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)e recent focus on water conservancy projects globally has resulted in the construction of increased numbers of concrete face
rockfill dams in narrow valleys. However, valley topography impacts the deformation of a dam and further influences the
distribution of stress and position of cracks on the face slab. )is study conducted two centrifuge experiments to study the
influence of the valley topography on the behavior of a concrete face rockfill dam from construction to impoundment. Ex-
perimental models of concrete face slab sand-gravel dams with “U”-type and “V”-type valley topographies were established. )e
settlement of the dam crest, the displacement of the upstream slope of the dam, and the stress on both sides of the face slab were
observed. )e experiment also represented the cracking of the face slab during impoundment. )e results showed that the “V”-
type valley topography effectively reduced the progression of dam crest settlement and influenced stress on the slab resulting from
impounded water pressure. Furthermore, the flexural form of the face slab in the “U”-type valley topography took on a “D” shape
and cracks progressively developed on the face slab with increased water load. )e flexural form of the face slab in the “V”-type
valley topography showed a “B” shape, and cracks occurred under a particular water impoundment pressure.

1. Introduction

Concrete face rockfill dams are widely constructed globally
due to their low cost and easy construction. A concrete face
rockfill dam is composed of rockfill and concrete slabs
placed on the upstream side, with well-compacted rockfill
playing a key function in resisting the upstream im-
poundment load and the concrete slabs with waterstop
structures preventing the leakage of impounded water
downstream [1]. )e design code and general guidelines
have allowed the plane strain method to be used in the
construction of a concrete face rockfill dam. )is simplified
method can achieve good results for a wide and shallow
valley topography [2, 3]. However, the recent focus on water
conservancy projects has resulted in the construction of
increased numbers of concrete face slab sand-gravel dams in
narrow valleys inWestern China.)e plane strain method is
unable to consider the effects of valley topography on the
behavior of a concrete face rockfill dam. Valley topography

has an appreciable impact on dam deformation behavior and
the distribution of stress in the face slab.)erefore, there has
been an increased focus on the influence of valley topog-
raphy on concrete face rockfill dams in recent years.

)ere have been numerous studies on the influence of
valley topography on the deformation of concrete face
rockfill dams. Kirn and Sarkaria [4], )omas [5], and Pinto
and Marques [6] analyzed historical monitoring data for
concrete face rockfill dams and found that the behavior of
this type of dam is heavily dependent on valley topography.
Giudici et al. [7] analyzed the correlation between the de-
formation of a concrete face rockfill dam and valley to-
pography using historical monitoring data for 30 concrete
face rockfill dams in seven countries. )ey found that the
compression modulus of a rockfill dam has the strongest
correlation with valley shape, thereby impacting the de-
formation of a rockfill dam. Johannesson [8] found that the
maximum dam crest settlement shows a nonlinear rela-
tionship with the valley shape, although it tends to stabilize
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after the shape of the valley changes to a certain extent. Kim
and Kim [9] analyzed the monitoring data for 30 concrete
face rockfill dams using the backpropagation (BP) neural
network and found that narrow valley topography effectively
influences the settlement of the dam crest when the con-
struction modulus is below a certain threshold. Znamensky
et al. [10] investigated data for the deformation of concrete
face rockfill dams and found that a narrow valley shape
could reduce dam crest settlement. Sukkarak et al. [11]
presented a series of finite element analyses to investigate the
influence of the valley shape on dam deformation and found
that the impact of the valley topography on dam crest
settlement was obvious when the dam slope was steep.

However, an additional challenge facing concrete face
rockfill dam systems is the effect of complex valley topog-
raphy on the integrity of the concrete face slab due to the
pressure of retained water on the concrete slab [12]. Cheng
et al. [13] analyzed the influence of valley topography on
stress placed on the concrete face slab using finite element
modelling (FEM) and found that although valley topography
restricts the deformation of the slab, stress in the slab is
enhanced, resulting in cracks. Arici and Zel [14] compared
the use of two-dimensional (2D) and three-dimensional
(3D) dam models for investigating the performance of
concrete face rockfill dams and found that the 3D model
experienced less displacement and cracking of the face slab
after the impounding stage compared to that of the 2D dam
model. Dang et al. [15] investigated the influence of valley
topography on high concrete face rockfill dams and found
that valley topography had a clear effect on the position and
region of high tensile stress on the concrete face slab. Yang
et al. [16] investigated the deformation of the Dashixia
concrete face rockfill dam under complex valley topography
and found that the valley topography increased the defor-
mation gradient and stress gradient of the face slab. Wang
et al. [17] studied the influence of valley topography on the
deformation and stress of a high concrete face rockfill dam
and found that the stress and deformation gradient of the
face slab increased exponentially when the valley width-
height ratio was less than 2. Karalar and Çavuşli [18, 19] used
a WIPP-creep viscoplastic material model and a burger-
creep viscoplastic material model to represent the concrete
slab, rockfill materials, and foundation of a concrete face
rockfill dam within an investigation of the deformation of
the Ilısu Dam in Turkey. Gao et al. [20] examined moni-
toring data for 22 concrete face rockfill dams across eight
countries and found a low correlation between valley factors
and deformation of the face slab below a certain valley factor
threshold, whereas abrupt changes to the slope angle ag-
gravated deformation of the slab. Li et al. [21, 22] and Wen
et al. [23, 24] examined historical deformation data for
earth-rockfill dams and found that valley topography has a
more obvious influence on deformation of the face slab for
high concrete face rockfill dams.

