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ABSTRACT: In addition to the stress state variables (normal stress and matric suction), the air entry value (4EV) is a significant
parameter in the field of unsaturated soil mechanics. It is influenced by pore size, hydraulic hysteresis, and mechanical hysteresis.
While its effect on water retention is well recognized, its impact on the mechanical characteristics for various geotechnical applications
is still underrepresented. This study numerically examines the effect of AEV on strength across different geotechnical problems: bearing
capacity, slope, retaining wall, and tunnel, using the upper bound theorem under various suction profiles. Numerical results were
validated against experimental and analytical solutions. For the bearing capacity problem, the numerical results showed a 4.83-fold
increase in the bearing capacity factor (Ny) was obtained when AEV increased from 2.3 kPa to 6 kPa at a suction value of 5.58 kPa for
arigid strip footing placed at the surface. For a fully frictional retaining wall, a 1.47-fold increase in passive earth pressure was obtained
when the AEV increased from 5 to 20 kPa at an angle of shearing resistance of 30°, with the water table located 2 m below the base of
the wall. To put this in context, this was equivalent to a 4.4° increase in the angle of shearing resistance at AEV = 5 kPa. Other modeled
slope and tunnel problems also showed a significant effect of the AE'V. Analysis of the failure mechanisms for the studied cases revealed
different patterns at various AEVs.

KEYWORDS: Suction, Air Entry Value, Bearing Capacity, Slope, Retaining Wall, Tunnel, Hysteresis.

1 INTRODUCTION hysteresis, indicating the evolution of AEV due to mechanical
effects, was also reported by Tarantino and Tombolato (2005)
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low-plasticity clay was reported by Chiu et al. (2014). In (1999).

addition, on the drying path for a compacted clay, Vanapalli et
al. (1999) reported a shift in AEV position of about 40 kPa when
the void ratio decreased from 0.58 to 0.52. Similar mechanical

Although the change in AEV position due to hydraulic and
mechanical hysteresis has been observed experimentally as
stated above, its effect on the mechanical characterization of
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various geotechnical problems, such as bearing capacity (BC),
slopes (SL), retaining walls (RW), and tunnels (TUN), remains
either entirely unstudied or only partly investigated. Attempts
have been made; see for example, Shwan (2023b) who
investigated the effect of changes in the shape of the SWRC on
active earth pressure. This paper, therefore, extends the
influence of AEV changes on the strength of various problems
using a robust upper bound theorem approach, Discontinuity
Layout Optimization for unsaturated soils (UNSAT-DLO).
The approach was modified by the author to take into account
the effects of unsaturated conditions on soil strength, see Shwan
(2022), (2023c) and (2025).

2  MODELED PROBLEMS

The effect of AEV variations resulting from hydraulic (drying
and wetting) and mechanical hysteresis was characterized for
the different stated problems using the UNSAT-DLO approach
under various suction profiles and drained conditions.

Table 1 summarizes the parameters used in the UNSAT-
DLO approach for all problems, along with the range of AEVs
modeled. The range of AEV variation depended on the soil type;
the finer the soil, the greater the changes in AEV. Therefore, the
modeled scenarios included different simulated soil types,
ranging from sand to silty sand to capture a wide range of AEV
variations.

The numerical case studies were validated against
experimental results or analytical solutions. In the simulation,
the soil above the water table height (Hw) was assumed to be
fully saturated until the capillary rise height (=4EV/yw), where
yw is the unit weight of water. Above this zone, the soil was
considered unsaturated until 1 m and beyond this threshold the
soil was considered dry. In the numerical analysis, the soil was
assumed to be fully saturated when s < AEV. This assumption
was also utilized by others, e.g., Lloret-Cabot et al. (2018).

Table 1. Required parameters for the modeled problems.
Parameter BC SL RW | TUN
Saturated unit weight, ysa 19.33 20 20 19.4
(KN/m?)

Dry unit weight yqry kN/m?) 15.13 15 15 154
Unsaturated unit weight, Yynsat 17.32 17.5 17.5 17.4
(KN/m?)

