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Abstract. Previous studies postulated insignificant capillary rise (h) effect above the water table (H.) for unsaturated
soils. In addition, these studies utilised dry unit weight above H.. This paper, therefore, addresses the effect of these
postulations on strength where the influence of 4. using a modified upper bound approach, Discontinuity Layout
Optimization (UNSAT-DLO) for a simulated soil was predicted. Two different parametric studies to model passive earth
pressure and bearing capacity problems are carried out to provide an insight into the effect of capillary rise on strength.
Significant increase in strength, owing to unsaturated conditions, was obtained where the maximum increase was when
suction slightly less or greater than the air entry suction. On the other hand, the results showed a negative effect of A.. For
example, up to 8.24% decrease in passive thrust (P,) was obtained at H,=0 m when /. rose 1 m from 0 m. To put this into
perspective, this was equivalent to a decrease of about 2° in ¢ at H,~0 m and 4. =0 m in order to obtain the same result at
he =1 m. For the bearing capacity problem, the effect was seen to be higher, up to 18.4% decrease in N, was obtained
when /. rose from 0 m to 2.5 m at H,»=0 m. In addition, the results revealed a negative influence of assigning dry unit
weight above Hy or h.. However, considerable increase in strength was obtained when unsaturated unit weight above A
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was assigned.
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1. Introduction

The behaviour of unsaturated soils is significantly
affected by matric suction, Tarantino (2007), Rahardjo et al.
(2019) and Lu (2020), which is a consequence of capillarity
phenomenon and surface adsorption effects, Murray and
Sivakumar (2010) and Lu (2016). Capillarity phenomenon,
the ability of water to move up in a small space, e.g., thin
tubes, without the resistance of any external forces, is
related to the surface tension. Surface tension (7) in a thin
tube with a diameter of d balances the capillary rise height
(hc) and can be expressed as

h.dy,, = 4T cos@ (1)

where y,, is the unit weight of water (kN/m®) and 0 is the

contact angle (°) where capillary occurs when 6 is less than
90°. In Eq. (1); both T (=72 mN/m for water at 25°C) and 6
(=0 for pure water and clean glass) can be constant,
therefore, A, depends only on d. Assumption on the
determination of /. by several scholars based on a gradation
parameter (i.e., Dy, is the particle size corresponding to
10% passing, equivalent to d) or empirical equations was,
therefore, verified. In soils, continuity of voids, however, is
not ideal as in the capillary thin tube, d in Eq. (1). This is
because of variable cross sections of soils. Hazen (1930)
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proposed an empirical equation based on Dj as
C
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h

where e is void ratio, and C is a constant (10 mm? to 50
mm?). On the basis of experimental tests of different types
of soil, Lane and Washburn (1946) also proposed an
equation based on Dy as

he =—990 In(D,,) —1540 3)

Additionally, based on soil types, /. was also estimated.
For example, Das (2010) listed various values of /. for
different types of soil as shown in Table 1.

It is fairly accepted that /4. depends on unsaturated
parameters. Soil water retention curve (SWRC), a
fundamental property of unsaturated soils, is influenced by
several factors such as particle structures and void size
distribution, Fredlund and Rahardjo (1993), Zhai et al
(2020) and Qian et al. (2022). The SWRC determination
was also based on the particle size distribution curve (PSD).
This was by matching PSDs (did not have SWRCs) to
approximately similar PSDs for soils having SWRCs, e.g.,
the work of Oberg and Sillfors (1997) and Otalvaro et al.
(2016). The attempt led to satisfactory results. This
explicitly linked PSD to SWRC. While SWRC is
considerably affected by air entry suction (s,), the relation
between PSD and s, should be taken, therefore, into
consideration. That is, the higher s,, the finer the soil is,
under null loading conditions, without hydraulic and
mechanical hystereses. As the particle size affects k., a
direct relationship between unsaturated parameters with /.
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Fig. 1 (a) SWRCs for various s, values and (b) Estimation of /4. for 6 sands using Egs. (2)-(4)

Table 1 Typical values of capillary rise height, 4., for
different types of soil, Das (2010).

