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Abstract: The effect of the variability in a layered structure, characterized by the spatial variability of
the saturated hydraulic conductivity, on the distribution of a pressure head p in a foundation subjected
to water level fluctuation in a reservoir is investigated with the aid of the random field theory,
Karhunen–Loève (K-L) expansion, first-order moment approach, and cross-correlation analysis.
The results show that the variability in the foundation structure has significant impacts on the
groundwater response to the reservoir’s water level fluctuations. Regions with relatively large
uncertainties of the p and σp values in the foundation are those around the initial water level at
the reservoir side, and those at the distal end away from the reservoir. In addition, there is a larger
variance of Ks, denoted as σ2

lnKs
, a larger correlation scale in the horizontal direction λh, a larger

correlation scale in the vertical direction λv, and a larger one-way time consumption of fluctuations
T to a larger uncertainty in p. Moreover, the four factors (σ2

lnKs
, λh, λv, and T) all have positive

correlations with σp. σ2
lnKs

has the largest impact on σp in the foundation, λv has the second largest
impact, and λh has the smallest impact. A foundation with small Ks values around the initial water
level at the reservoir side and large Ks values around the highest water level at the reservoir side may
produce larger p values in the foundation. These results yield useful insight into the effect of the
variability in a layered structure on the distribution of the pressure head in a foundation subjected to
water level fluctuation in a reservoir.

Keywords: foundation; water level fluctuation in reservoir; groundwater response; variability of
layered structure; saturated hydraulic conductivity

1. Introduction

Due to the water level scheduling of reservoirs, groundwater in foundations of build-
ings along the reservoir is inevitably impacted and changes accordingly. The water level
fluctuations in a reservoir can cause changes in the hydraulic head, which is the pressure
exerted by the groundwater. These changes in the hydraulic head can induce seepage flows
through the soil and affect the stability and performance of foundations [1,2]. The magni-
tude and duration of the water level fluctuations, as well as the permeability characteristics
of the soil, can influence the extent of these groundwater responses. For example, due to the
rise and fall scheduling of the Three Gorges reservoir in China, the foundations of buildings
along the reservoir remain under water level fluctuations for a long time. The impact of
the fluctuating water level on the foundation is inevitable, which generally leads to the
softening of the foundation and a decrease in the stability of the foundation [3]. Thus, it is
of great significance to grasp the law of groundwater response in a foundation subjected to
reservoir level fluctuations.

Water 2024, 16, 81. https://doi.org/10.3390/w16010081 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w16010081
https://doi.org/10.3390/w16010081
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w16010081
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16010081?type=check_update&version=1


Water 2024, 16, 81 2 of 17

Currently, the engineering community commonly considers the “capillary rise height
combined with the depth at which the foundation is buried” as the accepted criterion for
determining the critical depth at which a building may be submerged without significant
structural damage [4]. However, it is important to note that this criterion is just one aspect of
assessing the critical depth of submergence for buildings and should be used in conjunction
with other engineering considerations. Factors such as soil type, groundwater conditions,
hydrostatic pressure, and the specific design and construction of the building can greatly
influence its ability to withstand submergence. For foundations subjected to water level
fluctuation in the reservoir, this criterion may not fully consider the rise and fall of the
water table and its effect on groundwater distribution. For example, although both the
capillary rise height and the footing burial depth have been considered when determining
the critical depth in the footing design, the deformation of the foundation and impact on
buildings still occurred along the reservoir even when the groundwater did not directly
submerge the footing. Hence, further investigation into the groundwater responses in
foundations subjected to reservoir water level fluctuations is necessary to ensure the safety
and performance of structures in such environments.

The groundwater response to reservoir water level fluctuations highly depends on
the foundation of the soil structures [5,6]. However, in many cases, the focus is often on
the characteristics of water level fluctuations and the general properties of the foundation,
and the specific soil structure is not considered. The soil structure plays a crucial role
in determining the behavior of groundwater in foundations. Heterogeneous soil layers,
variations in permeability, and the presence of geological features such as fractures or
faults can significantly impact the groundwater flow and response to reservoir water level
fluctuations. Neglecting these factors can lead to incomplete or inaccurate assessments of
the groundwater behavior.

