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Abstract
Favorable valley terrain for building dams is gradually decreasing. The primary objective of this study is to investigate the 
influence of abutment slope angle variety on the deformation and stress of concrete-faced rockfill dam (CFRD). First, the 
effect of abutment slope angle on perimeter joint deformation is investigated using CFRD monitoring data in China. A nor-
malized deformation index (CDS) is proposed to evaluate the relationship between perimeter joint deformation and the steepest 
abutment slope angle. Results indicate that perimeter joint deformation increases nonlinearly with the steepest abutment 
slope angle. Then, numerical analysis is conducted on Miaojiaba CFRD under three types of abutment slope variety from 
upstream to downstream. We focus on the effect of abutment slope angle variety from upstream to downstream on CFRD 
behavior. In the analysis, the terrain shape line is assumed to be constant at the downstream slope foot, and the abutment 
slope angle increases linearly from upstream to downstream. The Duncan–Chang E–B model is used in nonlinear analysis 
for rockfill, and the slab–rockfill interfaces are modeled using contact elements with Coulomb friction. An influence sphere 
is proposed for the different types of abutment slope angles. Results indicate that face slab deformation is more dependent 
on abutment slope angle than rockfill deformation.

Keywords  Valley terrain · Abutment slope angle · Concrete-faced rockfill dam · Deformation · Stress

1  Introduction

With the development of water resources and hydropower 
engineering, concrete-faced rockfill dams (CFRDs) are 
increasingly being adopted in many cases given their advan-
tages of simple detailing, short construction periods, and 
inherent resistance to earthquake loading. In the past two 
decades, many high or ultrahigh CFRDs have been built 
throughout the world using innovative filling methods and 
new materials. Meanwhile, many CFRDs that are more than 
100 m in height are either completed, under construction, 
or planned [1]. Favorable valley terrain for building dams 
is gradually decreasing. As a result, many CFRDs will have 
to be built on complex valley terrain and alluvium. Thus, 
the safety of CFRDs in these areas has become increasingly 
important.

Numerous factors influence the stress–deformation 
properties of CFRDs. In general, two sorts of factors are 
involved: internal and external factors. Internal factors refer 
to the properties of the CFRDs itself, such as dam height, 
rockfill properties, and quality of rockfill compaction. 
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External factors refer to the objective factors that are not 
determined by the designer in advance, such as the ground-
water level, valley terrain, and depth of the alluvium.

At present, some investigators have focused their work 
on the influences of dam height and rockfill properties on 
the stress and deformation of CFRDs. Hunter and Fell [2] 
presented a method for estimating the modulus of compacted 
rockfill in dams on the bases of particle size, unconfined 
compressive strength of the rock, compaction layer thick-
ness, compactive effort, and applied vertical stress. Panos 
Dakoulas [3, 4] conducted a comprehensive study on the 
nonlinear seismic response of high CFRDs in narrow can-
yons and provided insight into the effect of longitudinal 
vibrations on the seismic behavior of CFRDs. Mu-Kwang 
Kim et al. [5] investigated the seismic behavior of earth-core 
rockfill dams (ECRDs) and CFRDs with dynamic centrifuge 
tests. Bin Xu and Degao Zou [6] established a modified gen-
eralized plasticity model for rockfill materials. This model 
has been applied to Zipingpu CFRD in China to evaluate 
its rationality. Other investigators proposed several algo-
rithms to analyze and predict the deformation of CFRDs. 
Mehdi Modares et al. [7] developed a new framework that 
can predict the possible failure of a face slab in CFRD and 
used a case study to validate the results. Yong-Seong Kim 
and Byung-Tak Kim [8] developed a neural network model 
to predict the relative crest settlement of CFRD, and their 
results are consistent with field data. Wei Zhou and Junjie 
Hua [9] applied hybrid genetic algorithms to the back-anal-
ysis of the Shuibuya CFRD and verified the back-analysis 
method with in situ settlement records.