Cohesion, ¢ (kPa) 0 0-25' 0 0
Angle of shearing resistance, | 30-45' | 20-45' | 30 5-45!
PO

Fitting parameter, k (kPa™) 0.7 0.05 0.05 0.01
Air entry value, AEV (kPa) 1-7° 5-20' | 5-30' | 25-50°
Shotcrete strength, (kPa) - - - 500

!increment 5 kPa, ? increment 1 kPa, * increment 12.5 kPa.

2.1 Bearing capacity (BC) problem.

Figure 2a, b and ¢ show the results of the BC problem at three
different values of s (2.158. 3.796 and 5.58 kPa). The problem
consisted of modeling a rigid strip surface footing with a width
of 25 mm on a bed of unsaturated fine sand. Suction was applied
using the hanging column technique (HCT). The results were
represented in terms of the bearing capacity factor (V). Ny was
obtained using the equation below:

— 2Quit
Y y4xB

(1)

where Qur is the ultimate bearing capacity (kPa), and B is the
width of the footing (m). The numerical analysis was validated
against the experimental results conducted by Shwan (2015).
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The sand used had an AEV = 2.3 kPa on the drying path at null
loading (no hysteresis). The markers in Fig. 2 represent the
repeated tests at the same value of s, with an obvious scatter.
Shwan (2023a) attributed this scatter to hydraulic and
mechanical hysteresis effects.

In Fig. 2a, b, and c, the curves coincide when the applied s
< AEV, consequently, no effect of AE} on BC and therefore on
the obtained NV,. This was attributed to the assumption that was
made in the simulation, where soil was considered saturated
when s < AEV as stated previously. However, once the applied
s exceeded AEV (see Fig. 2b and c), the effect of AEV became
evident on N,. The results of the modeled range of AEVs were
in good agreement with the experimental results, suggesting
that AEV has a significant influence on the bearing capacity. To
further demonstrate this, an analytical study was carried out, as
discussed below.

Figure 2d shows the change in Ny corresponding to changes
in AEV for all three applied suction values. It can be seen that
the effect of AEV on Ny is significant. For example, an increase
of 1.49 in Ny was obtained when AEV increased from 1 kPa to
2.3 kPa for s = 2.158 kPa at ¢ = 44°, see Fig. 2d. The changes
were found even higher (1.88 and 4.83) for s = 3.796 and 5.58
kPa when AEV increased from 2.3 kPa to 4 kPa and 6 kPa,
respectively. To put this in context, this was equivalent to an
increase of more than 3.5° in ¢p when modeling the case s =
3.796 kPa at AEV = 2.3 kPa. On the other hand, a reduction in
AEV to 1 kPa from 2.3 kPa at s = 3.796 kPa, attributed to
wetting, caused a decrease of more than 50% in BC (a decrease
of 0.54 in ;).
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Figure 2. The effect of AEV on N, for s = (a) 2.158 kPa, (b) 3.796 kPa,
(c) 5.58 kPa, and (d) the change in N, for the three applied s.

The implication of the results presented in Fig. 2d is that
hydraulic hysteresis (due to drying or wetting when AEV
decreases) or mechanical hysteresis has a significant effect on
Ny.

In addition, the effect of AEV on failure modes was found
to be significant. Figure 3 displays different failure modes
(axisymmetric analysis) at various AEV values for s = 5.58 kPa.
The modeled cases were compared with the case of AEV =23
kPa. The failure mechanism boundaries for AEV = 2.3 kPa were
taken as a reference, i.e., the case not subjected to hydraulic or
mechanical hysteresis. The red lines in Fig. 3 represent the
failure mechanism boundaries for AEV = 2.3 kPa (which
intersect the failure mechanism boundaries), drawn for
comparison with other cases that deviate from these boundaries.

The analysis presented in Fig. 3 was performed with a scale
factor (SF) of 700, instead of SF = 200 used in the results in
Fig. 2a-d. The difference in the obtained bearing capacity for
each AEV between SF = 200 and 700 is shown in Fig. 3. The
SF in the UNSAT-DLO approach is defined as the number of
spaces between the nodes per unit length. The higher SF was
used to visualize the effect of even small changes in AEV.