Layered soil foundations are commonly seen along reservoirs [7]. In natural layered
soil foundations, the engineering properties of coarse-grained soils (such as gravel, pebble,
gravelly soil, and medium-coarse sand) generally remain relatively unchanged in their
natural or saturated states. However, these coarse-grained soils can act as preferential
pathways for water ingress, surrounding the fine-grained soils (such as fine sand, silt, and
clay) that experience significant reductions in their mechanical properties when saturated.
In this case, how the groundwater changes with the water level variation in a reservoir
remain unexplored, which is crucial for a foundation stability analysis. In addition, due to
the heterogeneous nature of the geology [8–10], the soil layers may not be fully extended
but vary in length and thickness; this makes the seepage and moisture distribution much
more complex under the groundwater fluctuation scenario. This further leads to differential
deformation (e.g., uneven subsidence) and poses a potential threat to the foundation’s
stability. Therefore, it is necessary to conduct an in-depth study on the influence on the
foundation’s groundwater distribution brought by the water level change while considering
the variability of layered structures.

While many studies have focused on the bearing capacity issues of foundations subjected
to water level changes [1–4] or the spatial variability of mechanical parameters [11–15], the
groundwater responses, considering the spatial variability of hydraulic parameters, are
more fundamental to these issues when the foundation is subjected to reservoir water level
fluctuation and hence should be tackled first. To this aim, the objective of this study is to
provide a better understanding of the groundwater responses of a foundation subjected
to water level fluctuation in a reservoir while considering the variability of the layered
structure. The variability of the layered structure of a foundation is characterized by the
spatial variability of the saturated hydraulic conductivity Ks. To achieve this objective,
we first illustrate the impacts of the foundation structures on the groundwater response
subjected to the reservoir water level fluctuations by generating deterministic layered Ks
fields with different degrees of layering, and their transient seepages subjected to water
level fluctuations are analyzed through the phreatic surface, pressure head, and streamlines
to delineate the groundwater response law. Afterwards, to consider the variability of
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the layered structure, the probabilistic description of the layered structure is introduced
based on the random field theory. With this probabilistic framework, the uncertainty
in groundwater responses resulting from the variability in the layered structure of the
foundation is evaluated using the first-order moment approach. Furthermore, to reveal the
spatial relationship between the pressure head and the soil structures in the foundation, the
cross-correlation between p at any one observation point and Ks values at every element in
the foundations are derived through the cross-correlation analysis.

2. Methodology
2.1. Basic Equations

The groundwater responses in the layered foundation subjected to water level fluctua-
tion in reservoir can be described by a two-dimensional governing flow equation:

∂

∂x

(
K(p)

∂p
∂x

)
+

∂

∂z

(
K(p)

(
∂p
∂z

+ 1
))

= [ηSs + C(p)]
∂p
∂t

(1)

where x and z denote the coordinates along the horizontal x-axis and vertical z-axis, re-
spectively; p is the pressure head; K(p) is the hydraulic conductivity; Ss is the specific
storage; C(p) denotes the moisture capacity term; t denotes time; and η is the saturation
index. p is positive if the medium is fully saturated, and it is negative if the medium is
unsaturated. K(p) varies with pressure head p under unsaturated conditions. Ss represents
the percentage of water released from a unit volume of fully saturated porous media under
a unit decline in hydraulic head. On the other hand, C(p) is the change in moisture content,
e.g., the volumetric water content, θ, in a unit volume of the porous medium under a unit
change of negative pressure head p when the medium is under unsaturated conditions. In
other words, it is the gradient of the constitutive moisture–pressure relationship (i.e., θ(p),
the moisture retention curve) at a given pressure head p. On the right-hand side of Equation
(1), η is set to 1 if the medium is saturated, and it is set to 0 if the medium is unsaturated.