As mentioned before, complex valley terrain and allu-
vium have become new challenges for CFRD construction. 
A number of studies have investigated the physical, mechan-
ical, and hydraulic properties of alluvium [10–12] and the 
behavior of dams founded on such alluvium [13–20]. The 
effect of valley terrain on face slab and stresses within the 
dam has been investigated in some published works [2, 7]. 
However, they considered only one factor and did not con-
duct comprehensive studies on the effects of alluvium and 
valley terrain on CFRDs. CFRDs present new deformation 
features under the common effect of alluvium and valley 
terrain. Thus, a comprehensively analyze the influence of a 
complex valley terrain on the deformation of CFRDs built 
on alluvium is necessary.

In this study, the effect of abutment slope angle on perim-
eter joint deformation is investigated using CFRD monitor-
ing data in China. A normalized deformation index (CDS) 
is proposed to evaluate the relationship between perimeter 
joints deformation and the steepest abutment slope angle.

Finite element (FE) analysis is conducted to simulate the 
construction and initial impoundment process of the Miao-
jiaba CFRD, which was built on a river gravel foundation 
in China. We focus on the effect of abutment slope angle 

variety from upstream to downstream on CFRD behav-
ior. In the analysis, the terrain shape line is assumed to be 
constant at the downstream slope foot, and abutment slope 
angle increases linearly from upstream to downstream. The 
Zipingpu CFRD is presented as a case study to illustrate 
the generality of our results. The results of this study offer 
useful insight into the effect of abutment slope angle on the 
behavior of CFRD built on alluvium.

2 � Literature Review: Influence of Abutment 
Slope Angle on the Deformation of CFRDs

Many factors [21] affect the deformation of CFRDs, includ-
ing dam height, rockfill properties, particle gradation, rolling 
parameters, construction quality, valley terrain, and alluvium 
depth. However, the observed behavior of CFRDs during 
reservoir impounding has shown that the effect of valley ter-
rain on the safety of the impermeable barrier is significant. 
Table 1 shows the perimeter joint deformation and charac-
teristic parameters of high CFRDs in China. In the table, the 
effect of dam height (H) and vertical compression modulus 
(Eν) is considered in the computation of characteristic value 
of the perimeter joint deformation (CDS). CDS is a normal-
ized deformation index of the perimeter joint deformation. 
DS and CDS can be expressed as follows:

where O is the tensile deformation along the dam axis, S is 
the settlement deformation perpendicular to the face slab, 
and T is the shear deformation along the dam slope.

Ev [22] can be expressed as

where γ is the unit weight of the rockfill, D is the depth of 
the rockfill above the settlement gauge, H is the height of the 
rockfill below the settlement gauge, and s is the settlement 
of the gauge (Fig. 1).

Details of the valley terrain and parameters of dams are 
collected. The observed behavior of high CFRDs has been 
studied based on completed cases. The influence of valley 
terrain on the impermeable barrier is summarized as follows:

1.	 The distribution of the characteristic value of the perim-
eter joint deformation versus the steepest abutment slope 
angle is shown in Fig. 2. The perimeter joint deforma-
tion increases nonlinearly with the steepest abutment 
slope angle possibly because the rockfill slides under 
oversteepened slope and subsequently drags face slab 

(1)Ds =
√

O2 + S2 + T2

(2)CDS =
Ds∗Ev∕H

(3)Ev =
�DH

s
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movement. The steepest abutment slope angle of most 
cases is less than 55°. The characteristic value will 
increase slightly with the steepest abutment slope angle 
under the condition that it is less than 55°. Thus, the 
recommended steepest abutment slope angle is less than 
55°. However, Hongjiadu is an outlier mainly because a 
special compaction zone is adopted in the oversteepened 
slope.

