content ~,,(w)] at different stress levels through-
out the consolidation test.

Experimental Database

Eight soils, including low-plasticity silty soils and high-plasticity
clayey soils, were selected to determine soil water unit weight func-
tions using the consolidation procedures described previously.
Soils were selected to represent a variety of fine-grained soils based
on their basic geotechnical index properties (e.g., Atterberg limits)
and soil classification, as summarized in Table 1.

Soil water isotherms (SWI) describing the relationship between
gravimetric water content and relative humidity (RH) were mea-
sured for the same soils by Zhou and Lu (2021) using a vapor sorp-
tion analyzer (Meter Group, Pullman, Washington) at 25°C (Likos
et al. 2011). The full wetting-drying loop for a SWI measured using
this approach typically includes 200 discrete measurements for RH
ranging from 3% to 95%. Here, only the wetting path was obtained
and used to determine the fundamental soil physical properties total
specific surface area (SSA) following procedures described by Lu
and Zhang (2020). Cation exchange capacity (CEC) values for the
soils were obtained using the ammonium displacement method
[ASTM D7503 (ASTM 2010)], as reported by Zhou and Lu
(2021). The total SSA of the eight soils ranged from 26 m?/g
(Zhengzhou silt) to 600 m?/g (Wyoming bentonite), and CEC
ranged from 5 cmol/kg (Zhengzhou silt) to 98 cmol/kg (Denver
bentonite) (Table 1).

Soil shrinkage curves (i.e., void ratio versus water content) for
four soils (Zhengzhou silt, Sanmenxia silty clay, Denver bentonite,
and Na-bentonite) were obtained to investigate how bulk volume

Table 1. Geotechnical and physical properties of eight soils

changes, together with the varying soil water unit weight, affected
soil degree of saturation under the unsaturated condition. Shrinkage
curves for the first three soils were obtained previously (Dong
et al. 2020a) and are the same soils as those tested here for 1D
consolidation. The shrinkage curve for the fourth soil was reported
by Gapak et al. (2017) and is a sodium bentonite (labeled B4) with
composition, consistency limits, SSA, and CEC similar to the
Wyoming bentonite examined in this study.

Experimental Results

Soil Water Unit Weight Function

Compression curves for the eight soils measured by consolidation
testing are shown in Fig. 4(a). In each case, at least two-thirds of
the initial soil volume was compressed after completion of the last
loading increment of 12 MPa. Corresponding soil water unit weight
functions [Fig. 4(b) and Table 2] showed an increasing trend with
increasing consolidation stress level (or decreasing soil water content).

This general trend is interpreted as follows. Soil water exists
mainly in two forms (Fig. 1): capillary water retained primarily
in relatively large pores and adsorbed water retained primarily
in relatively small pores adjacent to mineral surfaces (e.g., Frydman
and Baker 2009). For a saturated soil with zero external load, capil-
lary water has a unit weight identical with free water. Adsorbed
water has a unit weight greater than free water resulting from
the adsorption-induced compressive pressure (Zhang and Lu
2018b). Capillary water is preferentially expelled during consoli-
dation due to its higher mobility than the adsorbed water, which
leads to a continuous increase in the volume fraction of adsorbed
water remaining in the soil, and hence an increase in average soil
water unit weight [Fig. 4(b)].

Fig. 4(b) also shows that average soil water unit weights in
clayey soils generally deviated more from that of free water than
in silty soils, indicating a dependence of soil water unit weight on
soil type. For example, except for Zhengzhou silt, the soil water
unit weight functions mostly exceeded 10.8 kN/m? (10% higher
than free water unit weight) at the 12-MPa consolidation stress;
however, the water unit weight in Wyoming bentonite reached
10.8 kN/m? at a much lower consolidation stress of 500 kPa (cor-
responding to water content of 48%).