Soil Type he, (mm)
Coarse sand 100-200
Fine sand 300-1200
Silt 750-7500
Clay 7500-23000

was, then, inevitable. Shwan (2015) proposed, therefore, a
relationship between s, and 4. in a simple form as follows
SO

h. =29
‘ Yw )
Figure 1a plots different SWRCs for various s, values,
using Eq. (7) (discussed later). The SWRCs in Fig. 1(a)
exhibited a significant influence of s, on the capillarity
range and therefore on 4. in Eq. (4). The smaller the s,
value, the larger the particle size range and therefore the
smaller %.. Implicitly, Eq. (4) links 4. to the pore sizes. In
Fig. 1(a), full saturation was assumed for any suction (s)
less than s,. The assumption of full saturation for s <s, also
suggested by Wheeler et al. (2003) and Lloret et al. (2018).
Eq. (4) was used to determine /4., based on experimental
data, for six fine sands and then validated against Eq. (2).
Air entry values for the sands were found from the SWRCs
[obtained using the hanging column technique (HCT)]. The
validation is shown in Fig. 1(b). The upper and lower
bounds presented in Table 1 for fine and coarse sands are
also plotted in Fig. 1b as shaded arecas. The smaller D
value, the higher /4. obtained. Scatter in obtained 4. values
based on Eq. (2) was obvious which attributed to the wide
range of the parameter C (from 10 mm? to 50 mm?).
However, the obtained 4. values using Eq. (4) were
reasonably well defined within the obtained /4. values using
Eq. (2) especially at low C (i.e., 10 and 20 mm?), suggesting
a better match of Eq. (4) over Eq. (2) at high values of C.
Classical soil mechanics assumed dry conditions above
the water table [Blight (2013)], dismissing the capillary rise

effect, or did not take into consideration the effect of
unsaturated parameters above the capillary rise, e.g., Eqs.
(2) and (3). Only a limited number of studies in the
literature consider these issues for unsaturated geotechnical
problems. This paper, therefore, investigates the combined
effects of capillary rise above the water table and suction
above /&, using a modified upper bound approach,
Discontinuity Layout Optimization (UNSAT-DLO).
Parametric studies to model passive earth pressure (PEP)
and bearing capacity (BC-for a surface strip footing)
problems are carried out to provide an insight into the effect
of capillary rise and suction on strength for both problems.

2. Material and numerical modification

The simulated soil represented sand or silt as it reached
its residual suction at low suction less than 200 kPa
(Vanapalli et al. 1996) see Fig. 2. The simulated soil had an
air-entry suction of 20 kPa. The full saturation was achieved
for any suction (s) values less than 20 kPa, however, a
significant reduction in degree of saturation, S,, can be seen
due to desaturation beyond the air-entry suction.

As stated earlier; a modified upper bound approach,
Discontinuity Layout Optimization (UNSAT-DLO) was
utilised to carry out the two parametric studies. The
approach, based on evenly spaced nodes, was first
introduced by Smith and Gilbert (2007). The method can
determine the failure load for any geometry of stability
problems. The modifications involved inclusion the effect
of unsaturated conditions on strength [omitted for brevity,
see Shwan (2015) and Shwan (2022)] as follows

min Af] d =—fid+g" p+U;n, (5)
A L
C=Utan¢:—g)sS, tang.dl (6)

. .. T
where A is the minimum adequacy factor, f|_ and fg



Numerical study of strength reduction-induced capillary rise effect for unsaturated soil 387

—@—SWRC

0.8 ;
S=1 |

0.6 1 1
. Suction range
for REP
04 {&——»