Equation (1) is subject to the following boundary conditions:[
K(p)

∂p
∂x

· nx + K(p)
(

∂p
∂z

+ 1
)
· nz

]∣∣∣∣
ΓN

= qN (2)

where pD is the prescribed head at the Dirichlet boundary ΓD, qN is the specific flux at
the Neumann boundary ΓN , and notations nx and nz are the components in the x and z
directions, respectively, of a unit vector n that is normal to the boundary ΓN .

To describe K(p) and θ(p), the hydraulic conductivity curve and the moisture retention
curve developed by Mualem [16] and van Genuchten [17] are adopted herein:

K(p) = Ks

(
1 − (α|p|)n−1[1 + (α|p|)n]−m

)2[
1 + (α|p|)n](−m/2) (3)

θ(p) = (θs − θr)
[
1 + (α|p|)n]−m

+ θr (4)

in which Ks is the saturated hydraulic conductivity; α, n, and m are soil parameters, where
m = 1− 1/n and θs and θr denote the saturated and residual moisture content, respectively;
and || represents the absolute value.

2.2. Numerical Experiments

The Variably Saturated Flow and Transport in 2D (VSAFT2) platform [18] is used to
simulate the groundwater responses in the layered foundation subjected to water level
fluctuation in reservoir, described by Equations (1)–(4). The foundation is discretized by
elements with the same sizes. A typical mesh used is shown in Figure 1. It consists of
1000 square elements in 50 columns and 20 rows of equal size with side length of 1 m.
Cross-section 1-1′ is set at x = 25 m for illustration purposes.
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Figure 1. The model of the foundation subjected to reservoir water level fluctuation.

Figure 1 also displays the boundary conditions for the foundation. The boundary AB is
impermeable, representing the bedrock. The boundary AD is also defined as impermeable
to represent distal end when the influence from the reservoir water level fluctuation is
neglected. The boundary CD is defined as seepage faces [19], which varies from the
Neumann boundaries with constant q in the unsaturated state to boundaries with zero
pressure head in the saturated state. This takes into account both the possible rainfall
and immersion, though they are not the focus of this study. The boundary BC, facing the
reservoir, is defined as a time-varying boundary. The water level of the reservoir is set
fluctuated between 2 m and 12 m in this study. The one-way (water level raise or drop)
time consumption of fluctuations T is set as 0.5 days. The part beneath the water table is
the Dirichlet boundary with the total head corresponding to the current water level, and
the part above the water table is the seepage face varying from impermeable boundary in
the unsaturated state to the boundary with zero pressure head in the saturated state.

Table 1 lists the values of parameters used in the study. These parameter values are
mainly obtained from the study by Khaleel and Freeman [20,21]. Layer structures of the
foundation are characterized by spatial differences in the saturated hydraulic conductivity
in this study, and only the saturated hydraulic conductivity Ks is treated as random field.
The initial pressure head p distribution is obtained by a steady-state simulation using
parameter values listed in Table 1 and boundary conditions specified previously, except the
water level is set at 2 m.

Table 1. Parameters used in the study.

Parameters Values

Mean of Ks, µKs 1 m/d
Specific storage, Ss 0.001 m−1

Coefficient in MVG model, α 0.001m−1

Exponent in MVG model, n 0.1
Residual volumetric water content, θr 0.01
Saturated volumetric water content, θs 0.4

3. Results and Discussion

The results and discussions will be grouped into (1) the deterministic analysis of the
layered foundation and (2) the probabilistic analysis of the layered foundation.
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3.1. Deterministic Analysis of Layered Foundation