2.	 The excavation shape of the abutment slope at the dam 
site, particularly the upstream of the dam axis, signifi-
cantly affects the cushion zone deformation and con-
crete face slab deformation. The concrete slab cracking 
observed on the Xingó and Itapebi CFRDs [23] presents 
slab sliding and considerable concrete spalling. The 
cause of slab cracking in the Xingó CFRD is the sharp 
geometry of the left abutment and Zone 3C material 
deformability. The cause of cracks parallel to the plinth 
in the Itapebi CFRD is foundation geometry.

3.	 The width of the valley affects the deformation of con-
crete slabs. Wide valleys have few constraints on the 
rockfill and concrete slabs, such that concrete slabs 
deflection are prominent in wide valleys, thereby caus-
ing the perimeter and vertical joints to have large tensile 
deformation. By contrast, narrow valleys have an arch-
ing effect, which limits the rockfill and concrete slab 
deformation. As a result, the concrete slab deflection and Ta
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perimeter joint tensile deformation are small. However, 
the shear deformation of the joints along the dam slope 
is prominent because the deformation of the dam caused 
by the load is mainly concentrated in the vertical settle-
ment. These effects are prominent in the Golillas Dam 
[24] and the Anchicaya Dam.

4.	 The concrete slabs and perimeter joints are weak at the 
abutment slope bend, thereby causing perimeter joint 
spalling or perimeter joint cracking. Examples of this 
case are the perimeter joint fractures in the Xingo and 
Shuibuya dams.

5.	 An asymmetric valley terrain significantly affects the 
distribution of concrete slab deformation. The concrete 
slab deformation along the dam axis near the steep 
abutment slope is larger than that near the flat abutment 
slope. This feature is prominent in the Hongjiadu Dam. 
Reduction of concrete slab width at the steep abutment 
slope is an effective mitigation measure to minimize the 
potential for cracks on the concrete slabs.

The concrete slab cracking observed on several CFRDs 
presents compressive or tensile failures, including slab 
heaving, considerable concrete spalling, and slab sliding. 
These failures indicate that considering the valley terrain 
for constructing CFRD is important. Thus, dam design-
ers should pay attention to valley terrain in all factors that 
most likely contribute to the observed behavior during res-
ervoir impounding. We conduct numerical analysis on the 

Miaojiaba CFRD, which is built on alluvium in China, to 
comprehensively investigate the behavior of CFRD built on 
alluvium. The description of the Miaojiaba CFRD and the 
numerical analysis are discussed in the following section.

3 � Miaojiaba CFRD

3.1 � Characteristics of the Miaojiaba CFRD

The Miaojiaba CFRD is located in the downstream of the 
Bailongjiang River, Wenxian, Gansu Province, China. 
The dam was designed with a maximum height of 111 m 
and a crest length of 348.2 m. It has a storage capacity of 
2.68 billion m3. The powerhouse has an installed capacity of 
240 MW. The annual energy generation is 9.24 × 109 kWh. 
The valley terrain and layout view of the Miaojiaba CFRD is 
shown in Fig. 3. The material zoning is presented on a cross 
section in Fig. 4. Table 2 shows the material zone properties 
of the Miaojiaba CFRD. A 5.2 m high L-shaped concrete 
parapet wall at the upstream of the crest connects with the 
slab in the upstream. The upstream slope is 1v:1.4 h, and the 
downstream local slopes are 1v:1.35 h and 1v:1.4 h.

3.2 � Geology and Valley Terrain at the Dam Site

The dam is located in an alpine valley. As shown in Fig. 4, 
the site has 44–48 m deep alluvium. The alluvium from 

100m

0+000

0+192

Bailongjiang River

0+000

0+192

Fig. 3   Valley terrain and layout of the Miaojiaba CFRD
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the bottom to the top can be divided as follows: Qal

4
−1

(sand and gravel with block gravel layers; 5 m to 10 m 
thick), Qal

4
−2 (sand and gravel; 12–15 m thick), Qal

4
−3 

(cobble, sand, and gravel with gravel layers; 6–20  m 
thick), and Qal

4
−4 (reservoir alluvium; 2–4 m thick). The 

Qal

4
−4 alluvium is excavated during the construction of 

the CFRD. As shown in Fig. 3, the dam site is located at 
the river bend, and the valley terrain varies significantly 
at the dam site. Cross-sections I–I and II–II of the valley 
terrain are shown in Fig. 5. The left abutment slope gradu-
ally becomes flat from upstream to downstream and the 

river is deflected toward the right bank from upstream to 
downstream at the dam site.