)e deformation of the dam and the stress placed on the
face slab are the most important risks facing the safety of
concrete face rockfill dams [25–27]. However, the scarcity of
observed data generally precludes the application of sta-
tistical analysis and machine learning in the study of dam

deformation. In addition, the application of FEM requires
accurate material parameters and reasonable assumptions of
boundary conditions [28]. Some previous studies have
conducted centrifugal model experiments to overcome the
limitations of the aforementioned methods. Xu et al. [29]
studied the influence of valley topography on the defor-
mation of the dam and slab of the Hongjiadu concrete face
rockfill dam through a centrifuge model test. )eir results
showed that the shape of the valley has a significant effect on
stress and deformation of the slab. In addition, they found
that increasing the filling density of the dam effectively
reduced the stress on and deformation of the dam and slab.
Excessive deformation of the dam and slab may result in the
failure of a concrete face rockfill dam. )e mechanisms
responsible for the effects of valley topography on concrete
face rockfill dams remain poorly understood. )erefore,
there is a need for further extensive studies on the effects of
valley topography on concrete face rockfill dams to facilitate
effective risk prevention and control measures.

)e present study established two concrete face rockfill
dam centrifuge experimental models with different valley
topographies. )e deformation, stress, cracking process, and
deflection modes of the concrete face rockfill dam models
during the construction and impoundment stages were
examined, and the influence of valley topography on the
distributions of stress and cracks on the face slab were
analyzed.

2. Centrifuge Model

2.1. Centrifuge Testing Program. )e present study used the
LXJ-4-450 geotechnical centrifuge in the China Institute of
Water Resources and Hydropower Research (IWHR), which
is shown in Figure 1. )is centrifuge has a maximum ro-
tation radius, maximum acceleration, payload, and maxi-
mum capacity of 5.03m, 300 g, 1.5 ton, and 450 g ton−1,
respectively. )e size of the test basket used was
1.5m× 1.0m× 1.5m.)emaximum test model scaling ratio
N was set to 120, and the maximum running acceleration
during the experiment was 120 g. A rigid model container
with size dimensions of 1,350mm (length)× 400mm
(width)× 900mm (height) was used for the “U”-type valley
dam model, whereas another with size dimensions of
1,280mm (length)× 720mm (width)× 940mm (height) was
used for the “V”-type valley dam model.

2.2. Materials Used in the Centrifuge Model Experiments.
)e filling material used in the centrifuge model experiments
was consistent with that used in real-world concrete face rockfill
dams. However, because of space constraints placed by the
container, the size of particles used in the experiments was
downscaled from those used in real-world dams. )e experi-
ments used in the present study utilized the mixed method to
maintain hydraulic consistency with real-world concrete face
rockfill dams as far as possible [30]. Figure 2 shows the particle
size distribution of the rockfill of some existing sand-gravel
dams compared to that of the experimental dam. Table 1 shows
the parameters of the experimental dam material. Figure 3
shows samples of each material particle group after screening.
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2.3. Model Preparation. )e two concrete face rockfill dam
models were established to analyze the behavior of a concrete
face rockfill dam under the influence of “U”-type and “V”-type
valley topography models, respectively. )e “U”-type valley
topography model was used to examine the influence of wide
and shallow valley topography on the behavior of a concrete face
rockfill dam,whereas the “V”-type valley topographymodel was
used to examine the influence of narrow valley topography.)e
“U”-type valley topographymodel had length, width, and height
dimensions of 1,000mm× 720mm× 502mm, respectively,
whereas those of the “V”-type valley topography model were
400mm× 720mm× 502mm, respectively. Both models had a
dam crest width of 40mm. Both dams had the same upstream
and downstream slope inclines of 1 :1.5 and 1 :1.4, respectively.
Since the focus of the experiment was on the upstream side of

the dam and the concrete slabs, the downstream side of the dam
was not represented in either of the two models. )e “V”-type
valley topography model used a trapezoidal valley topography
with a top width, bottomwidth, and depth of 720mm, 405mm,
and 204mm, respectively. Figures 4 and 5 show the geometry
and size of the models.