To illustrate the effect of the layered structure of foundations on the groundwater
responses subjected to water level fluctuation in a reservoir, we generated four layered
foundation profiles with the layer sizes fixed as 50 m × 2 m. The saturated hydraulic
conductivity Ks values of the adjacent layers are 1:0.1, 1:0.01, 1:0.001, and 1:0.0001 (m/d),
respectively, representing different degrees of layering. As a comparison, a homogeneous
case with a Ks value of 1 m/d was also generated. These five cases were subsequently under
a transient groundwater response analysis subjected to 3 days’ water level fluctuation in
a reservoir with T = 0.5 day. The spatial distributions of the Ks fields, phreatic surface
(denoted by the black dot dash line), pressure head p (denoted by the white dashed lines
with labels), and streamlines (denoted by the black solid line with arrows) of the five cases
at t = 3 days are presented in Figure 2. As can be seen in Figure 2, the homogeneous case
has the largest groundwater responses in the foundation from the reservoir water level
fluctuation due to its large Ks. The pressure head isolines and the phreatic surface are
mostly horizontal. The pressure head decreases from lower elevation to higher elevation,
and the phreatic surface at the distal end of the foundation is around 9.5 m of elevation and
is the highest among the five cases. The streamlines are from the reservoir to the distal end
of foundation with long smooth segments. For layered cases, due to layers with low Ks
values, the pressure head isolines become complex, which are tortuous and repeated. The
phreatic surface at the distal end becomes lower than that in the homogeneous case, and
it gradually rises again when the differences between the Ks values of the adjacent layers
increase. The streamlines stay mostly in the high Ks layer and pass through the low Ks layer
with relatively shorter paths. These results demonstrate that the foundation structures have
significant impacts on the groundwater response to the reservoir water level fluctuations.

Figure 3 plots the contour maps of the pressure head p of the layered foundation with
Ks values of adjacent layers set as 1:0.0001 m/d at four selected time steps: t = 0.51, 1.01,
2.01, and 3 days, respectively. As can be seen from these figures, the groundwater flows in
the foundation mainly through high Ks layers. It gradually flows into the foundation and
accumulates at the distal end, and the groundwater transported by the high Ks layers is
reduced as the elevation increases. Note that although the effect from the reservoir water
level fluctuation decreases near the top of the foundation, this does not mean that the
groundwater responses have little influence on the foundation and the structures built
on it. The transportation and accumulation of groundwater lead to the increase in the
pressure head at parts of the foundation; this may further result in differential deformation.
For comparison, the contour maps of the pressure head p of the homogeneous case at the
four selected time steps are plotted in Figure 4. As expected, the pressure head decreases
evenly with elevation, and the horizontal differences are smaller compared to those of the
layered cases. The results from the homogeneous case with Ks = 1 m/d can be viewed as
the average of all results of the layered cases with their spatial mean Ks, denoted as µKs ,
equaling 1 m/d.
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pressure head p (denoted by the white dashed lines with labels), and streamlines (denoted by the
black solid line with arrows) of cases of layered foundations subjected to reservoir water level
fluctuation at t = 3 days.
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Figure 3. Spatial distributions of pressure head p of the layered foundation with Ks values of adjacent
layers set as 1:0.0001 m/d at four selected time steps.

To provide a better illustration, we plotted the pressure heads p along the cross-section
1-1′ at t = 3 days for the five cases in Figure 5. The pressure head of the homogenous case
decreases linearly from 10 m to −10 m as the elevation increases. The pressure head of
the layered case, due to the existence of low Ks layers, becomes tortuous and smaller than
that of the homogeneous case. The pressure heads of high Ks layers are larger than those
of their adjacent low Ks layers. As the discrepancy between the Ks values of the adjacent
layers increases, the pressure head at the high Ks layer increases, and that at the low Ks
layer decreases, and thus, the difference between the pressure head of the high Ks layer
and the low Ks layer increases. The pressure head at the high Ks layer could become larger
than that at the same elevation in the homogeneous case.



Water 2024, 16, 81 8 of 17

Water 2024, 16, x FOR PEER REVIEW 8 of 18 
 

 

(d) 𝑝 at 𝑡 = 3d 

Figure 3. Spatial distributions of pressure head 𝑝 of the layered foundation with 𝐾𝑠 values of ad-

jacent layers set as 1:0.0001 m/d at four selected time steps. 

 
(a) 𝑝 at 𝑡 = 0.51d 

 
(b) 𝑝 at 𝑡 = 1.01d 

 
(c) 𝑝 at 𝑡 = 2.01d 

 
(d) 𝑝 at 𝑡 = 3d 

Figure 4. Spatial distributions of pressure head 𝑝 of the homogeneous foundation at four selected 

time steps. 

