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Abstract: Rockfill dams are the most competitive type of dam in complex geological environments.
Identifying the failure modes and causes in high dams over 100 m is critical for better guiding high
dam designs and implementing safety prevention and control measures. To this end, this paper
investigated numerous cases of earth-rock dam breaches and failure modes in rockfill dams glob-
ally, with a particular focus on dams over 100 m in height, encompassing all such dams in China.
The study categorized dam failure modes based on whether the dams were built before or after
1980. It also examined the causes of dam failures in terms of dam height, foundation characteristics
and thickness, and failure time. Additionally, the paper analyzed a rockfill dam in China, with a
height of 136 m and over ten years of operation, as a case study. We analyzed the spatial and tem-
poral characteristics and causes of failures, such as dam crest cracking, high-level seepage, and gal-
lery cracking, using the design situation, monitoring data, and numerical simulation. The paper also
addressed issues related to dam design and foundation treatment, providing recommendations for
improvement. The study indicated that the overall risk of total failure for dams over 100 m is already
low. However, longitudinal cracks on the dam crest, core wall seepage, hydraulic splitting, and
seepage damage to the dam foundation are primary issues in the current high core wall rockfill
dams. These issues are mainly caused by uneven structural deformation of the dam and its founda-
tion. A reasonable design of rockfill materials and foundations can mitigate these failures.

Keywords: core wall rockfill dam; failure modes; dam crest cracking; seepage; long-term
deformation; wetting properties

1. Introduction

Around 1940, rockfill materials began to be used as the shell material for core wall
dams [1,2], and the term “core wall rockfill dam” appeared. In the late 1960s, the emer-
gence of heavy-duty vibratory rollers and multilayer roller compaction technologies
greatly enhanced the compaction density of large-sized rockfill materials and effectively
reduced the deformation of rockfill dams. This improvement led to the widespread use
and rapid development of rockfill dams with good seismic performance constructed from
locally available materials [3,4]. The successive commissioning and operation of the Nu-
rek Core Gravel Dam (300 m) [5], Shiziping (136 m) [6], Pubugou (186 m), Nuozhadu
(261.5 m) [7], Lianghekou (295 m), Shuangjiangkou (312 m), and other dams marks a sig-
nificant breakthrough in the construction of high earth-rock dams.

Rockfill dams exhibit excellent adaptability to various foundations and are widely
used in areas with deep overburden. However, the complex geological and topographical
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conditions in these areas, combined with uncertainties in the materials used to build rock-
fill dams, have resulted in failures like cracking [8,9] and seepage [10,11] during construc-
tion and operation. These issues have hindered the development of high earth-rock dams
and increased safety risks [12]. For example, the Ei Infiernillo Dam (148 m) in Mexico [13]
experienced rapid water impoundment after filling, causing dam crest settlement and an
increasing rate of downstream displacement. Additionally, transverse fine cracks ap-
peared on both the left and right bank abutments. Similarly, the Teton Dam in the United
States [14] experienced seepage at its base during a rapid rise in the water level, leading
to dam failure due to the inability to lower the water level quickly. Likewise, during the
initial impoundment of the Maoergai Dam in China [15], the core wall experienced sud-
den seepage and internal erosion.

The design concepts and methods employed in constructing high dams today mainly
continue those from the middle of the last century. While ongoing efforts continually im-
prove to tackle emerging issues, numerous challenges persist, representing a significant
concern in dam safety [16,17]. The primary reason for this is that the evolution trends in
the working behavior of some high dams during construction and operation, such as long-
term deformation, differ significantly from those of medium and low dams, which exceeds
the cognitive scope of the current engineering experience [18,19]. These cognitive limita-
tions pose significant risks to the operation and development of high core wall rockfill
dams. Additionally, many failure cases involve damage caused by the collapse of fill
outside the dam [20]. Therefore, a thorough examination of the failure modes and causes
of high core wall rockfill dams is crucial for identifying the main factors and weaknesses
leading to dam failure. This analysis serves as a valuable reference for the development of
rockfill material design and prevention and preventive measures.

The failure modes of high core wall rockfill dams differ markedly from those of small
and medium-sized dams due to factors such as dam construction materials, complex me-
chanical properties, high soil stress, numerous influencing factors, and high uncertainty
during the construction period [21]. Despite the fact that numerous institutions and schol-
ars have conducted statistics on earth-rock dam failures, there is a notable lack of failure
statistics specifically for core wall rockfill dams exceeding 100 m in height. This paper
thoroughly examines a large number of earth-rock dam breach and failure cases of core
wall rockfill dams, covering 100 dams over 100 m in height, including all such dams in
China. The study categorizes and summarizes the failure modes of these dams. Using the
construction completion years before and after 1980 as a dividing line, the paper statisti-
cally analyzes the failure modes of core wall rockfill dams exceeding 100 m in height dur-
ing different periods, considering dam height, foundation characteristics and thickness,
failure events, and other relevant factors. The analysis includes both original data analysis
and numerical simulation analysis of typical failure modes for representative projects,
with the goal of investigating the causes of failures and providing suggestions for im-
provement.