Since the thickness of a concrete face slab used for
engineering application is typically 30 cm to 1m, it was
difficult to scale the slab used in the model while retaining
mechanical properties that are consistent with those in a
real-world dam. To overcome this challenge, some re-
searchers [31–33] have suggested that the slabs used in a
centrifugal test of a face rockfill dam can be assumed to have
only bending deformation. )erefore, the deflection u of the
thin slab can be expressed as

u �
M

EI
. (1)

In equation (1), M � − [ M(x)dx]dx + C1x + C2, in
which M(x) is the bendingmoment of the thin plate section,
C1 and C2 are the integral constants of boundary conditions,
EI is the bending stiffness of the thin plate, E is the modulus
of elasticity, and I is the moment of inertia of the thin plate
section. )e values of Mp and Mm must satisfy the scaling
laws since the external loads and boundary conditions borne
by the prototype material and the model material of the thin
plate are similar.

)e bending stiffness of the model plate of prototype
material and model material can be expressed as

Mp � EpIp � Ep ·
d
3
p

12
· 1, (2)

Mm � EmIm � Em ·
d
3
m

12
· 1. (3)

In equations (2) and (3), dp and dm are the thicknesses of
the face slab of the real-world dam prototype and the model,
respectively, and Ep and Em are the elastic modulus of the
dam prototype and the model, respectively.

If the same material is in the prototype and model, the
following holds true:

Mp

Mm

�
EIp

EIm

�
(1/12) · E · d

3
p

(1/12) · E · d
3
m

� N
3
. (4)

In equation (4), N is the scaling factor.)e following can
be obtained by substituting equations (2) and (3) into
equation (4):

dm �

���
Ep

Em

3


dp

N
. (5)

)e thickness of each layer of the plate used in the model
should satisfy equation (5) to achieve bending stiffness
consistent with real-world dam slabs.

Some studies have used a metal plate [31] or a plate
composed of a composite resin material [32] to represent the
slab in an experimental model since these materials have

Figure 1: )e centrifuge of the China Institute of Water Resources
and Hydropower Research used in the present study.
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Figure 2: Particle size distribution of some existing concrete face
rockfill dams compared to that of the experimental model dam
used in the present study.
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advantages, such as uniform material properties and ease of
production. However, the cracking of the slab under a high
load cannot be simulated using these materials due to their
high strength and good ductility.)e use of a cement mortar
slab does allow the simulation of cracks. )us, the present
study used a cement mortar plate containing fiber material.

)e elastic modulus of the concrete face slab used in the
real-world prototype was 24GPa, whereas its thickness was
assumed to be 300mm. However, it is difficult to maintain
the stability of a general cement mortar plate in centrifuge
tests. Wang et al. [34] and Deng et al. [35] suggested that
mixed fly ash or fiber can effectively enhance the strength of
a cement mortar plate. )e present study used a cement
mortar plate composed of mixed fiber as according to Deng
[35]. )e thickness of the cement mortar model of the face
slab was 8.0mm, whereas its elastic modulus was 21.6GPa,
as confirmed in the IWHR laboratory. )e compressive and
tensile strengths of the model face slab were 60MPa and
8MPa, respectively, due to the addition of fibrous material to
the cement mortar. In addition, a cement mortar toe wall
was established in the experiment. Figure 6 shows photo-
graphs of the model face slab and the toe wall used in the
present study.

2.4. Model Construction, Instrumentation, and Testing
Procedure. )e sidewalls of the container were covered with
grease to minimize side friction. Furthermore, each dam
model was constructed using five layers to maintain uniform
densities. )e heights of all layers from the first to fourth
layer were 100mm, whereas the height of the fifth layer was
102mm. Each layer underwent 85% relative compaction
using a hand compactor at an approximate compaction
energy of 750 kN·m−3. Subsequent to the completion of the
dam, a layer of sand with a thickness of 5mm was deposited
upstream, whereas the slabs were deposited upstream of the
dam. Figure 7 shows a schematic diagram of the con-
struction process.

Within the “U”-type valley topography model, eight
pairs of half-bridge resistance strain gauges were attached on

both sides of the slab at the main section of the dam, 165mm
away from the sidewall of the container. Strain gauges were
placed at 100mm intervals along with the slab. In addition, a
strain gauge was placed 55mm from the dam crest and
another was positioned near the toe wall, thereby allowing
the recording of the distributions of deformation and stress
of the slab. Because of their limited number, only four pairs
of strain gauges were attached on both sides of the face slab
of the dam under the “V”-type valley topography model.)e
slab in which strain gauges were installed was 195mm away
from the sidewall of the container. Strain gauges were placed
at 200mm intervals along the slab, with an additional strain
gauge placed 105mm from the dam crest and another placed
near the toe wall. In addition, one and four laser sensors were
set at the dam crest and the upstream slope of each dam,
respectively, to measure dam deformation. Figures 4 and 5
show the layout of the sensors for both dams, whereas
Figure 8 shows both final dam models. Figure 9 shows the
transducers used in the dam models, and Table 2 shows the
transducer parameters.