To provide a better illustration, we plotted the pressure heads 𝑝 along the cross-sec-

tion 1-1′ at 𝑡 = 3 days for the five cases in Figure 5. The pressure head of the homogenous 

case decreases linearly from 10 m to −10 m as the elevation increases. The pressure head 

of the layered case, due to the existence of low 𝐾𝑠 layers, becomes tortuous and smaller 

than that of the homogeneous case. The pressure heads of high 𝐾𝑠 layers are larger than 

those of their adjacent low 𝐾𝑠 layers. As the discrepancy between the 𝐾𝑠 values of the 

adjacent layers increases, the pressure head at the high 𝐾𝑠 layer increases, and that at the 

Horizontal distance (m)

E
le

v
a

ti
o

n
(m

)

0 10 20 30 40 50
0

5

10

15

20

0 10 20 30 40 50
0

5

10

15

20

0 10 20 30 40 50
0

5

10

15

20 p (m)

10

8

6

4

2

0

-2

-4

-6

-8

-10

Horizontal distance (m)

E
le

v
a

ti
o

n
(m

)

0 10 20 30 40 50
0

5

10

15

20

0 10 20 30 40 50
0

5

10

15

20

0 10 20 30 40 50
0

5

10

15

20 p (m)

10

8

6

4

2

0

-2

-4

-6

-8

-10

Horizontal distance (m)

E
le

v
a

ti
o

n
(m

)

0 10 20 30 40 50
0

5

10

15

20

0 10 20 30 40 50
0

5

10

15

20

0 10 20 30 40 50
0

5

10

15

20 p (m)

10

8

6

4

2

0

-2

-4

-6

-8

-10

Horizontal distance (m)

E
le

v
a

ti
o

n
(m

)

0 10 20 30 40 50
0

5

10

15

20

0 10 20 30 40 50
0

5

10

15

20

0 10 20 30 40 50
0

5

10

15

20 p (m)

10

8

6

4

2

0

-2

-4

-6

-8

-10

Figure 4. Spatial distributions of pressure head p of the homogeneous foundation at four selected
time steps.

3.2. Probabilistic Analysis of Layered Foundation

In reality, the layers in the layered foundation are not perfectly extended, their thick-
nesses are not uniform, and they are not evenly distributed. These lead to the need for
probabilistic descriptions of the Ks field of the layered structure of the foundation.

3.2.1. Probabilistically Description of Layered Structure

Generally, for the layered foundation, the mean of the saturated hydraulic conductivity,
µKs , describes the overall permeability level of the layers in the foundation. The variance of
saturated hydraulic conductivity, σ2

Ks
, describes the contrast between different layers. The
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horizontal and vertical correlation scales of saturated hydraulic conductivity, λh and λv,
describe the average sizes of layers in horizontal and vertical directions, respectively.
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Figure 5. Pressure head p of realizations of layered foundations along cross-section 1-1′ at t = 3 days.

Six cases listed in Table 2 are used to further probabilistically investigate the ground-
water responses of a layered foundation subjected to water level fluctuation in a reservoir
while considering the spatial variability of the parameters. Specifically, cases 1 and 2 focus
on the effects of variance in the logarithm of the saturated hydraulic conductivity, σ2

lnKs
;

cases 1, 3, and 4 focus on the effects of the horizontal correlation scale of saturated hydraulic
conductivity, λh; cases 1 and 5 focus on the effects of the vertical correlation scale, λv; and
cases 1 and 6 focus on the effects of the one-way time consumption of fluctuations, T.

Table 2. Study cases.