2. An Overview of Earth-Rock Dam Failure Models

The International Commission on Large Dams (ICOLD) has investigated numerous
dam breaches and accidents since the 1970s, and China began collecting systematic data
on dam breaches in the 1980s. These studies provide a more reliable basis for the statistical
analysis of earth-rock dam breach patterns [22]. According to ICOLD statistics [23-25], by
the end of 2020, there were 2068 dam breaches reported in 57 countries (excluding China).
Additionally, three more dam breaches were reported globally in 2021, with earth-rock
dams having the highest incidence of dam breaches. The Chinese National Committee on
Large Dams (ChinCOLD) reported that 3356 earth-rock dams, including face rockfill
dams, have breached since records began in 1954, accounting for 94.32% of all breached
dams. Most of these breached earth-rock dams are under 30 m tall, with 3136 such cases,
making up 88.14% of the total. This is consistent with the international statistics, which
show that dams under 30 m in height account for the majority of failures.
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This paper presents a statistical analysis of dam failure data in China, classifying the
causes into four groups: flood overtopping [26], poor design and construction quality, im-
proper management, and other reasons. The results are shown in Figure 1. In the early
stages, flood overtopping (51.23%) and poor design and construction quality (37.32%)
were the leading causes of dam failures. These issues were primarily due to the wide-
spread use of earth-rock dams, lower flood control standards for early-stage reservoirs,
and inherent flaws in dam construction due to the countrys poor economic and techno-
logical conditions at that time. Entering the 21st century, China initiated extensive reser-
voir mitigation and reinforcement projects [27]. Consequently, the proportion of dam fail-
ures caused by insufficient flooding capacity has decreased dramatically, with excessive
floods becoming the leading cause of dam overtopping. This shift is directly related to the
increased frequency of disasters caused by global climate change, such as heavy rainfall
[28]. In the 21st century, reservoir construction and management in China have become
more standardized. However, the proportion of dam collapses due to poor design and
construction quality has remained constant at 29.89%. This is directly linked to dam sta-
bility, seepage, and engineering flaws caused by improper design and construction.
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Figure 1. Statistics on the causes of earth—rock dam failures.

We conducted a statistical analysis of 94 instances of dam failures in China for dams
with heights below 55 m, as shown in Figure 2. This analysis aimed to investigate the
causes of dam breaches in earth — rock dams of varying heights during both construction
and operation periods. According to the classification by dam height, 73 dams under 30
m failed, accounting for 77.7% of all recorded failures. Regarding the cause of breaches,
28 dams failed due to overflow, representing 29.8%, and 42 dams failed due to quality
problems, representing 44.7%. This indicates that dam overflow and quality issues are the
primary causes for the failure of small and medium-sized earth — rock dams. Failures due
to quality issues and improper design and construction are more common during the con-
struction period, comprising a higher proportion. Conversely, dam failures caused by im-
proper management typically occur during the operation period.
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Figure 2. Statistics on the causes of breach of 94 earth—rock dams.

3. Statistical Analysis of Failure Modes in Core Wall Rockfill Dams above 100 Meters
3.1. Statistical Data Scope

The technology for building earth — rock dams below 100 m is now well established.
However, the construction of high core wall rockfill dams presents a greater challenge due
to their frequent placement on foundations with complex geological conditions. Despite
a decreasing risk associated with reservoir dams of the 100 m class and the low incidence
of accidents due to dam failures, numerous defects persist, hindering the normal opera-
tion of these dams. In this paper, the construction and operation information of 100 core
wall rockfill dams exceeding 100 m in height, including all such dams in China, are col-
lected and statistically analyzed. The analysis focuses on their failure modes in relation to
dam height, foundation characteristics and thickness, and failure time based on historical
development over time.

Based on the construction and development process, Deng et al. [29] referenced the
discussion on the development process of core wall rockfill dams by J.B. Cooke, a famous
international damming expert. They divided this evolution into five phases: the early
stage of core wall dam development (before 1940), the modernization transition period
(1940-1964), the period of high-speed core wall dam development (1965-1980), the low
period of core wall dam development (1981-2001), and the high period of core wall dam
development (after 2002). The “core wall rockfill dam” concept emerged during the tran-
sitional stage, and by 1950, dam heights had reached 100 m. Combining statistics from
ChinCOLD in 2012 and recent dam construction data, it is estimated that there are around
100 core wall rockfill dams worldwide exceeding 100 m in height (Figure 3). China leads
with 18 dams (including 2 under construction), followed by the United States with 13.
Turkey, Japan, Canada, and Brazil follow suit, with Australia, Mexico, Colombia, Greece,
Iran, Austria, and France each having two or three such dams. Other countries have one
to two core wall rockfill dams each [30-33].
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Figure 3. Distribution of core wall rockfill dams of 100-m and above in height.

Different countries have gone through distinct phases in the development of water
conservation projects. Except for China, most high core wall rockfill dams over 100 m tall
were built before the 1980s, with fewer built in recent decades. In contrast, the majority of
these dams in China were built during the climax stage of development. As a result, dif-
ferences in design experience, construction technology, and other factors will result in
significant differences in dam failure modes and causes. Therefore, this paper conducts a
statistical analysis of the stages before and after 1980.

3.2. Failure Modes between 1940 and 1980

Based on previous technological advancements, core wall rockfill dams developed
rapidly during this stage. The dam heights increased dramatically, with the tallest core
wall dam reaching 300 m, and numerous high core wall rockfill dams were constructed
[34]. In order to investigate the failure modes of high core wall rockfill dams between 1940
and 1980, some typical projects with detailed records were examined, as shown in Figure
4. The main failure modes are summarized in Table 1.
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Figure 4. Statistics overview of core wall rockfill dams with a dam height of 100 m or more (1940—
1980).

According to the statistics, the 11 core wall rockfill dams that failed between 1940 and
1980 mainly experienced longitudinal cracks on the dam crest, core wall seepage, hydrau-
lic splitting, and seepage damage at the dam base. Dam cracking emerged as the most
common issue, accounting for 46.67% of the total failures, followed by dam foundation
seepage failure (20%) and core wall splitting (20%). Dam cracking in the covering layer
was much more common than on the rock foundation. Among the eight dams that
cracked, only the Teton Dam was built on a rock foundation. The others were built on a
covering layer with a thickness exceeding 20 m. In terms of fault occurrence stages, dam
cracking and dam foundation seepage damage mostly occurred during the construction
and initial storage periods, while core wall splitting mainly occurred during the operation
period.