4 � Numerical Analysis

4.1 � Constitutive Model

The behavior of CFRDs has been studied by a number 
of investigators using nonlinear analysis. They proposed 
a series of constitutive models to simulate the behav-
ior of rockfill. Various models are applied to investigate 
CFRD deformation behavior in different periods. The 

Fig. 4   Material zoning of the 
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Table 2   Material zone properties of the Miaojiaba CFRD

Zone Properties

Concrete slab Variable thickness is reduced with height based on the formula 0.3 + 0.003H
ZONE 2A Cushion zone is composed of blended sand and gravel, with a maximum particle size of 150 mm. This zone is immediately 

behind the face slab
ZONE 2B Special cushion zone
ZONE 3A Transition zone is composed of selected rock and processed metamorphic tuff, with a maximum particle size of 300 mm. This 

zone is placed adjacent to Zone 2B
ZONE 3B Main rockfill zone consists of quarry rock and metamorphic tuff
ZONE 3C Sub-rockfill zone is located downstream and layer thickness is about 0.85 m. This zone has the same components as Zone 3B but 

has a different density

Fig. 5   Cross section of the val-
ley terrain
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Duncan–Chang E–B model [25], Lade model [13], and elas-
tic–plastic model [26] are used to predict dam deformation 
during construction. The creep model [9] is used to simulate 
rockfill behavior during the dam operation period. The Dun-
can–Chang E–B model, proposed by Duncan et al., is the 
most widely used model for rockfill behavior in the construc-
tion [9, 27, 28]. The Duncan–Chang E–B model is used to 
describe rockfill behavior in the Miaojiaba CFRD. Triaxial 
tests are conducted to obtain the mechanical parameters of 
rockfill materials. The parameters of the Duncan–Chang 
E–B model are listed in Table 3.

The face slab and toe slab are modeled as linear elastic 
material with Young’s modulus of 28 GPa and Poisson’s 
ratio (ν) of 0.167, and the cutoff wall with Young’s modulus 
of 26 GPa. The density of concrete material is 2450 kg/m3. 
A strong contact interaction occurs among the face slab, 
cutoff wall, and adjacent gravel layer because of the signifi-
cant difference in their stiffness. Thus, simulating the contact 
interaction among the face slab, cutoff wall, and adjacent 
gravel layer is important. The contact interaction is mod-
eled using no-thickness friction contact method based on 
the ADINA [29] systems.

4.2 � Typical Valley Terrain

The influence of valley terrain is considered [2] as a sig-
nificant factor within the dam because of arching across 
the abutment slopes. Thus, investigating the influence of 
abutment slope variety on the deformation of CFRD is sig-
nificant for understanding CFRD behavior and constructing 
CFRD under different valley terrains. Three types of typi-
cal valley terrain are investigated to compare the effect of 
valley terrain on the deformation behavior of CFRDs built 
on alluvium. As shown in Fig. 6, the terrain shape line is 
assumed to be constant at the downstream slope foot and 
the abutment slope angle increases linearly from upstream 
to downstream. In the first valley terrain, the abutment slope 
angle is constant from upstream to downstream. In the sec-
ond valley terrain, the left abutment slope angle gradually 
increases from upstream to downstream. In the third valley 
terrain, both abutment slope angles of gradually increase 
from upstream to downstream.

4.3 � Numerical Model

The 3D FE mesh models of three types of valley terrain are 
established in numerical analysis. The 3D FE mesh model of 
the second valley terrain is presented in Fig. 7. The embank-
ment cross-section is divided into four main zones: cushion 
zone 2A, transition zone 3A, main rockfill zone 3B, and 
sub rockfill zone 3C. The model is discretized into 50,260 
elements. Eight-node isoparametric elements are used for 
meshing. The alluvium is divided into three layers in accord-
ance with geological properties. The face slab and cutoff 
wall are discretized into three layers along the thickness 
direction to accurately reflect their behavior.