The influence of soil physical properties on soil water unit
weight can be inferred from the soil water isotherms [Fig. 4(c)].
The maximum water content for the measured isotherm data ob-
tained at RH of 95% ranged from 2.3% (Zhengzhou silt) to
22.5% (Denver bentonite). Higher maximum water content gener-
ally indicates a finer or higher-surface-area soil with stronger

Total SSA CEC Swelling
Soil name LL (%) PL (%) PI USCS G, (m?/g) (cmol/kg) potential®
Zhengzhou silt 26 15 11 CL 2.70 26 5 Low
Sanmenxia silty clay 35 19 16 CL 2.72 110 15 Medium
Jingmen brown soil 42 21 21 CL 2.72 144 25 High
Wuhan clay 40 18 22 CL 2.73 94 15 High
Xinyang clay 42 19 23 CL 2.72 114 21 High
Jingmen yellow soil 63 26 37 CH 2.75 251 31 Very high
Denver bentonite 104 48 56 MH 2.73 566 98 Very high
‘Wyoming bentonite 218 33 185 CH 2.70 600 62 Very high

Note: LL = liquid limit; PL = plastic limit; PI = plasticity index; USCS = unified soil classification system; CL = low plasticity clay; CH = high plasticity clay;

and MH = high plasticity silt.

“By Chen’s (1988) expansive soil classification.
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Table 2. Summary of soil water unit weight function inferred from incremental loading consolidation test

Soil water unit

Consolidation stress (kPa)

Soil name weight function 0 3125 625 125 250 500 1,000 2,000 4,000 8000 12,000
Zhengzhou silt w (%) 235 235 235 233 227 222 215 20.7 19.8 18.5 174
7,0 (KN/m3) 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.9 9.9 10.1 10.3
Sanmenxia silty clay w (%) 244 244 243 235 221 205 181 15.8 135 113 10.2
~,,(kKN/m?) 9.8 9.8 9.8 9.9 99 100  10.1 10.2 10.4 10.7 11.1
Jingmen brown soil w (%) 234 232 230 224 214 200 182 16.3 14.4 12,5 114
~,,(kKN/m?) 9.8 9.8 9.8 99 100 100  10.1 10.3 10.6 114 12.2
Wuhan clay w (%) 232 230 228 217 197 178 159 14.1 12.2 10.4 9.4
7, (kN/m?) 9.8 9.8 9.8 99 100 100  10.1 10.3 10.5 10.7 113
Xinyang clay w (%) 258 257 253 240 220 199 179 159 14.0 12.0 10.9
~,,(kN/m?) 9.8 9.8 9.8 9.8 9.9 99 100 10.1 10.3 10.5 10.8
Jingmen yellow soil w (%) 300 295 287 272 249 225 204 17.8 15.7 13.6 12.3
7, (KN/m?) 9.8 9.9 99 100 101 103 105 10.8 112 118 12.4
Denver bentonite w (%) 507 503 489 465 433 398 366 339 30.7 27.7 25.3
7,0 (kN/m3) 9.8 9.8 9.8 9.9 99 101 103 10.7 11.0 116 12.1
Wyoming bentonite w (%) 81.7 — 793 737 622 482 370 285 229 18.0 15.2
v, (kN/m3) 9.8 — 98 100 104 110 119 13.0 14.4 16.4 18.8

capacity for water adsorption, which is consistent with the pattern
observed for the soil water unit weight functions in Fig. 4(b).

Error Assessments in Using Constant Soil Water Unit
Weight

A constant unit weight of water (i.e., 9.8 kN/m?) has been invar-
iably assumed and used in almost any case of geotechnical and geo-
environmental engineering for conversion between weight and
volume of soil water. A unit weight of soil water higher than that
of free water, as observed in Fig. 4(b), can thus produce error in
calculation of water volume from water weight (or vice versa), re-
sulting in unreasonable physical properties determined therefrom
(e.g., S > 100%) (e.g., Villar and Lloret 2004).

Fig. 5 visually demonstrates how and to what extent a variable
soil water unit weight affects the volume of each phase for two spe-
cific soils (Sanmenxia silty clay and Jingmen yellow soil) under sa-
turated conditions. No air is present under saturated conditions and

Sanmenxia silty clay
w=15.79%, yy/ v = 1.04
(VO- V)1 VO=3.94%

Capillary

Free water

Soil solid

water occupies all void space. For the same volume of soil solid (V/y),
the volume of water (V,,) can be determined using specific gravity
(Gy), gravimetric water content (w), and soil water unit weight (-y,,).

For two soils with similar water content, Fig. 5 compares the
difference between soil water volumes calculated from the free
water unit weight (7% = 9.8 kN/m?) and from the actual average
soil water unit weight (vy,,) inferred from consolidation testing. The
water volume was overestimated in both cases. If the inferred soil
water unit weight was used, the soil water volume was reduced by
3.94% for Sanmenxia silty clay and 12.43% for Jingmen yellow
soil. Even though these two soils have almost identical water con-
tent, the relative error in estimating the soil water volume caused by
the variation in soil water unit weight was three times higher in the
Jingmen yellow soil than the Sanmenxia silty clay. This reflects the
generally stronger soil sorptive potential in clayey soils than silty
soils (Zhang and Lu 2020).

