Transient Unsaturated Seepage and Stability of a
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Yihan Yu®, Bingkuo Song

)

Check for
updates

School of Water Conservancy, North China University of Water Resources and Electric Power,

1

Zhengzhou, Henan, China

*Corresponding author: 1337232981@gg.com

Abstract. Rapid reservoir level fluctuations drive transient seepage evolution in
earth dams and induce redistribution of stress and deformation, thereby affecting
slope stability. This study investigates a homogeneous earth dam in a small res-
ervoir using a two-dimensional finite element model. Transient seepage in un-
saturated media is simulated with a governing formulation parameterised by the
van Genuchten soil-water retention relationship, and stability is evaluated using
the strength reduction method based on the seepage results. Three representative
scenarios are considered: the normal water level (108.5 m), rapid drawdown
(108.5 m to 101.0 m at 0.5 m/d), and storm-driven rapid rise (108.5 m to 109.5
m at 0.5 m/d). During drawdown, pore water pressure along the upstream slope
decreases while effective stress within the dam generally increases. Deformation
concentrates near the upstream side under drawdown, whereas rapid rise pro-
duces a more pronounced downstream displacement response over a broader re-
gion. The factor of safety exhibits a non-monotonic trend during drawdown, in-
creasing slightly from 1.92 to 1.96 before dropping rapidly to 1.02 at 101.0 m,
with the critical slip surface predominantly developing on the downstream side.
The results provide practical implications for reservoir operation and monitoring
of small and medium-sized earth dams under rapid water-level changes.

Keywords: earth dam, unsaturated seepage, rapid drawdown, stability evolu-
tion

Introduction

Earth rockfill dams are among the most widely used dam types worldwide, and their
long term performance is closely associated with downstream safety and regional sus-
tainability. Rapid and frequent water level fluctuations modify hydraulic boundary con-
ditions and drive transient seepage evolution with the migration of wetted zones, which
in turn alters the mechanical response of the dam body [1]. Understanding this transient
evolution is of paramount importance for dam safety, as traditional steady-state evalu-
ations often fail to capture the critical, time-dependent variations in effective stress. In
particular, during rapid drawdown, the dissipation of internal pore water pressure fre-
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quently lags behind the external boundary unloading [2]. This temporal mismatch gen-
erates outward-directed seepage forces and severe degradation of the soil skeleton's
shear strength. Consequently, localized plastic yielding can rapidly propagate into cat-
astrophic large-scale slope failure. Therefore, elucidating the transient seepage charac-
teristics is not merely a theoretical extension, but a prerequisite for accurate stability
assessment and early warning of earth-rockfill dams under extreme operational condi-
tions.

Considerable efforts have been devoted to saturated and unsaturated seepage analy-
sis, transient seepage safety evaluation, and slope stability assessment of earth rockfill
dams. Nevertheless, several issues remain insufficiently addressed from the perspective
of operational risk control. First, the transient nature of seepage during water level fluc-
tuations implies that stability cannot be reliably evaluated using steady state seepage
fields or single field analyses, as seepage lag and wetting front migration may substan-
tially reshape the stability margin [3]. Second, small and medium sized dams often op-
erate under alternating scenarios, such as rapid drawdown followed by storm induced
water level rise, calling for a unified framework to compare seepage response, stress
deformation behaviour, and stability evolution across representative operating condi-
tions [4]. Third, stability evaluation should be hydraulically consistent with transient
seepage computations, otherwise the linkage between numerical results and practical
decision making for monitoring and reservoir scheduling may be weakened [5].

In this study, a small reservoir earth rockfill dam is taken as the case study. A two
dimensional finite element model is developed in COMSOL Multiphysics, where tran-
sient seepage behaviour is described using a governing formulation suitable for unsatu-
rated media together with an appropriate soil water retention relationship. Based on the
transient seepage results, slope stability is evaluated using the strength reduction
method. Typical operating conditions, including normal water level, rapid drawdown,
and storm induced rapid rise, are considered to systematically quantify the evolution of
pore water pressure, effective stress, displacement, and plastic development, as well as
the corresponding variation of factor of safety (FoS). The findings aim to provide prac-
tical insights and a reproducible modelling route for safety evaluation and risk mitiga-
tion of small and medium sized earth rockfill dams under complex operating conditions.