The construction of the Miaojiaba CFRD started on Octo-
ber 30, 2009, and it was completed after 15 months. The 
entire section of the rockfill was constructed at an eleva-
tion of 740 m on March 31, 2010. Subsequently, the entire 
section of the rockfill was constructed at an elevation of 
780 m from April 1, 2010 to October 15, 2010. The rock-
fill construction was completed on November 1, 2010. The 
impounding process of the reservoir was from March 9 to 
July 7, 2011. The construction and impounding comprise 33 
steps based on the actual construction schedule. As shown in 
Fig. 8, the first 24 steps simulate the rockfill placement with 
5 m lifts, and the 25th–28th steps simulate the face slab cast. 
The 29th–33rd steps simulate the initial impoundment of 
elevation from 700 m to 800 m with five height increments 
(Fig. 9). The loading path of the CFRD in the modeling 
process is consistent with the actual construction schedule. 
The water pressure at upstream is simulated as hydrostatic 
pressure on the face slab. The bottom boundary of the model 
is fixed in the x-, y-, and z-directions. The side boundary of 
the model is constrained in the normal direction.

5 � Results and Discussion

5.1 � Face Slab Deformation After Initial 
Impoundment

The distribution of the face slab deflection is shown in 
Fig. 10. No significant difference is observed with the 

Table 3   Duncan–Chang 
E–B model parameters of the 
Miaojiaba CFRD

Material Density (kg/m3) K n Kur φ0 (°) nur c (kPa) Rf Kb m

2A 2250 1400 0.42 2200 49 0.38 0 0.85 750 0.20
3A 2230 1300 0.42 2100 49 0.38 0 0.85 740 0.20
3B 2300 1250 0.45 1950 53 0.40 0 0.90 600 0.40
3C 2150 1050 0.35 1450 52 0.39 0 0.81 570 0.32
Qal

4
− 1 2050 1000 0.43 1500 43 0.43 0 0.78 550 0.30

Qal

4
− 2 2050 1200 0.43 1700 42 0.43 0 0.80 600 0.30

Qal

4
− 3 2100 1500 0.42 2000 41 0.42 0 0.81 650 0.20
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maximum deflection of the face slab after initial impound-
ment. However, the distribution of the deflection presents 
a significant difference. Unlike the abutment slope angle, 
which is constant from upstream to downstream, the 
deflection contours of the left half of the face slab extends 
toward the left abutment. Moreover, the right half of the 
face slab deflection distribution shows no significant dif-
ference when the slope angle of the left abutment gradu-
ally increases from upstream to downstream. This feature 

may indicate that torsional deformation exists in the face 
slab, and the influence sphere is located only in half of the 
face slab. In addition, the position of maximum deflection 
shifts toward the left abutment, and the deflection gradi-
ent of the right half is larger than that of the left half of 
the face slab mainly because of torsional deformation in 
the CFRD. The deflection distribution is generally sym-
metric, whereas the deflection contours extends toward 
both abutments when the double abutment slope angles 

Fig. 6   Three types of typical 
valley terrain. a Constant abut-
ment slope angle from upstream 
to downstream. b Gradual 
increase of the left abutment 
slope angle from upstream 
to downstream. c Gradual 
increase of the both abutment 
slope angles from upstream to 
downstream
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gradually increase from upstream to downstream. This 
phenomenon is caused by the increase of the valley shape 
factor A/H2 (A, upstream slope face area; H: dam height) 
due to the abutment slope angle variety from upstream to 
downstream.