)e centrifugal model experiment was initiated when the
dam model was fully prepared, and the present study ex-
amined dam deformation under four cases: (1) under a “U”-
type valley topography model during the dam construction
stage; (2) under a “U”-type valley topography model during
the dam impound stage; (3) under a “V”-type valley to-
pography during the model construction stage; (4) under a
“V”-type valley topography during the dam impound stage.
Table 3 shows the specific parameters of each case.

3. Results

3.1. Settlement of the Dam Crest. Figure 10 shows the set-
tlement of the dam crest under both valley topography cases
under increased centrifugal acceleration during the con-
struction and impoundment stages. )e settlement of the
dam crest of both dams increased with increased centrifugal
acceleration during the construction and impoundment
stages. Within the “U”-type valley topography model, at a

Table 1: Material parameters of dam zones used in the experimental model of the concrete face rockfill dam.

Partition
material

Dry density (kg
m−3)

Maximum particle diameter
(mm)

Median diameter
(mm)

Nonuniform coefficient
Cu

Curvature
coefficient Cc

Rockfill 1,850–2,005 20 10 33.66 8.25

Figure 3: Particle group samples of material used in the experimental model of the concrete face rockfill dam used in the present study.
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centrifugal acceleration of 120 g, the maximum dam crest
settlement values during the construction and impound-
ment stages were 1.18mm (0.23% of the dam height) and
2.19mm (0.43% of the dam height), respectively, whereas
those in the “V”-type valley topography model were
2.53mm (0.54% of dam height) and 3.07mm (0.61% of dam
height), respectively. )e maximum dam crest settlement in
the “V”-type valley topography model exceeded that in the
“U”-type valley topography model. )is result could be
attributed to interference by the valley model, with the
compaction energy in the “U”-type model exceeding that in
the “V”-type model. )erefore, the degree of compaction in
the “U”-type valley topography model exceeded that in the
“V”-type valley topography model. However, during the
impoundment stage, the increments in the dam crest in the
“U”-type and “V”-type valley topography models were
1.01mm and 0.54mm, respectively. )e increase in the
settlement of the dam crest during the impoundment stage
in the “V”-type valley topography model was 65% less than
that of the “U”-type valley topographymodel.)e increment
of the settlement of the dam crest in the “U”-type valley
topography model exceeded that in the “V”-type valley
topography model. )is phenomenon suggested that the
influence of impounded water pressure on the settlement of
the dam crest in the “U”-type valley topography exceeded

that in the “V”-type valley topography model. )is result
could be attributed to the valley topography limiting the
deformation of the dam, enhancing the comprehensive
stiffness of the dam, and decreasing the increment in the
settlement of the dam crest due to the pressure from the
impounded water.

3.2. Displacement of Model Face Slabs. Figure 11 shows the
vertical displacement of the upstream slope with in-
creasing centrifugal acceleration from the construction to
the impoundment stages in both the “U”-type and “V”-
type valley topography models. In the “U”-type valley
topography model, displacement near the dam crest
increased during the dam construction stage, whereas
displacement at other positions on the upstream slope
decreased. )e final vertical displacements of B–E along
the slope from the crest to the toe when centrifugal ac-
celeration reached 120 g were 0.9 mm, −3.1 mm,
−3.75 mm, and −4.6 mm, respectively. )e vertical dis-
placement of B during the impoundment stage decreased
first, following which it slightly increased and finally
stabilized. Only vertical displacement at B and C in the
“V”-type valley topography model was recorded due to
damage experienced by the laser transducers at D and
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Figure 4: )e layout scheme of the “U”-type dam model used in the current study: (a) side view of the dam, (b) plan view of the dam,
and (c) the face slab.
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E. )e vertical displacement at B during the construction
stage increased near the crest as centrifugal acceleration
increased. )e displacement at B near the crest was
0.4 mm when centrifugal acceleration reached 120 g,
while that at C positioned in the center of the face slab was

−0.6 mm. )e displacement of the slab near the dam crest
decreased during the impoundment stage.