Case No. σ2
lnKs

λh λv T

1 1 50 2 0.5
2 4 50 2 0.5
3 1 25 2 0.5
4 1 5 2 0.5
5 1 50 4 0.5
6 1 50 2 0.3

To demonstrate the effectiveness of the probabilistic description method, one realiza-
tion to each case is generated for cases 1 to 5. These realizations are generated using the
Karhunen–Loève (K-L) expansion [22–29]. The spatial distributions of Ks fields, phreatic
surface (denoted by the black dot dash line), pressure head p (denoted by the white dashed
lines with labels), and streamlines (denoted by the black solid line with arrows) of the
five cases at t = 3 days are presented in Figure 6. These results, again, demonstrate the
importance of spatial variability in the structure characteristics of layered foundations
regarding the groundwater responses subjected to water level fluctuation in a reservoir.
As indicated in Figure 6, the location and shape of the phreatic surface, the pressure head
profiles, and the streamlines of the five cases are different to each other. With the decrease
in λh or λv, the streamlines become relatively fluctuated. This is due to the spatially rough
variation of Ks.
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Figure 6. Spatial distributions of Ks fields, phreatic surface (denoted by the black dot dash line),
pressure head p (denoted by the white dashed lines with labels), and streamlines (denoted by the
black solid line with arrows) at t = 3 days for realizations of cases 1 to 5. (a) Case 1 (see Table 2);
(b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5.

3.2.2. Uncertainty Analysis of Layered Foundation

Since the variability in the layered structure of the foundation results in variation in
the groundwater responses of the foundation, the uncertainty in groundwater flow should
be estimated for a reliable analysis. Substituting the statistics in Table 2 into the first-order
moment approach [17–19] yields the standard deviation of p, denoted as σp, at each location
of the foundation, representing the distribution of the uncertainty of p in the foundation.
The σp fields of foundation subjected to reservoir water level fluctuation at t = 3 days for
the six cases are shown in Figure 7. For a better comparison, we plotted the σp profiles
along the cross-section 1-1′ in Figure 8.

As shown in these figures, the regions with relatively large uncertainties in the foun-
dation are those around the initial water level at the reservoir side, and those at the distal
end away from the reservoir. The comparison of case 1 and case 2 indicates that a larger
σ2

lnKs
leads to larger uncertainty in p. This is to be expected. The comparison of cases 1, 3,

and 4 indicates that a smaller λh leads to smaller uncertainty in p. This implies that the
defects of the layer improve the groundwater exchange and ease the difference between
different realizations; thus, the σp value decreases. The comparison of case 1 and case
5 indicates that a larger λv leads to larger uncertainty in p at most parts, but it leads to
smaller uncertainty in p near the initial water level at the reservoir side. This may be due
to the fact that a larger λv value increases the opportunity for reservoir water to flow in,
but it decreases the opportunity for groundwater exchange. Finally, the comparison of case
1 and case 6 indicates that a smaller T leads to smaller uncertainty in p. This implies that a
faster reservoir level scheduling would reduce the uncertainty of groundwater responses;
this may be because a smaller T value means there is less time for reservoir water to flow
in, and hence, less amount of water flows into the foundation during the fluctuation cycle.

Figure 9 quantifies the influence of different factors (σ2
lnKs

, λh, λv, and T) on σp in the
foundation. The influences of these four factors are expressed as the average change in
the σp value along the cross-section 1-1′ versus the increase percentage of each factor. As
indicated in Figure 9, the four factors all have positive correlations with σp. In addition,
σ2

lnKs
has the largest impact on σp in the foundation, λv has the second largest impact, and

λh has the smallest impact. That is, larger σ2
lnKs

, λv, T, and λh values would lead to larger
uncertainty in the estimation of groundwater responses in the foundation.
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Figure 7. Cont.
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Figure 7. Standard deviations of pressure heads σp of foundation subjected to reservoir water level
fluctuation at t = 3 days. (a) Case 1 (see Table 2); (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5;
(f) Case 6.
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3.2.3. Cross-Correlation Analysis