2 Methodology

2.1  Seepage Governing Equations

The objective of seepage analysis is to determine the spatial and temporal evolution of
pore water pressure or hydraulic head under prescribed reservoir water level loading.
This provides the basis to quantify phreatic surface migration, pressure dissipation and
lag effects, and to supply consistent hydraulic inputs for subsequent deformation and
stability analyses. Darcy law is adopted to describe flow through porous media [6]:

q = —KVh (1)
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where q is the Darcy flux, K is the hydraulic conductivity tensor, and h is the total hy-
draulic head defined as

h=1v+z )

with 1 being the pressure head and zthe elevation head.
The governing equation is obtained from mass conservation:

a0
2Hv-a=0 3)

where 6 is the volumetric water content and Q is a source or sink term. Substituting Eq.
(1) into Eq. (3) yields the seepage equation in terms of hydraulic head. For steady sat-
urated flow, 06/ dt = 0, the governing equation becomes

V- (KVh) =Q 4)

For an isotropic medium with K = K1, Eq. (4) reduces to a Laplace type or Poisson
type equation:

KV:h =Q )

For transient saturated flow driven by reservoir level fluctuations, storage effects are
included through the specific storage S:

S, 2= V- (KVh) +Q (©6)

Reservoir level changes may generate partially saturated zones due to phreatic surface
migration, for which the hydraulic conductivity depends on the moisture state. To rep-
resent both saturated and unsaturated behavior, Richards equation in mixed form is
adopted [7]:

CA =V [KF)VW +2)] +Q ™

where C(y) = 068/ 0y is the specific moisture capacity and K () is the unsaturated
hydraulic conductivity. Closure of Eq. (7) requires a soil water retention relationship
and a relative permeability function. The van Genuchten model is used for effective
saturation [8]:

o [t )T m =1

Se = (8)

6

where 6 and 6, are the saturated and residual volumetric water contents, and a, n, m
are fitting parameters. The relative permeability is described using the Mualem and van
Genuchten function [9]:

ke(52) = st [1=(=s2™)" ©)

and the unsaturated hydraulic conductivity is
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K@) = K k. (Se) (10)

where K is the saturated hydraulic conductivity and [ is a pore connectivity parameter.

2.2 Coupled Formulation for Seepage and Deformation

The mechanical response of a dam under seepage is governed by the influence of pore
water pressure on effective stress and the resulting deformation, while the deformation
induced volumetric strain affects fluid storage and pressure evolution. To capture this
interaction, a coupled formulation is employed with displacement u and pore water
pressure p as primary variables, solved within the same time increment.

The effective stress concept is expressed in Biot form [10]:

oc=0 —apl (11)

where o is total stress, @’ is effective stress, ais the Biot coefficient, and I is the iden-
tity tensor. Under quasi static conditions and small strain assumption, equilibrium is
written as

V-c+pb=0 (12)
The strain tensor is defined as
&= (Vu+ (Vu)") (13)
and the constitutive relationship is expressed in a general form
o =D:¢ (14)

where D denotes the material stiffness operator, which depends on the material model
adopted in subsequent sections.
Fluid mass conservation in a deformable porous medium is written as [11]
10y 0

——+ta

o 9t at+V-q=S (15)

where M is the Biot modulus, €, = tr(€) is volumetric strain, and s is a source term.
Darcy law in terms of pore pressure is

q=—>(Vp—pug) (16)

where K is intrinsic permeability, u is dynamic viscosity, p,, is water density, and g is
gravitational acceleration.

The coupled system given by Eqgs. (12) to (16) is discretized using the finite element
method and solved with a fully coupled implicit scheme in COMSOL Multiphysics [12].
To ensure the transparency and replicability of the numerical modelling, the specific
computational procedures are detailed as follows. Prior to the transient analysis, a
steady-state geostatic step was executed under the normal water level (108.50 m) to es-
tablish a physically consistent initial effective stress field and phreatic surface. For the
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subsequent transient simulations, the backward differentiation formula was adopted for
time integration, utilizing an adaptive time-stepping strategy. This adaptive approach is
crucial for capturing the rapid stress and pore pressure redistributions during the early
stages of water-level changes while maintaining computational efficiency later on.

Within each time step, displacement and pore pressure were iteratively updated using
a robust highly non-linear Newton-Raphson solver. A direct linear solver was employed
to handle the potentially ill-conditioned matrices characteristic of unsaturated soil me-
chanics. The iteration continued until the predefined relative tolerance criteria for both
the fluid mass conservation and mechanical equilibrium residuals were strictly satisfied.
This ensures rigorous numerical consistency between the computed pore pressure field
and the corresponding effective stress and deformation fields, which is essential for the
reliability of the subsequent stability evaluation.

2.3  Stability Evaluation

Slope stability under reservoir level fluctuations is evaluated using the strength reduc-
tion method. The shear strength is described by the Mohr-Coulomb criterion [13]:

Tr =C + optan @ 17)

where c is cohesion, ¢ is the friction angle, and gy, is the effective normal stress.