Suctionirange for

0.2 A1 BC
>

0 l . .
0 20 40 60 80 100
s (kPa)
Fig. 2 SWRC for the simulated soil for the PEP and BC
problems

are live and dead loads, respectively, d is a matrix that
contains displacement vectors, g' is corresponding
dissipation coefficients [cohesion (c)xlength of a
discontinuity(/)], p is a vector containing plastic multipliers,

n; is the normal displacement accompanying the sliding, C
is the apparent cohesion (gain in strength due to unsaturated
conditions), ¢ is the angle of shearing resistance, S, is the
degree of saturation and L is the length of a discontinuity. It
is clear that U accounts for the shear strength increase due
to the effect of suction. The adequacy factor (1) is a factor
by which the loads should be increased or the material
strength should be decreased in order the problem reaches
collapse.

Degree of saturation and suction equations are given by
(after Shwan and Smith (2014))

5, =e ") ™

S:}/W(HW_Z) )

where (a) is a fitting parameter (kPa™') and H,, is the water
table depth (positive downward) (m), z is the vertical
coordinate (positive downward) (m).

Despite a lack in experimental data, it was necessary to
validate the UNSAT-DLO approach against the available
results and equations in the literature. Therefore, the
approach was validated against the experimental bearing
capacity data obtained by Vanapalli and Mohamed (2007)
and the Fredlund and Rahardjo (1993) equation for a
passive earth pressure problem. Table 2 shows the available
parameters by Vanapalli and Mohamed (2007) and the other
obtained required parameters in the analysis. The obtained
parameters were s, a and saturated unit weight (assuming
Gs=2.65 for the tested sand). The parameter ¢ was obtained
by fitting the experimental SWRC [available by Vanapalli
and Mohamed (2007)] data using Eq. (7). The angle of
shearing resistance of 39° was used [increased by a factor of
1.1 fold as suggested by Vanapalli and Mohamed (2007)].

This increase in ¢ was due to, as suggested by Vanapalli

and Mohamed (2007), dilation and the influence of suction.
However, it is fairly accepted that due to aggregation and
fabric changes at unsaturated conditions, cohesion also
increases, evidence from the literature are those provided by
Ro6hm and Vilar (1996), Kim et al. (2011) and Shwan and
Smith (2015). Therefore, two scenarios of changing c=5 and
6 kPa at ¢ =39° were assumed in the UNSAT-DLO

analysis. However, for the fully saturated conditions where
the effect of suction eliminates, c=0 kPa and ¢ =39° was

used in the analysis. For the PEP problem, arbitrarily
selected parameters were used in the analysis as shown in
Table 2.

Vanapalli and Mohamed (2007) also proposed an
equation to determine unsaturated ultimate bearing capacity
(qu) as follows

e+ (ug -u,),@-S")tang’

+(uy —Uy) avr S tang’

©)
N
x N [1.0+(—Nq) (%)]+0.5B 7 Ny[1.0—0.4(%)]

where C' is the effective cohesion, (U, —u, ), is the air
entry suction, S¥ is the degree of saturation andy is the

bearing capacity fitting parameter, (U, —U, )ayg 1S the

average suction directly beneath the footing and to the end
of stress bulb, ¢' is the effective angle of shearing

resistance, B and L are footing’s dimensions and N, Nq

and N, are the bearing capacity factors.

The Fredlund and Rahardjo (1993) equation for the
passive thrust (P,) is given by

Py = 3 koM + 20 H o+ 20— tang? i H |10

where k o is the passive earth pressure coefficient, y is the

soil unit weight, A is the height of the wall, (u, —u,,)is

the matric suction and ¢ is the angle of friction with

respect to suction. The average unit weight above the water
table was assumed for both problems. For any s < s,, the
saturated unit weight was used. For the passive thrust

problem, ¢b =0.25¢, ¢b =0.5¢ and ¢b =0.75¢ were used.