Among the failures recorded in Table 1, only the Teton Dam collapsed due to core
wall splitting, while the others experienced local failures. The main causes of these local
failures were a lack of experience, early technical standards that were too low, insufficient
filling standards, the use of inappropriate materials, and poor management practices. For
example, both the Mud Mountain Dam in the United States and Portage Mountain Dam
in Canada used ice moraine soil as core wall materials. However, the factors influencing
the seepage stability of moraine soil core walls and their crushing mechanism under high-
stress conditions are unknown. Using this soil material for the core wall material of high
core wall rockfill dams in the early stage likely resulted in a high incidence of cracking.
The Tarbela Dam in Brazil experienced uneven settlement and dam cratering due to im-
proper placement of the monitoring instruments during the filling process.

Table 1. Failure mode statistics of core wall rockfill dams with a height above 100 m (1940-1980).

Dam (Height) Foundatll Or,l Failure Stage Cases Failure Mode
Characteristics
The earthquake in 2008 caused damage to
Bikou Operating the dames surface and resulted in Dam cracking, Seepage
F,20~34 m; ] . . . .
(105.3 m) period increased seepage in the grout galleries on around both banks
both banks.
Djatiluhur Construction The dames uneven subsidence causes .
. o - Dam cracking
(112 m) period longitudinal cracking.
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Cracks parallel to the dam axis appear

COl’lStI"UCthIl between the core wall and the transition
period layer
Mud Mountai - D king,
te vionniaim F,2m;] The seepage water head in the core wall am crackng
(131.7 m) . . o . _ Core wall splitting
Operating rises and falls in time with the reservoir
period water level, causing water seepages at the
downstream dam toe.
After a heavy rain in 1964, the top of the
Hell Hole Construction  construction sectione rockfill slid along Dam foundation
(125 m) period with the downstream rockfill, forming a seepage
128-m-wide breach.
A whirlpool formed in the reservoir near
pile number 0 + 14, and a sunken hole .
o Dam cracking, Core
Teton Initial storage appeared near the dam crest on the wall splittine. Dam
(126.5 m) period downstream dam surface. The dam p ) &
. foundation seepage
collapse took about 5 h from the discovery
of muddy water.
Tarbela Construction Three sinkholes were discovered on the
F, 210~230 m ) dam slope of the No. 1 auxiliary dam Dam cracking
(143 m) period .
when the reservoir water level dropped.
S . Cracks appeared on both abutments of the
Infiernillo Initial storage .
. dam shortly after the water was Dam cracking
(148 m) period .
impounded.
The dam shell has significant collapse
Initial storage  deformation, a strong core wall arching
Gepatsch period effect, and severe longitudinal cracks on =~ Dam crest cracking,
F, 122 m .
(153 m) the dam crest. Dam-slope landslide
Operating  Several bank slopes upstream of the dam
period deformed by more than ten meters.
La Grande2 F 20 m Initial storage Longitudinal cracks at the junction of the Dam crackin
(160 m) ’ period core wall and the dam shell. &
Kremasta (165 ] Operating Seepage developed in the dam abutment Dam foundation
m) period foundation and worsened over time. seepage
There were collapse pits on the dam crest,
Portage . .
. Operating  concentrated seepage channels in the core .
Mountain . . Core wall splitting
(183 m) period wall, and large collapse pits on the tops of

the channels.

Notes: F for covering layer, numbers represent the thickness of the covering layer, ] for rocky foun-
dation, and “-” for unknown.

3.3. Failure Modes after 1981

After 1981, the emphasis on hydropower development in Europe and the United
States shifted towards dam safety and environmental protection. This shift led to a notice-
able deceleration in dam construction [35,36]. In contrast, China has experienced a surge
in the construction of core wall dams since the beginning of the century, reaching a global
peak in core wall dam development. Figure 5 depicts the statistics for several core wall
rockfill dams that are either currently under construction or were built after 1980, all
boasting dam heights over 100 m. Notably, the dams currently under construction are all
over 250 m in height, with some even exceeding 300 m. Consequently, analyzing the acci-
dent patterns of these high core wall rockfill dams has become a critical issue. Table 2
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shows the statistical failure modes for these projects, excluding dams for which no failures
have been documented.
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Figure 5. Profile statistics of core wall rockfill dams with a height of 100 m or greater (1980-present).

The analysis reveals that special issues, such as longitudinal cracks on the dam crest
and rapid seepage, persist in high core wall rockfill dams built after 1981. The failure
modes are loosely classified into five categories: dam cracking, gallery cracking, core wall
splitting, seepage around the bank near the dam area, and seepage damage at the dam
base. Notably, there are no high-risk failure modes, such as dam overflow. This indicates
that, over years of engineering practice, a comprehensive system for reservoir and dam
safety design, construction, and management has been developed. Moreover, the current
trend in hydropower development takes the form of watershed terracing, characterized
by a large reservoir capacity and high flood control levels. As a result, the risk of failure
modes in high dams at the 100-m level due to dam overflow or other causes is extremely
low.