In the strength reduction procedure, the shear strength parameters are reduced by a
factor F:
(18)

C_C
F~F

tan ¢
F

tan @y = (19)
The reduction factor is increased progressively until a limit state is reached, and the
critical factor is defined as the FoS:

FoS = F., (20)

Failure is identified based on reproducible numerical indicators, including inability to
satisfy convergence criteria, a clear acceleration of displacement at key monitoring
points, and the formation of a continuous band of equivalent plastic strain. The pore
pressure field used in the strength reduction analysis is taken from the coupled seepage
deformation calculation and incorporated through the effective stress relationship in Eq.
(11), ensuring hydraulic and mechanical consistency.

3 Case Study and Numerical Model Setup

31 Overview of the Reservoir

The reservoir is classified as a small Type I project.The normal water level is 108.50
m, while the check flood level is 109.50 m (probability = 2%). The hydraulic system
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mainly consists of a homogeneous earth rockfill dam, an open spillway, and a horizon-
tal culvert. For the maximum cross-section, the dam height is 26 m, with a crest width
of 5 m and a base width of 137 m. The crest elevation and foundation elevation are
110.50 m and 84.50 m, respectively.

3.2 Coupled Numerical Modelling of the Dam

To investigate the seepage response, stress deformation behaviour, and stability evolu-
tion under reservoir level fluctuations and storm-induced scenarios, a two-dimensional
finite element model was established based on the maximum cross-section of the dam.
Considering that the influence of bedrock on seepage and slope stability is relatively
limited for the present problem, the bedrock layer was not included in the computational
domain. The model domain comprises the dam body and a 9 m thick clay foundation
layer. The foundation clay was discretised using mapped meshes, whereas the dam
body was discretised using free quadrilateral elements. The final mesh contains 2993
domain elements and 594 boundary elements, and the mesh configuration is given in
Fig. 2. The model geometry together with the monitoring points is provided in Fig. 1.

For the seepage analysis, the upstream boundary was prescribed as a time-dependent
reservoir head. On the downstream side, a constant-head boundary was applied below
the downstream water level, while a seepage-face condition was assigned to the down-
stream slope surface above the water level. To track the pore water pressure response
along the upstream slope during water-level changes, three monitoring points (Points
A, B, and C) were arranged on the upstream slope surface. To capture the stress varia-
tion within the dam body, four interior monitoring points (Points D, E, F, and G) were
defined inside the dam. All coordinates follow the coordinate system shown in Fig. 1.
Specifically, Points A, B, and C are located at (115, 105), (105, 100), and (95, 95),
respectively, while Points D, E, F, and G are located at (133, 110), (133, 100), (133,
90), and (128, 105), respectively.
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Fig. 1. Dam calculation model and survey point layout map.

Fig. 2. Grid division map.

The computational domain includes two materials, namely the dam material and the
clay foundation. According to the engineering geological data, the unit weight y, effec-
tive cohesion ¢’, effective friction angle ¢, and saturated hydraulic conductivity ks are
listed in Table 1. For saturated and unsaturated seepage analysis, the dam material was
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characterised using the van Genuchten model to describe the relationship between volu-
metric water content and matric suction. The parameters were set as 65 = 0.43 and 6, =
0.05, with a = 6.65 kPa, n =2.68, and m = 0.63. The foundation clay remains below the
water level and was treated as a saturated material.

Table 1. Parameters of materials for dam and foundation

Parameters Material Type
Foundation clay Dam body materials
o' () 21.8 23
ks (m/s) 1.6x104 1.0x107
¢’ (kPa) 180 15
7 (kKN/m?) 19.3 20.5

Three representative operational scenarios were considered, including the normal wa-
ter level, rapid drawdown, and storm-induced rapid rise. The drawdown scenario as-
sumes that the reservoir level decreases uniformly from 108.50 m to 101.00 m, corre-
sponding to a total drawdown magnitude of H = 7.5 m, with a drawdown rate of v=0.5
m/d. This scenario is used to examine the evolution of pore water pressure, stress, dis-
placement, and plastic development, and to evaluate the stability response. In addition,
flood-related conditions at high water levels were analysed, including a rapid-rise sce-
nario driven by rainfall, with a rise rate of v = 0.5 m/d. The downstream water level was
fixed at 85.50 m for all cases.