Figs. 3(a) and 3(b) the numerical results for both
problems. The agreement of the UNSAT-DLO approach

Table 2 Used parameters for the BC and PEP problems

L T e o0 209 S50
BC problem

16.02 19.74  17.88 39 0 028 35 0
PEP problem

15 20 17.5 30 0 0.04 10 1.019
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Fig. 3 The UNSAT-DLO approach validation against the (a) BC and (b) PEP problems

Table 3 Soil properties and unsaturated parameters for the
simulated soil

Ydry 7 sat Y unsat
(kPa) (kPa) (kPa)

15 20 17.5 30 0 0.04 20

¢ (degrees) c (kPa) a (kPa™) s, (kPa)

against the bearing capacity data in Fig. 3(a) was
satisfactory. In addition, reasonable agreement was
obtained against the Fredlund and Rahardjo (1993)
equation. It is clear also that the UNSAT-DLO results
showed non-linear trend induced desaturation behaviour for
both problems. Following the validation, parametric studies
were, therefore, carried out, discussed in the next section.

3. Problem geometry

The problem domains for both cases are depicted
schematically in Figs. 4(a) and 4(b). The x-boundary was
extended to prevent restriction of the slip line mechanism.
The analysis was carried out under drained conditions. A
frictionless wall of 1m height and a plane strain surface
strip footing of 1 m width were used in the simulation. For
the wall, the results were normalised over the wall’s height,
therefore, selecting an arbitrary wall height (H=1 m) was
not an issue. Due to the symmetric condition, it was only
required to model only half of the footing.

Suction was applied by changing the position of the
water table (Hy). Various values of h. smaller and higher
than 2.03 m, obtained using Eq. (4) for s, =20 kPa, were
used. This was to investigate the influence of different h.

values on strength as well as to cover the scatter in Fig. 1(b).

For the PEP problem, it was not necessary to model 4. >
1 m as the wall’s height was assigned to 1 m. Fig. 4(c)
shows the modelled scenarios for /. and unit weight above
he or H,. The modelled suction ranges were 0-39.24 kPa
(Hw=1 m-H,=-3 m) and 0-44.14 kPa (H,~2.5 m-H,~-2 m)

for the wall and the footing, respectively (see shaded areas
in Fig. 2) which included the fully saturated conditions as
well as the transition zone of the SWRC. Table 3 shows the
used properties and the required unsaturated parameters for
the simulated soil in the analysis.

In the analysis; baseline nodal spacings of 0.04m and
0.05 m (high numbers of nodes along the slip line) were
assigned for the wall and the footing, respectively. Prior to
the modelling, the UNSAT-DLO approach was also
validated at both fully saturated and fully dry conditions
where the exact solutions were obtained for both cases
against the original version of the DLO method.

4. Numerical results

Figs. 5(a) and 5(b) show the normalised results. For a
surface footing, N, was obtained using the equation below

Au

N =—u
7 05xyxB (11)

where qq is the ultimate bearing capacity, y is the soil unit

weight, used according to the saturation conditions: 15, 17.5
and 10.19 (buoyant unit weight) kN/m?® for the dry,
unsaturated and saturated conditions, respectively and B is
the footing’s width.

Generally, for both problems, the influence of
unsaturated conditions was significant, see Figs. 5(a) and
5(b). For example, an increase of 3.86 fold in the
normalised P, was obtained when comparing H,, =-2 m
with H,, =1 (full saturation) at 4. =0 m. The overall trend,
then, decreased towards the full saturation (H,/H=1 and
H,/B=2.5 in Figs. 5(a) and 5(b), respectively). The
maximum P, and N, were obtained when suction was
slightly less or greater than s, (<20 kPa) for the PEP and
BC problems, respectively. In addition, there was no need
to model cases of H,, < -3 m and -2 m as the trend decreased
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Fig. 4 Problem domain for the (a) PEP, and (b) BC problem and (c) Modelled scenarios above the water table

beyond these water table heights. The decrease was
attributed to desaturation; water cannot transmit suction to
the aggregate particles.