Dam crest cracking remains the most common failure mode (31.25%) for core wall
rockfill dams over 100 m, followed by foundation gallery cracking and seepage damage
around the banks. Dams built on the covering layer exhibit a notably higher failure rate
compared to those built on the rock foundation. Among the 11 core wall dams that failed,
only one was built on the rock foundation, while the majority of the others were built on
the covering layer ranging from 30 to 100 m in thickness. On the one hand, this indicates
significant progress in the global dam construction sector since 1981, particularly in the
development of high core wall rockfill dams in challenging geological conditions, such as
deep covering. On the other hand, as the depth of the covering layer and dam heights
increase, the operational behavior of the dam becomes more complex, influenced by an
expanding array of unknown factors. Covering layers are more likely to cause large de-
formations, seepage, uneven settlement, and shear failure, thus increasing the risk of dam
failures such as cracking and gallery damage. The causes of cracks in Chinae three dams,
namely Pubugou, Maoergai, and Xiaolangdi, are initially identified as differences in ma-
terial properties in the dam distribution areas and uneven distribution of the dam foun-
dation covering layer.

In terms of failure timing, unlike dams built between 1940 and 1980, the majority of
core wall rockfill dams constructed after 1981 exhibited large deformations during the
initial storage period. Consequently, the initial storage period became the stage with a
high incidence of failures, while the proportion of failures during the construction period
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decreased significantly. This observation suggests that effective solutions for controlling
dam failure have been developed under relatively straightforward working conditions.
However, there remains a pressing need for improvement in dam failure control under
complex operating conditions influenced by water storage.

Table 2. Failure mode statistics of core wall rockfill dams above 100 m in height from 1980 to the
present.

Dam Foundation
Fail Fail
(Height) Characteristics ailure Stage Cases ailure Mode
Construction There have been seepage issues since it went into Gallery
Lubuge F,5m;] Period, Operatin service. cracking, Dam
(103.8 m) T /P & Cracks appeared in the traffic drainage gallery in &
period seepage
2006.
Several concentrated seepages are produced by the Dam abutment
Shitouhe F,4-10m;] Construction Period right (%am abutment FOCk mass. cracking,
(114 m) As the reservoir water level rises, the amount of Seepage around
seepage increases significantly. both banks
N s . . Dam
Qiaoqi F, 57-65m; | Initial s‘torage The dam foundation géllery@ structural joints foundation
(125.5 m) period seeped in 2007.
seepage
The 2008 earthquake caused penetrating cracks in
Shizipin Initial storage the grouting gallery floor Gallery
ping F, 90~102 m; ] . & o & 58 Y ) . cracking, Dam
(136 m) period Longitudinal cracks appeared on the dam cresy in .
crest cracking
2013.
o . Dam crest
. . A longitudinal crack appeared on the dam crest in .
Maoergai Initial storage . cracking,
F,30~50 m; ] . 2012, and water seepage occurred in the
(147 m) period . Suspected core
observation room on the downstream dam surface. L
wall splitting
. As the water level rises, so does the amount of Dam
Initial storage .. .
. . . water seeping into the dam body and dam foundation
Xiaolangdi period ,
(154 m) F,30~40 m; ] foundation. seepage
) . On the inside of the downstream curb, there is a Dam crest
Operating period - .
100-m-long longitudinal crack. cracking
E
H(TSO g eriico - Operating period = Cracks appeared at heights of exceeding 120 m.  Dam cracking
Ataturk ] Initial storage The dam crest experienced significant settlement, Dam crest
(169 m) period resulting in longitudinal cracks. cracking
ps Separation of the core wall and the backfilter layer,
Soleyman Initial storage _ Dam crest
- . as well as the backfilter layer and the dam shell .
(177 m) period cracking
rubble.
D t
Pubugou Initial storage  Longitudinal cracks appeared on the dam crest and am cres
F, 40~60 m; ] ; . cracking,
(186 m) period the gallery cracked in 2010. .
Gallery cracking
Dam abutment
Changheba ) . ., 16 cracks appeared on the upper part of the right .
(240 m) F, 60~70 m; ] Construction Period dam abutment slope in 2010, cracking (may

cause seepage)

Notes: F for covering layer, numbers represent the thickness of the covering layer, ] for rocky foun-
dation, and “-” for unknown.
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4. Typical Project Case Study
4.1. Project Overview

The 136-m-high core wall rockfill dam built in China in 2012 stands at an elevation of
2544 m, featuring a crest width of 12 m and a maximum dam height of 136 m. The up-
stream dam slope of the dam is 1:2.0, and the downstream dam slope is 1:1.6. The dam
structure comprises four sections: the gravel soil core wall, the filter layer, the transition
layer, and the rockfill area. The gravel soil core wall, positioned at an elevation of 2542 m,
spans a width of 4 m. The upstream and downstream slopes of the core wall maintain a
ratio of 1:0.25. The widest section of the core wall measures 71 m and reaches a bottom
elevation of 2408 m. Adjacent to the core wall, there are one filter layer upstream and two
downstream, each with a horizontal thickness of 4 m. Surrounding these layers are tran-
sition and dam shell materials. In order to prevent pipe surges from the soil in the dam
foundation covering layer, a horizontal filter layer, 1 m thick, connects the bottom of the
downstream transition layer and rockfill dam shell to the filter layer on the downstream
side of the core wall.

The foundation covering layer at the dam site, concentrated in the central section of
the river valley, is notably thick and relatively weak, with a depth extending up to 98 m.
Characterized by a complex origin type and layered structure, its thickness varies greatly.
From old to new, it is divided into five layers:

(1) Pebble gravel layer with sand (piece) (Qzs*fs!). This layer constitutes a blended ac-
cumulation of glacier ice and water, situated at the riverbedes base, typically measuring
14 to 18 m in thickness. Drift pebbles are mostly metamorphic sandstone and slate, occa-
sionally intermixed with granite.