4 Results and Discussion

4.1 Responses of Pore Water Pressure and Effective Stress

When the reservoir level drops to 101 m, the distributions of pore water pressure and
effective stress are summarized in Fig. 3. A depth-dependent pore-pressure pattern can
be observed from Fig. 3(a). Pore water pressure increases from the shallow zone toward
the deeper part of the dam, with relatively high values concentrated in the lower central
region and a gradual decrease toward both slopes. The corresponding effective stress
field, provided in Fig. 3(b), exhibits an opposite tendency in terms of mechanical sig-
nificance: higher effective stress tends to concentrate in the dam interior, whereas the
near-surface slope region remains comparatively low. Together, the two contour maps
indicate that the mechanical state during drawdown cannot be interpreted from a single
field alone, because the hydraulic response directly affects the effective stress distribu-
tion.
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Fig. 3. Contours at the reservoir level of 101 m: (a) pore water pressure (kPa) and (b) effective
stress (kPa). The upstream and downstream directions are indicated in Fig. 1. The colour bars
represent the magnitude of each field.

The evolution at monitoring points further clarifies the drawdown response. As il-
lustrated in Fig. 4(a), pore water pressure at Points A, B, and C decreases progressively
with the reservoir level. Meanwhile, an overall increase in effective stress is evident at
the interior points in Fig. 4(b). This trend is consistent with pore-pressure dissipation,
which leads to an increased stress share carried by the soil skeleton.
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Fig. 4. Variation curves of pore water pressure and effective stress at different observation
points under varying reservoir water levels.

The role of drawdown rate should also be emphasized. If pore pressure dissipation
inside the dam is slower than the external water-level reduction, relatively high pore
pressure may persist within the dam body even after the upstream hydrostatic support
has been removed. Under such conditions, the hydraulic boundary unloading and the
internal pressure redistribution become temporally mismatched, which may promote
unfavorable stress states and deformation tendencies. Therefore, drawdown safety
should be evaluated using the computed pore-pressure evolution together with the as-
sociated effective-stress redistribution.
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4.2  Displacement Characteristics under Drawdown and Rise

The displacement response under drawdown is quantified at upstream monitoring
points in Fig. 5. It can be observed that displacement increases as the reservoir level
decreases. In addition, the displacement change becomes more pronounced at higher
elevations, suggesting that the upper part of the upstream slope is more sensitive to
water-level variation. This behavior is closely linked to seepage redistribution during
drawdown. In particular, when phreatic surface migration inside the dam lags behind
the external boundary change, outward seepage develops and generates seepage forces
directed toward the outside of the dam, which can intensify outward deformation near
the upstream slope.
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Fig. 5. Displacement variation curves at each observation point at different reservoir water lev-
els.

A direct comparison between drawdown and rise scenarios is provided by the dis-
placement contours in Fig. 6. Under drawdown, deformation concentrates mainly on
the upstream side, as evidenced by Fig. 6(a), whereas deformation elsewhere remains
limited. In contrast, the rise scenario produces a clearer displacement response toward
the downstream side and affects a broader region, as indicated in Fig. 6(b). This differ-
ence suggests that water-level rise expands the wetted region and modifies the seepage
field over a larger domain, thereby triggering deformation responses in a wider portion
of the dam body.
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(b) Water level rise chart (Water level at 109.5m)

Fig. 6. Displacement contours under different operational scenarios: (a) rapid drawdown to 101
m and (b) rapid rise to 109.5 m. The colour bar denotes displacement magnitude.
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Overall, drawdown and rise lead to distinct deformation locations and influence
ranges, which has practical implications for monitoring design and for identifying crit-
ical zones under different operational conditions.

4.3  Stability Evaluation

The plastic deformation pattern at the normal reservoir level is evaluated first. Under
the normal water level of 108.5 m, the critical-state equivalent plastic strain distribution
is given in Fig. 7, and the corresponding factor of safety is FoS = 1.92. With increasing
strength reduction, the plastic zone initiates near the toe region and progressively ex-
tends toward the dam interior, reflecting strain localization and the emergence of a po-
tential shear band at failure.

0.3
0.2
0.1
0

Fig. 7. Plastic strain contour map at normal reservoir level (108.5 m, FoS = 1.92).

The stability evolution during drawdown is then assessed for representative reservoir
levels. The critical plastic strain contours together with the computed FoS values are
compiled in Fig. 8. Across all drawdown cases, a curved plastic shear band develops
on the downstream side at the limit state. Moreover, the plastic strain intensity and
affected area increase as the water level decreases, indicating progressive stability de-
terioration. The FoS values decrease notably with drawdown: 1.94 at 106 m, 1.88 at
103 m, 1.68 at 102.5m, 1.42 at 102 m, 1.22 at 101.5 m, and 1.02 at 101 m.