Higher AEV (e.g., 6 kPa) resulted in deeper and wider
failure mechanisms, exceeding the red lines of the reference
case (AEV = 2.3 kPa), whereas lower AEV (e.g., 1 kPa) did not
reach the boundaries of the reference. Higher AEV led to an
increase in effective stress and frictional resistance, resulting in
greater bearing capacity and, consequently, deeper and wider
failure mechanisms.

Failure mechanism boundary for AEV=2.3 kPa
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Figure 3. The effect of AEV on failure modes for the BC problem at
different AEV values for s = 5.58 kPa.

2.2 Slope (SL) stability problem

In this problem, a finite uniform slope with a height (H) of 1.5
m and slope inclination (B) of 45° was modeled at the water
table height (Hw) = -3 m, 3 m below the origin (the origin was
1.5 m below the toe). Hw = -3 m corresponds to a hydrostatic
suction of 58.86 kPa, calculated as the distance from the water
table to the surface of the slope. The results of the SL case study
are presented as factor of safety (FS) and stability number (N).
The stability number was first proposed by Bell (1966) and has
been frequently used by others, e.g., Shwan (2023d).

A wider range of AEVs from 5 to 20 kPa was used in the
simulations, representing a finer soil type, e.g., silty sand. The
choice is based on the experimental findings as stated above,
for example, Pham et al. (2003) reported a 10 kPa shift in AEV
for silt soils due to hydraulic hysteresis, while Vanapalli et al.
(1999) observed an even higher shift of 40 kPa due to
mechanical hysteresis.

As in the case of the BC problem and as expected, it was
found that the effect of AEV on FS was significant. The higher
the AEV, the higher the stability and FS that was obtained. The
overall trend showed an increase in FS with any increase in N
(i.e., the shear strength parameter, c¢). An increase of 1.13 in FS
was obtained when AEV increased from 5 to 20 kPa at ¢ = 20
kPa and ¢ = 30°, which was equivalent to an increase of 10° in
¢ when modeling the case of AEV = 5 kPa at the same cohesion
value.

Analysis of the failure mechanisms for the studied AEV
values for the SL is shown in Fig. 5. Different failure modes for
the modeled AEV values with FS displayed in each case were
observed. Higher AEV resulted in wider failure mechanisms at
the top (see the blue and yellow hatched slopes) with all cases
showing the sliding surface intersecting the slope at the toe.
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Figure 5. Failure modes for the SL problem at various AEV values for
the uniform slope (B = 45°) and Hy=-3 m.

2.3 Retaining wall (RW) problem

To investigate the effect of AEV on the passive earth pressure
(Pp), a rigid concrete fully frictional wall (6 = ¢) of 1 m height
(H) and 0.2 m width was modeled with an extension of 0.5 m
below the base to prevent restriction of failure mechanisms with
the soil bed, shown later in Fig. 7. An aquiclude material was
applied to the wall to prevent seepage. Suction was applied by
assigning different Hw values from 1 m (s = 0 kPa-fully
saturated case) to -4 m below the base (s = 49.05 kPa).

The numerical results for the RW case study were
validated against an analytical equation proposed by Fredlund
and Rahardjo (1993) given below:

Pp = Gkpy'H? + 2c\[kp H + 2 s tang® [kp H ~ (2)
where kp is the passive lateral earth pressure coefficient,
y' is the effective unit weight, ¢ is the cohesion and ¢? is the
internal friction angle with respect to matric suction. A value of
kp =5.6786 was used for ¢p = 30° for the fully frictional wall,
according to Antdo et al. (2011). The ¢? value is significantly
affected by the applied suction, therefore, in the simulation,
different values of ¢? from 0 to 30° were used, in increments
of 2.5°. The results of this series were presented as the
normalized passive earth pressure Pp/(yaxH?) and the
normalized water table height (Hw/H).