The face slab displacement along the dam axis is shown 
in Fig. 11. When the abutment slope angle is constant from 
upstream to downstream, the face slab displacement along 
the dam axis is symmetric because the valley terrain is 
approximately symmetric. However, the face slab displace-
ment along the dam axis is asymmetric with the left abut-
ment slope angle increasing from upstream to downstream. 
The valley asymmetry results indicate that the rockfill 
displacement along the dam axis near the left abutment is 
smaller than that near the right abutment, which directly 
affects the behavior of the face slab. The influence sphere 
is approximately located in half of the face slab, and the 
influence boundary presents an “S” shape in Fig. 11a. The 
influence on the right half of the face slab is negligible, and 
the influence width varies nonlinearly. As shown in Fig. 11b, 
the maximum influence width is located in the upper por-
tion of the face slab. This result is caused mainly by arching 
across the abutment slopes. The arching effect is noticeable 
at the lower portion of the dam, and this effect is weakened 
gradually and disappears at the upper portion of face slab 
with abutment slope variety.

Fig. 7   3D FE mesh model of 
the second valley terrain
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5.2 � Dam Deformation After Initial Impoundment

The internal settlement in cross section 0 + 192 is compared, 
as shown in Fig. 12. Generally, the settlement results are 
similar. The maximum settlements are observed at the lower 
portion of the dam with the influence of alluvium compres-
sion deformation, which differs from the dam settlements 
built on the bedrock. In comparison with the abutment slope 
angle, which is constant from upstream to downstream, the 
maximum settlement increases with the abutment slope 
angle increasing from upstream to downstream. Particularly, 
when both abutment slope angles increase from upstream to 
downstream, the maximum settlement increases by 10.3%.

The distribution of the dam crest settlements of the three 
types of typical valley terrain is shown in Fig. 13. The maxi-
mum dam crest settlement is observed at the center of the 
dam crest. When the left abutment slope angle increases 
from upstream to downstream, the dam crest settlement near 
the left abutment increases, whereas that near the right abut-
ment slightly varies. In addition, the position of the maxi-
mum dam crest settlement shifts toward the left abutment. 

These results indicate that the variety of both abutment 
slope angles from upstream to downstream has a noticeable 
effect on the dam crest settlement near the abutment slope, 
whereas the maximum dam crest settlement only slightly 
varies.

5.3 � Major Principal Stress After Initial 
Impoundment

The major principal stress contours in cross section III–III 
of the three types of typical valley terrain are presented in 
Fig. 14. The abutment slope angle variation has a minimal 
effect on the distribution of the principal stresses in the 
longitudinal cross section. The major principal stress at the 
lower portion of the dam increases slightly with the abut-
ment slope angle increasing from upstream to downstream, 
whereas the major principal stress variation at the upper 
portion of the dam is negligible. The reasons behind the 
results can be summarized as follows. In comparison with 
the abutment slope angle, which is constant from upstream 
to downstream, the volume of the rockfill increases with the 

Fig. 10   Distribution of the 
face slab deflection. a Gradual 
increase of the left abutment 
slope angle from upstream 
to downstream. b Gradual 
increase of the both abutment 
slope angles from upstream to 
downstream
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abutment slope angle increasing from upstream to down-
stream, thereby increasing the deformation and stress of the 
rockfill. Moreover, the terrain shape line is assumed to be 
constant at the downstream slope foot. The increase of the 
abutment slope angle from upstream to downstream weakens 
the restraint of the bedrock to the dam, thereby mitigating 

the arching effect and leading to major principal stress 
increase at the lower portion of the dam. The left abutment 
slope angle increases from upstream to downstream, which 
causes greater major principal stress on the left abutment 
than on the right abutment at the same elevation and results 
in a torsion effect in the dam stress distribution.