For soils under the unsaturated condition, the relative difference
in water volume between free water and soil water can be calculated

Jingmen yellow soil
w=15.66%, v,/ v =1.14
(V9= Vi) 1 VO =12.43%

Capillary
Free water

Soil solid

Fig. 5. Relative difference in soil water volume estimation due to the variation of soil water unit weight for saturated silty and clayey soils. The height

of each rectangle represents the volume of each phase.
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Zhengzhou silt
w=18.54%, e = 0.75, y, / 3= 1.03
(V9-Vv,) I V9=3.10%

Air Air
Capillary
water
Free water

Soil solid

Denver bentonite
w=33.94%, e = 1.18, v, / v = 1.09
(V8= Vi) V3=8.51%

Air Air
Capillary
water
Free water

Adsorbed
water

Soil solid

Fig. 6. Relative difference in soil water volume estimation due to the variation of soil water unit weight for unsaturated silty and clayey soils. The

height of each rectangle represents the volume of each phase.

following the same procedures. Fig. 6 illustrates phase diagrams for
a silty soil (Zhengzhou silt) and a swelling clay (Denver bentonite).
The water volume for Zhengzhou silt at water content of 18.54%
was overestimated by 3.10% if free water unit weight is used,
whereas an error of 8.51% will be introduced in Denver bentonite
even at a much higher water content of 33.94%.

The effects of overestimating soil water volume on the determi-
nation of void ratio (saturated condition) and degree of saturation
(unsaturated condition) can be quantified via Eqgs. (3) and (6), re-
spectively. For instance, the absolute error in void ratio due to varia-
tion of soil water unit weight is calculated as follows:

1 1
eo—e:Gsw—EGsw:Gsw<l—£) (16)
7 ™
and the relative error becomes
e —e 1
o= 1— % (17)
o

These two quantities can be determined if the soil water unit
weight function [v,,(w)] is defined. Similar expressions for abso-
lute and relative error in degree of saturation are as follows:

Gw 1Gw Ggw 1
O =" 5 7 1—= 18
§O—5 1
—_— =1 19
o =15 (19)

Determination of absolute difference in degree of saturation
requires both the soil water unit weight function [v,,(w)] and
the soil shrinkage curve [e(w)]. The soil water unit weight function
determined from the saturated consolidation test was assumed
applicable to the unsaturated condition. A constant void ratio
(i.e., nondeformable soil frame) of 1.0 was also assumed here
for the four soils (i.e., Jingmen yellow soil, Jingmen brown soil,
Wuhan clay, and Xinyang clay) whose soil shrinkage curves (SSC)
were not available.

© ASCE
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Fig. 7 shows results for absolute and relative error in void ratio
and degree of saturation. The highest absolute error in void ratio
(i.e., 0.2) was found for the Wyoming bentonite at a water content
range of 20%-30%, whereas Zhengzhou silt provided the lowest
error in the void ratio (0.02) at water content of 17% [Fig. 7(a)].
Except for the two highly swelling clays (i.e., Wyoming bentonite
and Denver bentonite), the effect of varying water unit weight will
only be significant for most soils when the gravimetric water
content is below 30%.

The highest absolute error in degree of saturation among the
different soils ranged from 3% to 35% [Fig. 7(c)], increasing from
silty soils (e.g., Sanmenxia silty clay and Zhengzhou silt) to clayey
soils (e.g., Jingmen yellow soil and Jingmen brown soil) and finally
to the swelling clays (Wyoming bentonite and Denver bentonite).
However, the two plots for relative errors in void ratio [Fig. 7(b)]
and degree of saturation [Fig. 7(d)] are identical because the rela-
tive error is completely controlled by the soil water unit weight
function [Egs. (17) and (19)], no matter whether void ratio or de-
gree of saturation is considered. Although the relative error calcu-
lated for silty soils barely exceeded 10%, most clayey soils at water
content less than 15% will show a relative error between 15% and
20%. Swelling bentonite clays ramped up the relative error to 30%
even at a relatively high water content of 30%.