The results of the RW problem are shown in Fig. 6. At
Hw/H = 1, corresponding to fully saturated conditions, all
response curves converged indicating that AE'V has no effect on

Fs=12.24
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Pp (s £ AEV). As s increased (i.e., when Hw/H <1), the curves
began to diverge, reflecting the influence of AEV on the soil’s
mechanical response. This illustrated that higher AEV’s enhance
suction retention, therefore significantly affecting Pp. For
example, at Hw/H = -2 and ¢ = 30°, an increase of 1.47-fold in
Pp was obtained when AEV increased from 5 kPa to 20 kPa.
This was equivalent to an increase of 4.4° in ¢ when modeling
the case AEV = 5 kPa at the same Hw. The peak value of each
curve, Ppmax), varied with the magnitude of the AEV confirming
that AEV had a significant effect in determining the strength
mobilized during passive failure. Beyond the peak, the curves
showed a descending trend, indicating a reduction in Pp. This
reduction was attributed to the gradual desaturation of the soil
profile, which diminished s and thus the soil’s strength. This
post-peak reduction contrasted with the behavior predicted by
Eq. 2, where such a decrease is not evident, the predicted Pp
values by Eq. 2 increased monotonically. This discrepancy
highlighted the necessity of accounting for desaturation effects
when modeling the behavior of retaining walls under
unsaturated conditions.
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Figure 6. Normalized Pp.against normalized H,, for different AEVs
validated against Eq. 2 (black solid curves) for the RW problem for the
frictional wall (8 = ¢).

Figure 7 displays the failure mechanisms of the modeled
scenarios for the RW case study at five different AEVs values.
Additionally, a fully smooth wall condition (6 = 0) was modeled
for comparison. The failure modes correspond to the peak
Pp shown in Fig. 6, i.e., at Hw=-2 m in all cases, except for the
case of AEV =30 kPa where the peak was attained at Hw=-3 m.

The influence of wall friction (8 = ¢) was evident when
compared to the smooth wall (8 = 0) case. The smooth wall
produced only two plane failure surfaces (discontinuities), with
a limited horizontal extension of 1.72 m and no failure lines
extending beneath the wall base, see Fig.7 (bottom left case). In
contrast, the frictional wall (6 = ¢) led to wider and more
complex failure patterns characterized by multiple
discontinuities and failure lines extending clearly beneath the
base of the wall. However, comparing the frictional wall cases
at various AEVs, a significant influence of AEV was observed,
characterized by wider mobilized failure mechanisms, as
shown, for example, in the cases of AEV =5 kPa and AEV =10
kPa in Fig. 7.
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Figure 7. Failure modes for the RW problem at various AEV values
for the frictional wall (8 = ¢») and the smooth wall (5 = 0).

2.4 Tunnel (TUN) problem

The tunnel (TUN) case study was analyzed using an
axisymmetric model representing half of the tunnel geometry
(shown later in Fig. 9). The analysis considered a shallow
circular tunnel with a diameter of 2 m, subjected to different Hw
and three AEVs: 25 kPa, 37.5 kPa, and 50 kPa. The results of
the intermediate value of AEV = 37.5 kPa represents the average
between the lower and higher AEVs.

The range of Hw extended from the fully saturated
condition (Hw = 15.4 m), where the water table coincides with
the ground surface, to —2 m below the origin. The analysis
results are expressed in terms of the adequacy factor (Ar),
defined as the factor by which soil strength should be divided
to cause collapse. A Ar > 1 indicates a stable condition for the
tunnel.

Figure 8 shows the results of the TUN problem. At full
saturation (Hw = 15.4 m), the influence of varying AEVs on Ar
was minimal, with only slight variations attributed to
differences in ¢ (30° to 45°). As Hw decreased from full
saturation (suction increased), Ar increased significantly,
reaching peak stability at Hw = 1 m for all friction angles. This
peak indicates an optimal range where suction enhances tunnel
stability. Here, the effect of AEV became more pronounced, as
evidenced by the divergence in Ar among curves with different
AEVs, particularly at higher ¢. Specifically, at Hv = 1 m,
increasing AEV from 25 to 37.5 kPa and from 25 to 50 kPa
resulted in increases in Ar of 4.28% and 11.21%, respectively.
These observations highlight the significant role of AEV in
controlling tunnel stability under varying hydraulic conditions.

Beyond this optimal point, Ar decreased as the soil became
increasingly desaturated, with the maximum reduction
occurring at Hw = -2 m, where suction’s stabilizing effect is
essentially decreased. This downward trend suggests that
further lowering of Hw would continue to reduce stability,
although such cases are not shown in the figure.