(2 Interbedded silty loam and silt fine sand (Q3!). This layer comprises lacustrine
sediments located in the lower reaches of the river, exhibiting a thickness that varies from
7.81 to 8.50 m upstream and 10 to 12 m downstream. This layer is a gray or gray-yellow
interlayer of silty loam and silty fine sand with a tight structure and low water permeabil-
ity.

(3 The (3-1 gravel layer with pieces of sandy drift (Qs!) represents an alluvial accu-
mulation and is situated in the middle and lower reaches of the riverbed, with layer ®
beneath it. The thickness of this layer ranges from 39 to 58 m. It contains six sand lenses
intermittently distributed from the upper cofferdam to the lower cofferdam, consisting of
coarse, medium, and fine sand. The thickness of these lenses varies from 1.16 to 4.25 m.
The (3-2 gravel soil layer (Quodal) is a composite of early collapse slope deposits and
river alluvial deposits. Predominantly located on both sides of the Zagunao River, its
thickness exhibits significant variations. It was created at the same time as layer (3-1 and
interacts with the deposition of the latter. Slate and sandstone make up the crushed gravel,
and sandstone makes up the block stone. This layere structure is unevenly distributed,
with local coarse particles and local fine particles concentrated.

@) Sand layer with gravel and silty loam layer (Q4?). This alluvial accumulation layer
is distributed in the upper part of the riverbed and extensively blankets the river valley.
This layer contains pebble gravel lenses that are about 10 m thick or less.

(5 Gravel layer with floating pebbles (Qs!). This layer is a modern riverbed alluvial
accumulation distributed on the surface of the riverbed, with a thickness ranging from 3
to 7 m. The drift gravel is mostly metamorphic sandstone, with a medium-fine sand filling
and a loose structure.

Among them, layers (1), (3), and (5 consist primarily of coarse-grained soil with
high water permeability. Layer (2), consisting of silty loam and silty fine sand, exhibits
low water permeability and local water barrier properties. However, its thin thickness and
short extension distance to the upstream prevent it from forming a reliable relative water-
proof layer beneath the dam foundation. Layer (4), which contains crushed gravel silt
with low compressive modulus and shear strength, is detrimental to the stability and
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deformation of the dam body. Therefore, it is strengthened by vibrations and percussions
at depths ranging 8 to 15 m.

The reservoire normal water storage level is set at 2540 m, with a capacity of 132.7
million m3. The dead water level is at 2460 m, and the verified flood level reaches 2541.09
m. On 21 September 2009, the first phase of the project began with water storage. By 11
October 2009, the water storage had reached 2490 m, and the first phase of water storage
had been completed in its entirety. On 1 September 2012, the second phase of water stor-
age began, and on 17 October 2017, the first water storage reached the normal water level
of 2540 m.

4.2. Situation of Failure Development

As shown in Figure 6, three typical failures have emerged since the commencement
of dam operations: dam crest cracking, gallery cracking, and high-level water seepage in
the dam body.

Deformations and seepage have increased significantly since the second phase of wa-
ter impoundment began in September 2012. By early October 2013, when the reservoir
reached the elevation of EL2536 m, nearing its normal water storage level, extensive lon-
gitudinal cracks were observed on the downstream side of the dam crest, and water seep-
age appeared in the observation room on the uppermost floor of the downstream horse
trail.

On 12 May 2008, a strong earthquake with a magnitude of 8 struck Wenchuan County
in Sichuan Province, China, with the dam situated a mere 55 km away. During the inspec-
tion for earthquake damage on 6 August, cracks were detected in the bottom plate of the
riverbed gallery at the elevation of EL2410.5 m of the dam. Subsequent design scrutiny
concluded that these cracks had inflicted structural damage upon the gallery.

== House tilt_s

=
Dam crest cracking

—ctB0.62mm
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Figure 6. Dam failure schematic.

4.3. Methods of Analysis

This study examines the causes and influencing factors of dam failures by analyzing
the monitoring data, combining finite element simulation results, and comparing dam de-
signs.

To monitor the external deformation of the dam crest, nine displacement markers
were installed at the dame surface elevation of 2542 m upstream of the dam, along the
dam crest axis, and downstream of the dam crest, parallel to the dam axis. The layout is
shown in Figure 7a. The internal deformation of the dam was monitored using water pipe
settlement meters installed at typical profile elevations of 2420 m, 2460 m, and 2505 m
(Figure 7b). The inclination index is primarily used to analyze deformations, and the cal-
culation formula for inclination is

=55 ns, o
Ay

where ¥ is the calculated inclination; Sa and Ss are the cumulative settlements measured
at a certain calculation date T; for points A and B, respectively; Ay is the horizontal dis-
tance between points A and B along the river; and §y is the angle between the line of the
settlement point and the horizontal plane.

To monitor seepage from the dam slope, three piezometers were installed in the

downstream rockfill area to monitor the seepage pressure at the dam base (Figure 7c).
Additionally, the seepage volume of the dam was automatically measured using the
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seepage meter located at the water measuring weir in the drainage ditch at the dame

downstream foot.
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Figure 7. Layout of the monitoring points.

Finite element simulation was carried out using the FLAC3d secondary development
interface. The development integrates the improved Duncan-Zhang model, the Shen
Zhujiang creep model, and the Shen Zhujiang three-parameter wetting model. The im-
provement of the Duncan-Zhang model mainly increases the simulation of shear expan-
sion deformation. When the stress level is less than 0.7, the Duncan—-Zhang model is em-
ployed to calculate volumetric deformation in coarse-grained soil. When the stress level
exceeds 0.7 and the curve relationship indicates the presence of inflection points, the vol-
umetric modulus is calculated using the Rowe shear expansion equation, as shown in
Equation (2).