Intrinsic Relationships between Soil Water Unit
Weight and Soil Properties

Compressive water pressure induced by water adsorption in fine-
grained soil is the main mechanism that increases the soil water
unit weight above that of free water (Lu et al. 2022). The average
soil water unit weight for each soil in Fig. 4(b) invariably increased
with decreasing water content. This is because large pores in soil
during consolidation are gradually compressed into smaller ones in
which water adsorption prevails. The soil water unit weight func-
tion was also found to vary greatly among soils, depending pri-
marily on the soil type. Contour plots (Fig. 8) for soil water unit
weight were generated and smoothed (MATLAB version 2019a)
based on the soil water unit weight functions inferred from the
consolidation test [Fig. 4(b)]. Fig. 8(a) illustrates that the unit
weight of soil water increased with increasing liquid limit and
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Fig. 7. For various silty and clayey soils, results of (a and b) absolute and relative error of void ratio as a function of soil water content under the
saturated condition; and (c and d) absolute and relative error of saturation as a function of soil water content under the unsaturated condition.
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Fig. 8. Contours of soil water unit weight as a function of (a) liquid limit and gravimetric water content; and (b) specific surface area and gravimetric
water content.

decreasing soil water content under the isothermal condition. This
is consistent with the notion that the effect of adsorbed water on
soil water unit weight is more significant in high-plasticity clayey
soils than in silty soils.

Fig. 8(b) is a similar contour plot for soil water unit weight in the
space of SSA and water content. Because SSA is an intrinsic soil
property that plays a fundamental role in governing the Atterberg
limits (i.e., liquid and plastic limits) of soil (e.g., Zhou and Lu 2021),
© ASCE
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Table 3. Variation of soil water unit weight +,,(kN/m?) with gravimetric
water content and liquid limit

Gravimetric Liquid limit, LL (%)

water content,

w (%) 0 50 100 150 200 250
0 9.8 12.9 17.1 19.9 23.7 28.0
5 9.8 12.3 15.6 18.8 22.1 26.3
10 9.8 11.5 14.6 174 20.3 24.5
15 9.8 10.8 13.7 16.0 18.6 22.8
20 9.8 10.3 12.8 14.8 17.0 21.1
25 9.8 9.8 12.0 13.6 15.6 19.6
30 9.8 9.8 11.3 12.6 14.4 18.3
35 9.8 9.8 10.6 11.8 13.4 17.2
40 9.8 9.8 9.9 11.6 11.1 16.2

soil with a higher SSA provides a larger amount of surface to
adsorb water. This leads to higher water unit weight in clayey soils
(e.g., Wyoming bentonite and Denver bentonite) than silty soils
(e.g., Zhengzhou silt and Sanmenxia silty clay) at the same water
content [Fig. 4(b)]. For soils with SSA of 150 m?/g, the soil water
unit weight exceeded 10.8 kN/m? at a gravimetric water content
lower than 20%, which is 10% higher than the commonly used
free water unit weight of 9.8 kN/m?. For swelling clays with SSA
greater than 300 m?/g, the soil water unit weight mostly exceeded
12.8 kN/m? at water content lower than 15%, which is about 31%
higher than 9.8 kN/m?3. Although the water unit weight in silty soils
(e.g., SSA <50 m?/g) only deviated significantly from the free
water unit weight at very low water content (e.g., w < 5%), the varia-
tion of water unit weight in clayey soils need to be considered, as
quantitatively evaluated in the preceding paragraphs. To make Fig. 8
more convenient for practical applications, Tables 3 and 4 present
two readily implementable charts that digitize the contour plots dis-
played in Fig. 8. Soil water unit weight can be easily determined by
linear interpolation based on soil water content and liquid limit
or SSA.

Summary and Conclusions

A constant soil water unit weight of 9.8 kN/m?> has been conven-
tionally considered for determination of basic soil phase relations
such as void ratio and saturation. Experimental evidence and theo-
retical studies have indicated that the water unit weight in soil
can be significantly greater than that of free water and depends
primarily on soil type and the volume scale with which it is de-
fined. Soil water unit weight can be measurably above 9.8 kN/m?

for clayey soils at less than 30% gravimetric water content, leading
to unrealistic predictions of soil properties (e.g., degree of satura-
tion greater than 100%) if a constant water unit weight for free
water is assumed.