Both the “U”-type and “V”-type valley topography
models experienced the same deformation of the upstream
slope. )e slab on the upstream slope near the dam crest
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tended to move upstream during the construction stage,
whereas those on the central and lower parts tended to move
downstream. )is result could be attributed to deformation
of the dam crest resulting in lateral compression of the face
slab and the movement of the face slab upstream. However,
shrinkage of the center of the dam under its own weight
resulted in displacement of the central part of the face slab
and its movement downstream. During the impoundment
stage, the slab near the dam crest moved downstream due to
the pressure from the impounded water.

3.3. Induced Stresses in Model Face Slabs. During the con-
struction stage, the slab moved towards the upstream side of
the dam, resulting in pulling and compression of the up-
stream and downstream sides of the slab, respectively.
During the impoundment stage, the slab deformed toward
the downstream side of the dam due to the pressure of the
impounded water, further resulting in compression and
pulling of the upstream and downstream sides of the slab,
respectively.

Figure 12 shows the distribution of stress of the face slab
toward the upstream side of both the “U”-type and “V”-type
valley topography models during the construction and
impoundment stages under a centrifugal acceleration of

120 g, in which a positive value represents tension and a
negative value represents compression. Figure 12(a) shows
the distribution of stress during the construction stage.
Stress on the slab in the “U”-type valley topography model
was mainly tensile stress. A maximum tensile stress of
5.2MPa occurred at 550mm from the toe wall. Similar to
that in the “U”-type valley topography model, tensile stress
was the dominant form of stress on the slab in the “V”-type
valley topography model, with the maximum tensile stress of
5.9MPa occurring 700mm from the toe wall. Figure 12(b)
shows the distribution of stress during the impoundment
stage. )e pressure from water impoundment during this
stage resulted in the dominance of compressive stress on the
slab.)emaximum compressive stress in the “U”-type valley
topography model was 10.8MPa, which occurs 355mm
from the toe wall, whereas that in the “V”-type valley to-
pography model was 3.3MPa and occurred 500mm from
the toe wall.

Figure 13 shows the distribution of stress on the face slab
toward the downstream side of the “U”-type valley topog-
raphy model and “V”-type valley topography model during
the construction and impoundment stages at a centrifugal
acceleration of 120 g. Figure 13(a) shows the distribution of
stress during the construction stage. Compressive stress
dominated in the “U”-type valley topography model, with a

Figure 6: Photographs of the model face slab and the toe wall used in the present study.

Step 1 Step 2 Step 3

Step 4Step 5Step 6

Figure 7: )e filling process of each dam within the dam models used in the present study.

Advances in Civil Engineering 7



maximum compressive stress of 8.0MPa at 355mm from the
toe wall. )e maximum compressive stress in the “V”-type
valley topography model was 5.0MPa, 305mm from the toe
wall. Figure 13(b) shows the distribution of stress during the
impoundment stage. Tensile stress dominated in the “U”-
type valley topography model, with the maximum tensile
stress of 7.5MPa occurring 555mm from the toe wall.
Tensile stress also dominated in the “V”-type valley to-
pography model, with the maximum tensile stress of
6.5MPa occurring 700mm from the toe wall.

Surface stress changed from tensile stress (compressive
stress) to compressive stress (tensile stress) from the con-
struction stage to the impoundment stage. )e distribution
model of stress of the face slabs was the same for the “U”-
type and “V”-type valley topography models, whereas the
change in stress from the construction to the impoundment
stages was different between the two models.

Figure 14 shows the distribution of the absolute dif-
ference in stress of the slab between the construction stage
and the impoundment stage of each model under a cen-
trifugal acceleration of 120 g. )e distribution of the change

in stress along the slab on both sides showed a “D” shape in
the “U”-type valley topography model, whereas that in the
“V”-type valley topography model showed a “B” shape.
Figure 14(a) shows the distribution of the change in stress on
the upstream side. In the “U”-type valley topography model,
the maximum change in stress of 12.2MPa occurred
355mm from the toe wall. However, the stress changed
slightly near the toe wall and the dam crest by 2MPa and
1MPa, respectively. )e maximum change in stress in the
“V”-type valley topography model of 8.6MPa occurred
305mm from the toe wall. Figure 14(b) shows the distri-
bution of the change in stress on the downstream side. In the
“U”-type valley topography model, the maximum change in
stress of 11.5MPa occurred 555mm from the toe wall. In the
“V”-type valley topography model, the maximum changes in
the stress of 8.7MPa and 9.6MPa occurred 305 and 705mm
from the toe wall, respectively. )e maximum change in
stress on the upstream side in the “V”-type valley topog-
raphy model reduced by 31.2% compared to that in the “U”-
type valley topography model. )e maximum change in
stress on the downstream side in the “V”-type valley

(a)

(b)

Figure 8: Photographs showing the final dam model used in the present study: (a) under the “U”-type valley topography and (b) under the
“V”-type valley topography.
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topography model was reduced by 16.5% compared with
that in the “U”-type valley topography model.