On the other hand, the effect of capillary rise above the
water table clearly showed a negative influence. The higher
the A, the lower the P, and N, obtained. Figs. 5(a) and 5(b)
also exhibit the maximum obtained difference in strength
(in %) between the highest and lowest 4. at H,~0 m as well
as at the fully saturated case. A decrease of about 8.24% in
P, was obtained at H,~0 m when /. rose 1 m from 4. =0 m.
To put this into perspective, this was equivalent to a
decrease of about 1.92° in ¢ if H,~0 m was modelled at /.

=0 m. Near or at full saturation, the effect of h. was
negligible, see Fig. 5(a) at H,/H=0.5. Figs. 5(a) and 5(b)
implied the effect of the earlier assumption of dismissing
the effect of h. above H, which led to strength
overestimation.

5. Unit weight effect above capillary height level

The second postulation in previous studies was by
assuming dry unit weight above 4.. Owing to the capillary
rise phenomenon, soil above 4. is not fully dry. This led to a
conservative design of the geotechnical applications. To
investigate the influence of this assumption, it was required
to model two more scenarios: 2 and 3 in Fig. 4(c). Scenario
2 comprised the effect of 4. but assumed dry unit weight
above A (yay = 15 kN/m?®), while scenario 3 did not take
into account neither 4. (=0 m) nor the unsaturated unit
weight above 4. (assumed yz,= 15 kN/m?).

Figs. 6(a) and 6(b) depict the difference in (%) between

scenarios 1 and 2 for various H,, at &, =0 m. It is clear that
the influence of assuming dry unit weight above /. on
strength led to underestimate strength for both problems.
For the PEP problem, it was required to increase ¢ by

2.52° (from 30°) at 4. =0 m and H,,=0.5 m if y4,= 15 kN/m?
was used above /. in order to obtain the same result as for
the scenario 1, ya,=17.5 kKN/m* and ¢=30°.

Tables 4 and 5 show the required additional A¢ (i.e.,
30°+ Ag) for all cases. The results in Tables 4 and 5 are in
an accuracy of 0.02° (equivalent to about 0.08% difference
in P, at h =0 m, H,=0 m and ¢=30°). At lower H,<-1 m, -2
and -3 m, the influence of 4. was eliminated where a
constant increase in A¢g was obtained. This was because /.

did not contribute in P, (h. was below the developed slip
lines). The same finding was obtained for the bearing
capacity case as long as 4. did not cross the developed
failure lines. The differences in A¢ for the BC problem

(see Table 4) were less than for the PEP problem (Table 5)
due to the sensitivity of the BC problems on ¢ and the

assumed full frictionless of the wall.

Tables 4 and 5 also comprise the results of scenario 3,
the bold values. These values represented the maximum
obtained difference which indicated how scenario 3
underestimated both P, and N, values. A comparison
between scenarios 1 and 3 shown in Figs. 7(a) and 7(b) for
both problems further illustrated underestimation of
scenario 3, apart from a few cases for scenario 1 where full
capillarity was assumed (saturated unit weight was used by
the software), e.g., see Fig. 7(a) scenario 1- A= 1 m at
H,/H=-1. Comparisons between scenarios 2 and 3 (not in
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Table 4 The required additional A¢ for scenario 2 to obtain
the same results of Scenario 1 for the PEP problem

Table 5 The required additional A¢ for scenario 2 to obtain
the same results of Scenario 1 for the BC problem

Ag Ag
H, (m) Hy-(m)

he (m) 1 05 0 -1 -2 -3 he(m) 2.5 2 1 0 -1 -2

0 0 252 2.02 1.14 1.09 1.14 0 0 0.68 0.5 0.42 0.38 0.38
0.25 0 142 1.92 1.14 1.09 1.14 1 0 0 0.3 0.42 0.38 0.38

0.5 0 0 1.6 1.14 1.09 1.14 2 0 0 0 0.3 0.38 0.38
0.75 0 0 0.98 1.14 1.09 1.14 2.5 0 0 0 0 0.38 0.38

1 0 0 0 1.14 1.09 1.14

presented this paper) demonstrated the same findings for
both problems.