Fig. 11   Face slab displacement 
along the dam axis. a Gradual 
increase of the left abutment 
slope angle from upstream 
to downstream. b Gradual 
increase of the both abutment 
slope angles from upstream to 
downstream
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6 � Case Study

The Zipingpu CFRD is presented as a case study to illus-
trate the generality of the results in this study. The Zip-
ingpu CFRD was built on Minjiang River in northwestern 
Chengdu, Sichuan Province, China. The dam is designed 
with a maximum height of 156 m and crest length of 
634.8 m. It has a storage capacity of 1.112 billion m3. 
The powerhouse has an installed capacity of 760 MW. 
The upstream slope is 1v:1.4 h, and the downstream local 
slopes are 1v:1.5 h and 1v:1.4 h.

The valley terrain and layout view of the Zipingpu 
CFRD is shown in Fig. 15. The dam lies on the end of a 
U-shaped river bend, which has been incised by the Min-
jiang River. The dam rests mostly on recent alluvium con-
sisting of erratic boulders and gravel. The alluvium in a 
zone of approximately 100 m width downstream from the 
plinth is excavated and the remaining alluvium attains a 
maximum thickness of 14 m beneath the dam. The river 
valley cross section is an unsymmetrical V shape. The 

right abutment slope varies significantly from upstream 
to downstream. The right abutment slope is approximately 
18° at the upstream slope foot, and which is approximately 
30° at the downstream slope foot.

The Zipingpu CFRD was analyzed by Xu and Zou [6] 
based on a generalized plasticity model. The face slab 
deflection after initial impoundment is shown in Fig. 16. 
The deflection gradient of the left half of the face slab is 
larger than that of the right half of the face slab. The maxi-
mum deflection slightly shifts toward the right abutment. 
The maximum deflection is observed at the higher third 
of the face slab mainly because the maximum thickness of 
alluvium is only 14 m compared with dam height. The face 
slab displacement along the dam axis [30] is presented 
in Fig. 17. The displacement along the dam axis at the 
right abutment is smaller than that at the left abutment, 
with the right abutment slope increasing from upstream to 
downstream. The maximum displacement is observed at 
the left abutment slope. These features are consistent with 
the results in this study. Hence, results in this work can 

Fig. 13   Distribution of dam 
crest settlements
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Fig. 15   Valley terrain and lay-
out of the Zipingpu CFRD
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provide a general understanding of the effect of abutment 
slope angle on the behavior of CFRDs built on alluvium.

7 � Conclusions

In this study, the influence of the variety of abutment slope 
angles on the deformation and stress of CFRDs is investi-
gated. The Zipingpu CFRD is presented as a case study to 
illustrate the generality of the results in this work. The fol-
lowing conclusions can be drawn from the results:

1.	 The parameter joint deformation will slightly increase 
with the abutment slope angle under the condition that 
it is less than 55°. Oversteepened abutment slope signifi-
cantly increases the magnitude of perimeter joint defor-
mation. A special compaction zone at the oversteepened 
abutment slope must be designed to minimize perimeter 
joint deformation.

2.	 The variety of abutment slope angles from upstream to 
downstream causes distribution differences of the face 
slab deflection and displacement along the dam axis. 
The influence sphere is approximately located at half of 
the face slab with a single abutment slope angle variety 
from upstream to downstream. The effect on the face 
slab displacement along the dam axis is more significant 
at the upper portion than that at the lower portion of the 
face slab. The valley asymmetry causes the deformation 
gradient of the face slab at the steep abutment slope to 
be larger than that at the flat abutment slope. Reducing 
of concrete slab width at the steep abutment slope can 
effectively mitigation the potential of cracks on the con-
crete slab.

3.	 The variety of abutment slope angles from upstream to 
downstream may weaken the arching across abutment 
slopes and remarkably affect the dam crest settlement 
near the abutment, however, it has a negligible effect 
on the maximum dam crest settlement. The varying sin-
gle abutment slope angle from upstream to downstream 
causes valley asymmetry, and the position of the maxi-
mum crest settlement shifts toward the flatter abutment 
slope.

4.	 The increase of abutment slope angles from upstream to 
downstream increases the principal stress at the lower-
fourth portion of the rockfill. A varying single abutment 
slope from upstream to downstream may cause torsion 
effect on dam stress distribution.
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