To further reveal the spatial relationship between the pressure head p at one location
and Ks at each location in the foundation, we conduct a cross-correlation analysis in this
section. The cross-correlation analysis considers the sensitivity, the effects of magnitudes
of heterogeneity (variance) between layers, and the layered structure of the foundation
(correlation scales) (see Cai et al. [30]). The cross-correlation fields of p at a selected location
(horizontal distance = 25 m; elevation = 10 m) to ln KS at each location in the foundation
subjected to reservoir water level fluctuation at t = 3 days for the six cases are plotted in
Figure 10. From Figure 10, we see the p value at any one location is positively correlated
with the Ks values around the highest water level at the reservoir side, and it is negatively
correlated with the Ks values around the initial water level at the reservoir side. In addition,
the changes in λh and λv have significant impacts on the cross-correlation maps, and the
change in σ2

lnKs
has little effect on the cross-correlation maps. The decrease in T increases

the absolute value of the cross-correlation. As expected, a foundation with small Ks values
around the initial water level at the reservoir side and large Ks values around the highest
water level at the reservoir side may produce a larger p value in the foundation.
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Figure 10. Cont.
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Figure 10. Cross-correlation of pressure heads p to f = ln Ks in the foundation subjected to reservoir
water level fluctuation at t = 3 days. (a) Case 1 (see Table 2); (b) Case 2; (c) Case 3; (d) Case 4; (e) Case
5; (f) Case 6.

4. Conclusions

The groundwater response to reservoir water level fluctuations highly depends on
the foundation of soil structures. This paper investigates the effect of variability in the
layered structure of a foundation on the distribution of the pressure head in a foundation
subjected to water level fluctuation in a reservoir. The variability in the layered structure
of a foundation is described by the spatial variability of saturated hydraulic conductivity.
With the aid of the random field theory, Karhunen–Loève (K-L) expansion, first-order
moment approach, and cross-correlation analysis, the way the groundwater changes with
the water level variation in a reservoir is revealed.

A deterministic analysis demonstrates that foundation structures have significant
impacts on the groundwater response to reservoir water level fluctuations. The reservoir
water flows into the foundation mainly through high Ks layers and is gradually accumu-
lated at the distal end away from the reservoir. The groundwater transported by the high
Ks layers is reduced as the elevation increases. In addition, the pressure heads of high Ks
layers are larger than those of their adjacent low Ks layers. As the discrepancy between the
Ks values of adjacent layers increases, the difference between the pressure head of the high
Ks layer and the low Ks layer increases. The pressure head at a high Ks layer could even
become larger than that at the same elevation in the homogeneous case.

A probabilistic analysis further indicates that the regions with relatively large un-
certainties in the foundation are those around the initial water level at the reservoir side
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and those at the distal end away from the reservoir. In addition, a larger σ2
lnKs

, a larger
λh, a larger λv, and a larger T lead to larger uncertainty in the pressure head. Moreover,
the four factors (σ2

lnKs
, λh, λv, and T) all have positive correlations with σp. σ2

lnKs
has the

largest impact on σp in the foundation, λv has the second largest impact, and λh has the
smallest impact. The uncertainty in p plays a critical role in the evaluations of the stability
and performance of foundations. Further investigation or monitoring measures should be
implemented to the location of the large-uncertainty zone to reduce the uncertainty. As a
result, any unfavorable conditions can be detected immediately before it is too late.

Lastly, a cross-correlation analysis indicates that the pressure head p at any one location
is positively correlated with the Ks values around the highest water level at the reservoir
side and is negatively correlated with the Ks values around the initial water level at the
reservoir side. In addition, the changes in λh and λv have significant impacts on the cross-
correlation maps. The decrease in T increases the absolute value of the cross-correlation. As
expected, a foundation with small Ks values around the initial water level at the reservoir
side and large Ks values around the highest water level at the reservoir side may produce
a larger p value in the foundation. This is unfavorable to the stability of foundations and
deserves special attention.

Although the spatial variabilities in the saturated hydraulic conductivity Ks of founda-
tions with layer structures are merely considered, these results yield useful insights into
the effect of variability in the layered structure of a foundation on the distribution of the
pressure head in a foundation subjected to water level fluctuation in a reservoir. Further
focus could be placed on the spatial variabilities of other parameters such as the specific
storage Ss and the MVG model parameters, α and n, which have been shown to have strong
spatial variability [31].
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