Incremental-loading consolidation tests were used to infer soil
water unit weight as a function of soil water content. A wide variety
of soils were covered by the testing program, including both low-
plasticity silty soils and high-plasticity clayey soils. Average soil
water unit weight increased above 9.8 kN/m? as soil water content
decreased with increasing consolidation stress. For highly expan-
sive soil (Wyoming bentonite), the average soil water unit weight
can be as high as 18.8 kN/m? for gravimetric water content less
than 18%. For clayey soils with lower liquid limit, the average soil
water unit weight can be as high as 12.5 kN/m?® for gravimetric
water content less than 10%.

The effect of a variable soil water unit weight function on
quantifying soil phase volumes, void ratio, and saturation was
experimentally assessed and theoretically interpreted as a func-
tion of soil water content and soil type. The analysis demon-
strated that the liquid-phase volume can be overestimated as
much as 48% if soil water unit weight of 9.8 kN/m? is used, lead-
ing to overestimation of void ratio as high as 0.2 (absolute error)
and degree of saturation as much as 35.0% (absolute difference).
Based on the experimental soil water unit weight data, two charts
were generated for general practical application of a variable soil
water unit weight function. One chart provides relations among
average soil water unit weight as a function of soil water content
and liquid limit. A second chart provides relations among average
soil water unit weight as a function of soil water content and soil
specific surface area. It is concluded that the commonly adopted
constant of 9.8 kN/m? for water unit weight can lead to errors in
estimating soil void ratio and degree of saturation for silty and
clayey soils.

Appendix. Change in Phase Volume due to Soil
Water Unit Weight Variation

Void Ratio for Saturated Condition

Eq. (3) can be rearranged as follows:

w
rYW
Because both void ratio (e) and soil water unit weight (v,,) are
the functions of soil water content (w), the total derivative of void
ratio is

Table 4. Variation of soil water unit weight +,,(kN/m?) with gravimetric water content and specific surface area

Gravimetric Specific surface area, SSA (m?/g)

water content,

w (%) 0 50 100 150 200 250 300 350 400 450 500 550 600
0 9.8 13.5 13.8 16.0 16.1 159 16.0 16.3 16.6 17.0 17.5 18.8 25.6
5 9.8 11.7 12.9 142 14.6 14.8 15.0 15.3 15.6 16.0 16.8 19.0 23.7
10 9.8 10.7 12.0 12.8 13.3 13.6 13.8 14.2 14.6 14.9 15.7 17.8 21.6
15 9.8 10.0 11.0 11.6 12.2 124 12.8 13.2 13.6 13.9 144 16.0 18.9
20 9.8 9.8 10.3 10.7 11.1 114 11.8 12.2 12.6 12.9 132 14.2 154
25 9.8 9.8 9.8 10.0 10.3 10.6 10.9 11.3 11.6 11.9 12.2 12.9 13.8
30 9.8 9.8 9.8 9.8 9.8 9.8 10.1 104 10.7 11.0 11.3 11.9 12.8
35 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 10.1 10.5 11.0 12.1
40 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 10.0 11.6
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_WGs 4 MmGw( 2%/ ) 4 (21)
Tw Yo
Substituting Eq. (21) into Eq. (20) leads to:
d
de = Sdw— =gy (22)
w ’}/W w

Eq. (4) is then obtained by rearranging Eq. (22), and integrating
Eq. (21) yields

/ de = / WQG{ (d”;w/ dw)}dw (23)

Thus, Eq. (5) is derived as follows:

w1 dv,,/d
e—ey= GS,Y?VA L— - 7W( 7;”2/ W)} dw
w w

w ] w ] d’}/
=G, 0( —dw—/ Wwdw) 24
I\ o 7% dw 24)

Degree of Saturation for Unsaturated Condition

The change in degree of saturation (S) is calculated by taking the
total derivative of Eq. (6)

a5 =B ae+ B = _ WG, (—K)de

de 3w Yy &2
G, [, — w(dv,/d
+vw {% W(sz/ W)} o
e Yoo
G, G, [1 dy,,/d
W e +vw [7_W( %2/ W)}dw
’YW e /YW ’YW

e e %G, d
:_fY\/t Swde_'_rYW SdW_’YWZ Yﬂwdw

Ve’ Ywe e dw
G, de d 1d
7w W(__€+_W__ 7wd > (25)
Ywe e w7, dw

Eq. (7) can be obtained by simplifying Eq. (25).
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