B'= 2

t 3{1_ (0,/0)) J @
Rl

(03/01);,

where E: is tangent deformation modulus; O, is large principal stresses; O, is minor

principal stresses; and R: is the limiting stress ratio, which is the ratio of the difference in
principal stresses at the time of soil damage to its ultimate value.

The simulation process follows the actual construction sequence and water storage
arrangement. Initially, the first level involves the initial ground stress calculation of both
the bedrock and covering layer. Levels 2-21 simulate construction up to an elevation of
2506 m, and the first phase of levels 22-23 involves water storage up to an elevation of
2490 m. Following this, levels 24-32 encompass construction up to an elevation of 2544 m,
followed by water storage to the normal level of 2540 m. The model is shown in Figure 8.

Figure 8. Schematic diagram of meshing.

The bedrock is assumed to be a linear elastic material with an elastic modulus of E =
25 GPa and a Poissone ratio of 0.17. The Duncan E-B nonlinear model is used to calculate
soil and rock material. Table 3 shows the dame material strength index and model calcu-
lation parameters, while Table 4 shows the creep model parameters. The wetting model
parameters for the upstream rockfill material are Cw = 0.00017, nw = 1.38, and dw =
0.00008.

Table 3. Earth and rock material strength indicators and model calculation parameters.

. Density Shear Strength Duncan-Chang E-Bmodel
Earthand Rock Material 10,1 0m?) “@/)  A@/®) oKp) Ke R K n K m
Upstream rockfill 2.14 44.29 11.04 0 2000 079 1000 0.28 66849 0.1
Transition material 2.1 54.1 13.92 0 1980 0.82 990 0.112 46218 0.1
Antifiltration material 2.16 42 10.2 0 1700 074 80 028 41406 02
Core wall material 2.28 28.9 0 66 988 0.82 494 0.4 207.7 0.4

Downstream rockfill IT

217 46.2 6.6 0 1640 083 820 028 42135 0.22
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. Densit Shear Strength Duncan-Chang E-Bmodel

Earth and Rock Material /(10° k g/r}r,ﬁ) @/®)  A@/C) gc/(Kpa) Ko R: K & n Ko m
Downstream rockfill I 2.15 52.1 9 0 2200 079 1100 035 66849 0.22
Covering layer ® 141 41.8 0 20 1600 081 965 0.64 88924 0.27
Covering layer @-2 1.38 35 0 10 1400 076 600 042 889.24 0.27
Covering layer @-1 1.06 28 0 30 800 0.76 400 0.52 889.24 0.27
Covering layer (3-2 1.38 32 0 0 900 076 450 0.62 889.24 0.27
Covering layer 3-1 1.38 35 0 0 1400 076 950 042 889.24 0.27
Covering layer @ 1.06 26 0 40 500 075 300 046 889.24 0.27
Covering layer D 1.41 38 0 0 1600 075 1100 042 889.24 0.27

Table 4. Earth and rock material creep parameters.

Earth and Rock Material a (10-?) b (109 c (109 d (10-3) ml m2 m3
Upstream rockfill 0.893 1.055 1.055 1.470 0.514 0416 0427
Antifiltration material 0.912 1.172 1.172 1.659 0.721 0.420  0.549
Transition material 0.893 1.172 1.172 1.659 0.679 0.409 0.551
Core wall material 0.638 2.134 2.134 3.705 0.996 0.679 0.518
Downstream rockfill II 0.638 0.2 0.2 0.909 0.848 0.455  0.542
Downstream rockfill I 1.1 0.466 0.466 1.009 0.408 0.365  0.482
Covering layer 0.986 0.518 0.518 1.121 0.848  0.455 0.542

4.4. Failure Analysis
4.4.1. Dam Crest Cracking Study
4.4.1.1. Uneven Deformation

The monitoring data indicate that dam crest cracking is related to the uneven defor-
mation of the dam. Figure 9a shows the coaxial spatial displacement of a typical dam sec-
tion over time. The settlement deformation of the dam crest decreases from upstream to
downstream along the river, with a significant difference, reaching a maximum of 347.95
mm between adjacent measurement points. The dam gradually increases in the axial di-
rection from both banks towards the riverbed, with the left and right banks showing rel-
atively symmetrical distributions. There is a noticeable uneven deformation between the
dame upstream and downstream crests, which increases over time. Figure 9b shows the
inclination distribution of subsidence deformation along the river as cracks emerged. It is
observed that the inclination of settlement deformation along the river on the downstream
side of the dam crest is larger in the riverbed bar section, with pile numbers 0 + 120 m to
0 + 210 m. This inclination decreases from the riverbed bar section towards both banks
and gradually increases from upstream to downstream. When cracks were detected on
October 2013, they corresponded to uneven riverside settlement deformation inclinations
ranging from 3.29% to 3.79% in the range between 0 + 120 m and 0 +210 m.
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(b) Contour map of downriver settlement deformation inclination on 8 October 2013.

Figure 9. Uneven deformation of the dam crest.

Figure 10a shows the deformation characteristics of the horizontal displacement of
the dam crest in the downstream direction for each dam section during cracking. It is ev-
ident that the overall manifestation of horizontal displacement of the dam crest along the
river takes the form of an arc deformation downstream. Within the same cross-section, the
downstream exhibits greater displacement along the river than the dam axis, with the
maximum deformation difference occurring at the riverbed and gradually decreasing to-
wards both banks. Figure 10b shows the calculated horizontal strain distribution along
the river. The areas with high tensile stress are primarily located within the range of 0 +
120 m to 0 + 210 m, corresponding to the downstream longitudinal cracks, which is gen-
erally consistent with the spatial distribution of the cracks.