)e change in stress on the face slab during the im-
poundment process in the “U”-type valley topography
model exceeded that in the “V”-type valley topography
model. In addition, the change in stress in the center
exceeded that near the dam crest and the toe in the “U”-type
valley topography model, whereas the opposite pattern was
observed in the “V”-type valley topography model. )is
difference could be attributed to the influence of the valley
topography on the ability of the face slab to resist the
pressure from the impounded water, further influencing the
distribution of flexural deformation along the face slab. In
the “U”-type valley topography model, the pressure of the
impounded water and the deflection of the face slab was low
near the dam crest. Although the pressure from the
impounded water on the face slab was large near the toe wall
due to the limited rockfill at this position, the stress on the
face slab was small. However, the flexural deformation and
stress of the face slab at the central height of the dam sig-
nificantly exceeded that at other positions due to the large
pressure from impounded water and the slight limit of the

rockfill. In contrast to the situation in the “U”-type valley
topography model, valley topography in the “V”-type valley
topographymodel effectively constrained deformation at the
central height of the rockfill, further resulting in less flexural
deformation of the face slab near the central height com-
pared to that near the crest and the toe wall.

3.4. Induced Stresses in the Model Face Slab before and after
Cracking. )e slab flexed during the impoundment stage,
and the stress on the slab increased, eventually leading to
cracking of the face slab. At this point, stress was instantly
released at the crack, leading to an abrupt change to the
stress curve. Figure 15 shows the stress variation curves of
the slabs with the increased pressure from impounded water
in both the “U”-type and “V”-type valley topography
models. As shown in Figure 15(a), stress accumulated with
increased pressure from impounded water in the “U”-type
valley topography model. Two obvious changes occurred
when the pressure of impounded water increased at 500 s
(30 g) and 2,000 s (90 g), with stress rapidly decreasing. As
shown in Figure 15(b), only one abrupt change occurred in

(a) (b)

Figure 9: )e transducers used in the dam experiment: (a) the laser transducers and (b) the strain gauges.

Table 3: Experimental parameters of “V”-type and “U”-type experimental models of a concrete face rockfill dam used in the present study.

Case Target g value Dam height model (mm) Dam height prototype (m Valley topography type Impoundment
1 120 502 60.24 “U”-type No
2 120 502 60.24 “U”-type Yes
3 120 502 60.24 “V”-type No
4 120 502 60.24 “V”-type Yes

Table 2: )e parameters of the transducer used in the dam experiment.

Parameters Type Range Precision Sensitivity ratio (%) Ohms
Laser transducers (LS) WRANGLER 50–100mm 5–20 μm ∼
Strain gauge (SG) BX120-3BA >10,000 με ∼ 2.06± 1 120
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the “V”-type valley topography model at 500 s (30 g). )is
difference suggests that two cracking events occurred in the
“U”-type valley topography model at 500 s (30 g) and 2,000 s
(90 g), leading to the release of a large amount of stress.
Furthermore, although a large amount of stress was released
with the first cracking event, new stress was formed on the
face slab with increasing pressure from impounded water,
resulting in new cracking behavior. However, only one
cracking event occurred in the “V”-type valley topography
model at 500 s (30 g) and no significant cracking event
occurred subsequently.

Figure 16 shows the distribution of stress on both sides of
the slab at the cracking events in the “U”-type and “V”-type
valley topography models. As shown in Figure 16(a), the
crack event at 500 s (30 g) on the upstream side in the “U”-
type valley topography model resulted in the maximum
tensile stress decreasing from 3.8MPa to 0.9MPa at 155mm
from the toe wall, whereas the maximum compressive stress
on the downstream side of the slab decreased from 4.2MPa
to 0.77MPa at the same position. However, no significant
change in stress was observed at other locations. As shown in
Figure 16(b), the maximum tensile stress on the upstream
side decreased from 20.2MPa to 12.5MPa at 355mm from
the toe wall when the next crack occurred at 2,000 s (90 g) in
the “U”-type valley topography model. In contrast, no
change in stress occurred on the downstream side of the slab.
)is result could be attributed to damage to the strain gauge
at 355mm from the toe wall. Figure 16(c) shows the dis-
tribution of stress in the “V”-type valley topography model
on both sides of the slab during the cracking event. Two
obvious cracks occurred on the slab. )e maximum com-
pressive stress on the upstream side decreased from 3.5MPa
to 0.8MPa at 105mm from the toe wall. At the same time,

compressive stress suddenly dropped from 6.0MPa to
0.45MPa at 505mm from the toe wall. Tensile stress de-
creased from 5.52MPa to 1.15MPa at 105mm from the toe
wall on the downstream side, and tensile stress near the toe
wall decreased from 5.1MPa to 2.2MPa during the cracking
event at 505mm from the toe wall. Similar to that observed
in the “U”-type valley topography model, there was no
significant change in stress at the uncracked position.