Figure 9 illustrates the failure mechanisms obtained for the
TUN problem at Hw = -2m under different conditions of AEV
(25, 37.5, and 50 kPa) and two ¢ values (30° and 45°). Each
subfigure corresponds to a specific combination of these
parameters, with the mobilized failure patterns (represented by
slip lines and discontinuities) shown accordingly. Since the
failure mechanics did not extend below the tunnel’s invert, the
results are presented only from elevation EL = 7.5 m (below the
tunnel invert) to EL = 15.4 m (ground surface).
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Figure 8. Adequacy factor (Ar) versus H,, at various AEVs and ¢ for
the TUN problem.

Higher AEV values resulted in wider failure mechanisms,
see the case at ¢ = 45°. However, the most significant
observation was within the internal slip zones rather than along
the outer failure boundaries. For instance, clear changes in the
internal slips can be seen in the ¢ = 30° scenarios across all
modeled AEV values.

1-2.1667 m~!

|-2.2826 m—

o= 30° o= 30°
R=1m _ 7/

A=4 269 Y/ \=4.400 A=4.55

AEV=25 kPa AEV=37.5 kPa AEV=50 kPa
EL:7.5m
— 1.9203m — — 2.0685m '— ~! 20714m -

\ b= 45° b= 45° b= 45°

A=b5.76 A=6.003 A=6.25
AEV=25 kPa AEV=37.5 kPa AEV=50 kPa

Figure 9. Failure mechanisms for ¢p = 30° and 45° at various AEVs for
the TUN problem at Hy, = -2m.

3 CONCLUSIONS

The air entry value (AEV) is a key parameter of the soil-water
retention curve, influenced by factors such as pore size and both
hydraulic and mechanical hysteresis. While its effect on water
retention is well documented in the literature, its influence on
the mechanical behavior of soils in geotechnical applications
remains less studied.

This study numerically investigated the influence of AEV
on soil strength in various geotechnical contexts, including
bearing capacity (BC), slope stability (SL), retaining walls
(RW), and tunnels (TUN), using the robust upper bound
theorem, UNSAT-DLO approach, under different suction
profiles. The results, validated against available experimental
or analytical solutions (except for the TUN problem, which was



not validated due to the lack of experimental data or analytical
solutions), demonstrated that increases in AEV significantly
enhance the mechanical characterization. Based on the results
of this study, the following conclusions can be drawn:

1. For the BC problem, for example, increase in AEV resulted
in a significant rise in bearing capacity factor (Vy). Increase
in AEV from 2.3 kPa to 4 kPa at suction (s) = 3.796 kPa, at
angle of shearing resistance (¢) = 44 resulted in an increase
of 1.88 in N,. This was equivalent to an increase of 3.5° in ¢
when modeling the case s =3.796 kPa at AEV = 2.3 kPa. Even
higher increase in Ny (4.83) at s = 5.58 kPa was observed
when AEV increased from 2.3 kPa to 6 kPa.

2. For the SL problem, increasing AEV from 5 to 20 kPa at
cohesion (c) = 20 kPa and ¢ = 30° resulted in an increase of
1.13 in factor of safety (FS), which was equivalent to an
increase of 10° in ¢ when modeling the case of AEV = 5 kPa
at the same cohesion value.

3. Similarly, for the RW analysis, higher 4EV values led to
substantial increases in passive earth pressure (Pp). An
increase of 1.47-fold in P, was obtained when AEV increased
from 5 kPa to 20 kPa at a water table height (Hw) =-2 and ¢
= 30°, which was equivalent to a 4.4° increase in ¢ for the
case of AEV =5 kPa to achieve the same fold increase as the
increase of AEV.

4. Finally, for the TUN problem, at s = 141.26 kPa, increases
of 9.3% and 18.2% in adequacy factor (Ar) were obtained
when AEV increased from 25 to 37.5kPa and to 50 kPa,
respectively.

5. The study also included analyses of the failure patterns at
various AEVs for all modeled problems. The analyses
revealed that wider and/or deeper failure mechanisms were
obtained for the higher 4EVs. To sum up, these findings
highlight the importance of considering AEV variations in
geotechnical design under various drying and wetting
conditions (hydraulic hysteresis) and mechanical hysteresis.
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