Figure 11 shows the internal settlement changes for the typical section EL2460 m. It
is clear that uneven deformation within the dame low elevation began during the con-
struction period and continued during the initial storage period. During the first phase of
water impoundment, the deformation difference between adjacent measuring points
ranged from 30 mm to 367 mm, gradually increasing over time. By the time the dam crest

cracked in 2013, the deformation difference between adjacent measuring points had
reached a maximum of 574.2 mm.
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Figure 11. The 0 + 150 section 2460 m elevation water pipe settlement meter measuring point time-
line (EOC, construction completed; SOF, water storage begins; EOF, water storage completed).
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Settlement inclination (%)

A comprehensive analysis is conducted in connection with the finite element simu-
lation of the deformation inclination calculation results for dam internal parts (Figure 12).
The deformation inclination of uneven settlement between the downstream rockfill and
the core wall primarily occurs during the construction phase. Due to the steep bank slope,
the dam will undergo large shear deformation along that direction, forming a strong shear
zone at the base of the adjacent rockfill and core wall. Within a certain width along the
dam slope, the finite element calculation yields a deformation inclination value more than
1.6%, and the measured value exceeds 1.82%. The large modulus difference between the
dam shell rockfill material and the core wall causes large uneven settlement along the
river, leading to more severe miscut deformation. The deformation inclination is larger in
the downstream contact area between the dam shell rockfill material and the core wall,
with a finite element maximum of around 3%.

This is currently the main issue with rockfill dams. Since the shear zone or miscut
deformation occurs within the high compressive stress-bearing interior of the dam, and
because the rockfill is a bulk material, internal cracks will not form. However, if it is trans-
mitted to the dam crest as the uneven settlement increases, transverse cracking defor-
mation caused by uneven deformation of the left and right banks or longitudinal cracking
deformation caused by uneven deformation of the upstream and downstream banks will
develop. At the same time, the combined effect of tensile stress and shear caused by une-
ven horizontal deformation upstream and downstream will further exacerbate the devel-
opment of cracks.

35 Construction period Phase |l water storage
Corewall-Upstream rockfill A
28| : EL2500m
21 ' EL2460m
Cds 5 EL2432m
B 5 EL2525m
00 - i
2'5 | | : |
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Figure 12. The development process of the dam internal deformation inclination obtained from nu-
merical simulation.

4.4.1.2. Material Influence

Figure 13 compares the settlement differences between measured values at the dam
crest and calculated results using both the original and back analysis parameters. The cal-
culated settlement based on the original parameters is about 147.35~370.65 mm lower than
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the actual measured values. This significant discrepancy fails to accurately reflect the ac-
tual deformation process of the dam. In contrast, the back analysis calculation produced
results that closely matched the trends observed in the measured values. The average rel-
ative error for deformation at the TP13 and TP31 measuring points is 14.06% and 7.00%,
respectively, which are within acceptable limits. Compared to the calculated results using
the original parameters, the error between the results of the back analysis parameters and
the measured values is reduced by 44% to 47.6%. This difference mainly originates from
the weakening of the strength of the upstream rockfill, which is weakened by 15% by the
finite element simulation for the internal friction angle of the upstream rockfill. According
to the construction situation analysis, due to a lack of quarry sites for dam filling, different
material sources are used to mix and fill in a ratio of at least 1:1, with some sites requiring
only mixed materials. As a result, the quality of the mixed materials is difficult to control,
and the properties of the dam material are uneven, resulting in a decrease in the mechan-
ical properties of the rockfill material.

To address uneven deformation, the design will incorporate strict design criteria and
improve dam construction materials, such as core wall soil mixed with gravel to enhance
compressive strength. However, in practice, it is crucial to strictly control construction
quality, optimize the quarry mining program, and rigorously manage the grading of rock-
fill materials and dam filling construction quality to prevent uneven settlement caused by
inconsistent filling.

(a) 700
Upstream rockfill
o) | Ap) [ n
521 | 92 | 035
560
E 420 |
<
(0]
§
% 280 | TP31
(%}
Upstream side
140 ) _
~N Downstream side
0 / 1 1 1
2011/41 2012/9/29 2014/3/31 2015/9/29 2017/3/30
Time
Original parameter calculation results.
(b) 700
Upstream rockfill
/() Ap/(°) n
4(61.29 ‘11’#’ 0.28 TP13
560 |-
Upstream side
€ a0l
<
g Downstream side
[5)
£ 280
® r/ TP31
140 | J
/ 1 1 1

0
2011/4/1 2012/9/29  2014/3/31  2015/9/29  2017/3/30
Time
Back analysis parameter calculation results.



Water 2024, 16, 1809

21 of 28

Figure 13. Comparison of the calculated and measured results.

4.4.1.3. Impact of Water Storage

The initial impoundment is a critical loading condition. As revealed by the failure
mode statistics presented in this paper, the majority of the current 100-m core wall rockfill
dams experience large deformation during this phase. The initial storage period becomes
a stage with a high incidence of failure, and dam failures primarily occur during this stage.
Therefore, the monitoring data analysis and finite element calculations emphasize the
dame uneven deformation during this period.

Figure 14 depicts a line graph of the historical settlement deformation process at the
typical section 0 + 180 m. The figure shows that the dam experienced two deformation
surges on 8 October 2013 and 17 October 2017. The initial abrupt change coincided with
the discovery of cracks on the dam crest, and the following stage demonstrated further
crack development. On both occasions, the stage of increasing water storage to high levels
was reached, with the first instance occurring when the water storage level reached 2534
m and the second when it reached 2540 m. It is evident that the cracking and deformation
of the dam crest are correlated with the water level.
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Figure 14. Settlement duration process line on the dam crest of section 0 + 180 m (SOF, water storage
begins; EOF, water storage completed).