)e “U”-type valley topography model experienced two
cracks: one at the center and one at the lower part of the face
slab. )e crack near the toe wall occurred under a low
impoundment pressure, whereas that at the central point of
the face slab occurred under a high impoundment pressure.
)e two cracks in the “V”-type valley topography model
were located near the toe wall and the dam crest, and the
cracks occurred under the same impoundment pressure.
Figure 17 shows the final state of the cracked slab for both
the “U”-type and “V”-type valley topography models. )e
difference in the position of the cracks between the two
models could be attributed to the influence of valley to-
pography on the deflection model of the face slab.

Deflection can be estimated by the strain on both sides of
the face slab according to the methods proposed by [36–38].
Figure 18 shows the deflection model of the face slab during
the cracking event. During the first crack of the slab in the
“U”-type valley topography model, the flexural deformation
of the face slab towards the downstream side formed a “D”
shape, with the maximum deformation of 0.016mm oc-
curring near the toe wall. )e deflection of the slab further
intensified during the second crack, and the position of the
maximum deformation of 0.045mmmoved up to the center
of the slab. )e flexural deformation of the face slab towards
the downstream side in the “V”-type valley topography
model formed a “B” shape. During the cracking of the face
slab, the maximum deformation of 0.041mm and 0.055mm
occurred near the toe wall and the dam crest, respectively.

)ere was one maximum deformation position during
the deformation process of the face slab in the “U”-type
valley topography model, whereas there were two positions
in the “V”-type valley topography model. )is difference
could be attributed to the valley topography limiting the
deformation of the rockfill at the central height of the dam,
thereby improving comprehensive stiffness and further
enhancing resistance to pressure from impounded water at
this position. )erefore, the deformation of the center of the
slab in the “V”-type valley topography model under pressure
from impounded water decreased, while that near the toe
wall and the dam crest increased. Furthermore, the stress of
the face slab near the dam crest and toe wall increased, with
cracks subsequently occurring nearby.

4. Discussion

)e current study established two experimental concrete
face rockfill dam models. )e experimental models estab-
lished in the current study differ from those of existing dam
studies due to their following characteristics: (1) a geo-
technical centrifuge was used to examine deformation of the
dam and slab during the construction and impoundment
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Figure 10: )e settlement of the dam crest with increased cen-
trifugal acceleration of both valley topography models used in the
present study.
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stages. )e resulting deformation of the dam and the stress
on the face slab were consistent with those of a real-world
dam. (2) A concrete valley was established to investigate the
characteristics of deformation and stress of the dam model
in the “V”-type valley topography model. (3) A cement
mortar panel was installed in both models to allow the
process of cracking of the face slab during the impoundment
stage to be observed.

Numerous studies have reported the deformation and
stress characteristics of a dam during the construction and
impoundment stages, thereby allowing a comparison with
the result of the present study. )e upstream impoundment
increased settlement of the dam crest and enhanced stress on
the face slab. Some cracks occurred at the central height of

the dam in the “U”-type valley topography model and near
the toe wall and the dam crest in the “V”-type valley to-
pography model during the impoundment stage. )is result
is consistent with phenomena observed for concrete face
rockfill dams [12–15]. However, the cracks in the slab in the
“U”-type valley topography model occurred sequentially
with increasing pressure from impounded water, whereas
those in the “V”-type valley topography model occurred
under the same pressure from impounded water. )ese
phenomena have not been previously reported and could be
attributed to the assumption of continuity of the face slab
material, which would result in an inability to observe the
entire process of the face slab failure during the cracking
event [12, 14, 16, 17, 20].
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Figure 11: Vertical displacement along the face slab with increased centrifugal acceleration in the “U”-type and the “V”-type valley
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Figure 12: )e distribution of stress on the upstream side of the slab in both valley topography models under a centrifugal acceleration of
120 g: (a) the construction stage and (b) the impoundment stage.
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Figure 13: )e distribution of stress on the downstream side of the dam slab in both valley topography models under a centrifugal
acceleration of 120 g: (a) the construction stage and (b) the impoundment stage.
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Figure 14:)e distribution of stress on the face slab under a centrifugal acceleration of 120 g in the “U”-type and “V”-type valley topography
model dams: (a) on the upstream side and (b) on the downstream side.
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Figure 15: Stress experienced by the slab of a “U”-type and “V”-type valley topography model with increasing pressure due to impounded
water: (a) the “U”-type case and (b) the “V”-type case.
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Figure 16: )e distribution of stress on the slab before and after cracking in both types of valley topography models: (a) at 500–600 s in the
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5. Conclusions

)e present study conducted two concrete face rockfill dam
experiments to examine the effect of valley topography on
the behavior of a dam from the construction to the im-
poundment stages. A particular focus of the present study
was on the influence of valley topography on the behavior of
the dam. )e conclusions drawn are summarized below.