0.3
0.2
0.1
0

(a) Water level at 106 m (FoS=1.94)

- |

(b) Water level at 103 m (FoS=1.88)

(c) Water level at 102.5 m (FoS=1.68)
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Fig. 8. Plastic strain contour maps and safety factors corresponding to different water levels
when the normal reservoir level (108.5 m) is lowered.

The relationship between FoS and reservoir level is further summarized in Fig. 9. A
slight FoS increase is observed at the early stage (from 1.92 to 1.96), followed by a
rapid decrease to 1.02 as drawdown continues. This non-monotonic behavior can be
interpreted in two stages. Initially, the reduction of upstream hydrostatic pressure de-
creases the external loading effect, leading to a limited change or a slight increase in
FoS. As drawdown proceeds, the phreatic surface migrates downward and extends to-
ward the downstream side. The downstream zone becomes increasingly wetted, which
reduces suction-related strength contribution and decreases shear strength. At the same
time, seepage redistribution produces unfavorable hydraulic gradients within the down-
stream slope, accelerating the formation of a continuous failure band.

2.0F

——Fos

1.0

109 108 107 106 105 104 103 102 101
Water lever (m)

Fig. 9. Safety and stability coefficients of earth-rock dams at different reservoir water levels.

The ultimate failure configuration under the lowest drawdown level is illustrated by
the critical slip surface in Fig. 10. At a reservoir level of 101 m, FoS equals 1.02, and
the most critical slip surface develops on the downstream side. This observation aligns
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with the downstream plastic strain evolution in Fig. 8 and the FoS reduction trend in
Fig. 9, indicating that stability degradation during rapid drawdown is governed by hy-
draulic and strength changes concentrated in the downstream slope region.

o |

Fig. 10. Failure surface of an earth-rock dam with water level reduced to 101m (FoS=1.02).

The results suggest several operation-oriented implications for small and medium-
sized earth dams subjected to rapid water-level changes. First, because the factor of
safety decreases rapidly as the reservoir level approaches the lowest drawdown stage
in this study, staged drawdown and enhanced surveillance are recommended when low
water levels are anticipated or unavoidable. Second, as the critical failure surface pre-
dominantly develops on the downstream side, monitoring and inspection should prior-
itize downstream deformation and pore-pressure response, and the performance of
seepage relief and drainage measures should be verified during drawdown operations.
Third, the rise scenario produces a broader deformation influence toward the down-
stream side, indicating that post-storm inspection should include downstream defor-
mation screening to identify potential cumulative effects under alternating rise and
drawdown cycles. These recommendations can be integrated with routine monitoring
to support operation-oriented safety management.

5 Conclusions

The dam exhibits pronounced transient hydraulic and mechanical responses under res-
ervoir level fluctuations. During rapid drawdown, pore water pressure at upstream slope
monitoring points decreases continuously, while effective stress within the dam gener-
ally increases, indicating that pore-pressure dissipation induces stress redistribution and
elevates the stress carried by the soil skeleton. This coupling highlights the necessity of
interpreting stability together with transient seepage evolution.

Deformation patterns differ between drawdown and rise scenarios. Drawdown pro-
duces displacement concentration near the upstream side, and displacement increases
as the water level decreases, reflecting the time-dependent interaction between bound-
ary unloading and internal seepage adjustment. In contrast, rapid water-level rise trig-
gers a more pronounced downstream displacement response over a broader region, sug-
gesting that rising water levels can modify the seepage field and wetted zone across a
larger portion of the dam body.

Strength reduction analysis demonstrates that drawdown substantially reduces sta-
bility and that the Fos evolves in a non-monotonic manner. As the reservoir level de-
creases from 108.5 m to 101.0 m, the FoS increases slightly from 1.92 to 1.96 at the
early stage and then drops rapidly, reaching 1.02 at 101.0 m. The critical slip surface
predominantly develops on the downstream side, indicating a higher susceptibility of
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the downstream slope to the development of a continuous failure band under sustained
water-level changes.

The analysis was performed using a two-dimensional maximum cross-section
model, and possible three-dimensional effects along the dam axis were not considered.
Material properties were taken from available engineering data, while parameter uncer-
tainty and calibration using field monitoring data were not explicitly addressed. In ad-
dition, the bedrock layer was not included in the computational domain and its influence
was represented through boundary conditions, which may affect local hydraulic and
mechanical responses. Future work should incorporate uncertainty quantification and
monitoring-based calibration, and extend the analysis to three-dimensional modelling
where required. Additional external drivers such as rainfall infiltration and heterogene-
ous zoning can also be incorporated to improve the robustness of operation-oriented
safety evaluation.
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