The implication of Figs. 7(a) and 7(b) was that although
the negative influence of 4. on strength, it was balanced by

the increase in unit weight due to the unsaturated
conditions. For example, although a rise of 1 m of 4. for
scenario 1 at H,=0 m (see Fig. 7(b)), still provided a higher
N, when compared with scenario 3 at H,=0 m and /4. =0 m,
¢ =30.42° required for scenario 3 in order to obtain the
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same bearing capacity of scenario 1.

6. Conclusions

The influence of capillary rise height (4.) on strength
has been underestimated in the literature because of 1)
ignoring the negative effect of /. above the water table (H,,)
and 2) assuming dry unit weight above H, or #h.
Consequently, leading to less accurate determination of
strength. This paper, therefore, addressed numerically these
gaps by carrying out parametric studies on passive earth
pressure (PEP) and bearing capacity (BC) problems. The
negative effect of /. on the mechanical characterization of
strength as well as the effect of assigning dry unit weight
above /. for a simulated soil were studied using a modified
upper bound approach, Discontinuity Layout Optimization
(UNSAT-DLO).

The numerical results noticeably showed significant
influence of unsaturated conditions for the PEP and BC
problems. The maximum increase in strength, owing to the
unsaturated conditions, was obtained when suction was
slightly less or greater than the air entry suction.

On the other hand, the numerical results showed a
negative influence of capillary rise on strength for both the
PEP and BC problems. Up to 8.24% decrease in P, at H,,=0
m was obtained when /. rose 1 m, from 0 m. To put this in
context, this was equivalent to a decrease of about 1.92° in
¢ at H,~0 m and 4. =1 m in order to obtain the same result
at i, =0 m. Similar finding was obtained for the BC
problem, up to 18.4% decrease in N, (equivalent to 1.3°
decrease in ¢ when H,~0 m at . =2.5 m was modelled)
was obtained when /. rose from Om to 2.5 m at H,=0 m. In
addition, the numerical results also showed the negative
influence of assigning dry unit weight above /.. While,
assigning an accurate unit weight (unsaturated unit weight)
above h. showed an increase in strength. Due to a

deficiency in experimental results, however, it is worth
waiting for validations/verifications of the adopted analysis
in this study against practical data.
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List of abbreviation

T: surface tension

he: capillary rise height

7w - unit weight of water

0 : contact angle

e: void ratio

D o: particle size corresponding to 10% passing
C: constant

SWRC: soil water retention curve

So: air entry suction

s: suction

PEP: passive earth pressure

BC: bearing capacity

UNSAT-DLO: unsaturated discontinuity layout optimization
A : minimum adequacy factor

T
f|_ : live load

fg : dead load

d: matrix contains displacement vectors
g”: dissipation coefficients

c: cohesion

p : vector containing plastic multipliers

ni: normal displacement accompanying the sliding

C: apparent cohesion

L: length of a discontinuity

U: a variable accounts for the shear strength increase due to the
effect of suction

a: a fitting parameter

H,: water table depth

z: vertical coordinate

Gs: specific gravity

¢ : angle of shearing resistance

S, : degree of saturation

qu: unsaturated ultimate bearing capacity

C' : effective cohesion

(uy —uy,)y : air entry suction

S¥ : degree of saturation

¥ : bearing capacity fitting parameter

(u, —uy,) avr: average suction directly beneath the footing and
to the end of stress bulb

@' : effective angle of shearing resistance

B and L: footing’s dimensions

N¢,Ngand N, : bearing capacity factors

Pp: passive thrust

kp: passive earth pressure coefficient

¥ : soil unit weight

H: height of the wall

(u, —uy,) : matric suction

¢b : angle of friction with respect to suction
Vary: dry unit weight
Vsat - saturated unit eight

¥ unsat - Unsaturated unit weight