Valley topography had no significant impact on the
deformational behavior of the concrete face rockfill dam
from the construction to the impoundment stages. Settle-
ment of the dam crest increased during the construction
stage and the upstream dam slope moved under pressure to
the upstream side. At this time, the face slab was flexed to the
upstream side. )e settlement of the dam crest further in-
creased during the impoundment stage, the upstream slope
of the dam began to move downstream under pressure, and
the slab flexed to the downstream side. )e deflection of the
face slab from the construction to the impoundment stages

changed from the upstream side to the downstream side, and
the surface stress of the face slab changed from tensile stress
(compressive stress) to compressive stress (tensile stress).

)e “V”-type valley topography effectively reduced the
increments in dam crest settlement and the stress on the slab
resulting from pressure of impounded water. )e increase in
the settlement of the dam crest in the “V”-type valley to-
pography model during the impoundment stage decreased
by 65% compared to that in the “U”-type valley topography
model. In addition, the change in stress in the “V”-type
valley topography model from the construction to the im-
poundment stages was reduced by 16.5% compared with
that in the “U”-type valley topography model. )e influence
of the pressure from impounded water on settlement of the
dam crest and face stress in the “U”-type valley topography
model exceeded that in the “V”-type valley topography
model.

Valley topography significantly affected the mode of
cracking and the location of the face slab.)e cracks in the face

(a) (b)

Figure 17:)e final state of the cracked slabs in both types of valley topographymodels: (a) in the “U”-typemodel and (b) in the “V”-typemodel.
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slab in the “U”-type valley topographymodel were located in the
central and lower part of the face slab. Cracks near the toe wall
occurred under a low pressure from impounded water, whereas
the crack in the center occurred under a higher pressure.
However, the cracks in the face slab in the “V”-type valley
topography model were located near the toe wall and the top of
the dam and occurred under the same pressure of impounded
water.

Valley topography influenced the cracking mode and the
location of the face slab by influencing the flexural model of
the face slab. After impoundment, the deformation of the
entire face slab in the “U”-type valley topography model
took on a “D” shape, and only one extreme point formed
during the impoundment stage. )e flexural deformation of
the face slab in the “V”-type valley topography model took
on a “B” shape, and two extreme points of flexural defor-
mation were formed.
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October 2007.

[9] Y.-S. Kim and B.-T. Kim, “Prediction of relative crest set-
tlement of concrete-faced rockfill dams analyzed using an
artificial neural network model,” Computers and Geotechnics,
vol. 35, no. 3, pp. 313–322, 2008.

[10] D. Znamensky, Valleys Shape Influence on the Volume Safety
Factor and Arch Effect of High CFR Recently Built in brazil,
Commission Internationale des Grands Barrages Brasilia,
Paris, France, 2009.

[11] R. Sukkarak, P. Jongpradist, and P. Pramthawee, “A modified
valley shape factor for the estimation of rockfill dam settle-
ment,” Computers and Geotechnics, vol. 108, pp. 244–256,
2019.

[12] Y. Arici, “Behaviour of the reinforced concrete face slabs of
concrete faced rockfill dams during impounding,” Structure
and Infrastructure Engineering, vol. 9, no. 9, pp. 877–890,
2013.

[13] S. Cheng, G. Zhang, and J. Zhang, “Effect of foundation
topography on the stress-displacement response of concrete
faced rockfill dam,” Journal of Hydroelectric Engineering,
vol. 2008, no. 5, pp. 53–58, 2008, (in chinese).

[14] Y. Arici andH. F. Zel, “Comparison of 2D versus 3Dmodeling
approaches for the analysis of the concrete faced rock-fill
Cokal Dam,” Earthquake Engineering & Structural Dynamics,
vol. 42, 2013.

[15] F. N. Dang, C. Yang, and H. B. Xue, “)e effect of valley
topography on deformation properties of CFRD,” Journal of
Hydraulic Engineering, vol. 39, no. 4, pp. 435–442, 2014, (in
chinese).

[16] J. Yang, G. Y. Li, and T. Shen, “Stress-deformation properties
of super-high CFRDs under complex terrain conditions,”
Chinese Journal of Geotechnical Engineering, vol. 36, no. 4,
pp. 775–781, 2014.

[17] R. J. Wang, W. Liu, and L. U. Zhi-Nan, “Effect of valley width/
height ratio on stress deformation of rock-fill dam,” Journal of
Northwest Forestry University, vol. 42, no. 8, (in chinese),
2014.
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