From the inclination time course curves of different sections at the dam crest (Figure
15), it can be seen that the first immersion and rapid rise to high water levels significantly
impacted the uneven settlement of the soil. Before the water level was raised, the defor-
mation rate ranged from 0.05 to 1.21 mm/d. However, the first impoundment caused an
increase in the deformation rate, ranging from 1.74 to 10.05 mm/d. The deformation incli-
nation of the downriver settlement in each section increased over time, surging particu-
larly in 2013 during the period of rapid water level rise, with the inclination increasing
from 0.34% to 3.79%. Following this, the inclination changes became more gradual, with
minimal influence from water level fluctuations between storage cycles. However, a surge
phenomenon still occurs when the water level rises rapidly to high levels. This behavior
is consistent with the wetting of the rockfill materials. After being wetted by water, the
particles in the upstream rockfill material will be rearranged as they transition from their
natural state to a saturated state. At the same time, the internal friction angle and cohesion
decrease, leading to large collapse and settlement after the initial immersion in reservoir
water. In contrast, the downstream rockfill is not directly affected by reservoir water and
is less susceptible to wetting.
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Figure 15. Downriver settlement deformation inclination of each section of the dam over time.

This is further confirmed by the distribution of vertical displacement increment in
the 0 + 150 m section during this period compared to the completion period in the numer-
ical calculation results (Figure 16). The overall settlement increment rises with the eleva-
tion, and the settlement changes in the upstream rockfill and core wall areas are similar,
while the settlement increment in the downstream rockfill is the smallest. The numerical
calculation results were analyzed using the deformation inclination method, as shown in
Table 5. During the first storage period, the overall increase in deformation inclination
along the river settlement was small. Except for a 0.25% increase near the upstream face,
all remaining increments were below 0.2%. The greatest deformation inclination incre-
ment was 0.46% during the rapid rise in water level in 2013. This indicates that the uneven
settlement of the dam during the initial storage period is more sensitive to high storage
levels, resulting in more severe wetting deformation. The uneven settlement in different
subintervals of the dam increases, resulting in failures such as dam crest cracking and dam
seepage due to uneven deformation.

Rockfill is a noncohesive material. When saturation reaches a certain point, it has little
effect on the magnitude of wetting deformation. As a result, it is widely assumed that
wetting has a greater impact on rockfill dam deformation during the initial storage period
and then gradually weakens. The phenomenon of a sharp increase in deformation incli-
nation when the water level reaches a certain elevation during dam operation remains a
contentious issue. Some scholars believe this is due to the continued deterioration of the
rockfill mass under the dry—wet cycle and repeated stress. To control the uneven defor-
mation caused by the dames wetting characteristics during the initial storage period, it is
recommended to manage the water storage rate, allow a sufficient settlement period, and
then proceed with the construction of the dam crest structure once the settlement is stable

to prevent the dam crest cracking.

= {FPhase | water storage level)

Settlement 50mm 808 45 22544.00
AT 27 4
=Tl
7 | LI}

{7 ] L
vy ] !
i 7 —] L
/7 ] W
vy ] !
A H '
iy [ W
L il (i
Rockfill Vs L W\ Rockfil
L7 [ [N
vy H W
Ly Ll iy
Iy [l 1!
i [ 1)
g i ¥
Core A Wall %
| 4
[ i\

Figure 16. Settlement displacement increment when cracks occur compared to completion.
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Table 5. Increment of deformation inclination along the river (unit: %).

Upstream Core Wall—Upstream . Downstream
Rockfill Rockfill Core Wall Downstream Rockfill—Core Wall Rockfill
PhaseTwater )5 0.16 0-0.17 0.02 0
storage
Phase [lwater ., ;) 0.46 0-0.02 0.25 0-0.04
storage

4.4.2. Dam Seepage Study

Figure 17 depicts the changes in seepage pressure and volume in the rockfill area
downstream of the dam over time. Prior to the second phase of water impoundment, the
seepage pressure values at each measurement point remained relatively stable. Except for
a 0.4-m water head at P11, no significant water head was observed at the other measure-
ment points. The measured seepage pressure was positively correlated with the reservoir
water level, especially following a rapid increase in 2013. After impounding water to an
elevation of 2536 m, the water head at each measurement point in the downstream rockfill
area increased from 2.91 m to 4.20 m over the pre-impoundment levels. According to the
dam operation records, the minimum value of the seepage manometer after impound-
ment is primarily controlled by the water level, which occurs when the water level is low.
The maximum value is observed when the reservoir is firstimpounded to its normal water
level, and the maximum seepage manometer value remains relatively constant during
subsequent normal high impoundment periods. No obvious anomalies were detected in
the measured data. However, in 2017, when the water level rose to a high level, high-level
seepage was observed in the uppermost observation room on the downstream horse trail.

The analysis revealed that the seepage manometer functions in a point monitoring
mode, potentially missing seepage occurrences in the uppermost downstream range of
the horse trail. Consequently, the use of new means that can satisfy surface and body
monitoring should be the direction of monitoring development. At the same time, the
seepage pressure head at the bottom of the downstream rockfill area is strongly related to
changes in the reservoir water level, and the seepage volume at the water collection well
doubled, with only a 4-m increase in the maximum water level. This is inconsistent with
the general seepage rules of core wall rockfill dams and could be attributed to abnormal
high-level seepage. The cause of high-level seepage is currently being investigated and
analyzed. To prevent high-level seepage potentially caused by local damage to the core
wall from dam crest cracking, the project has implemented grouting treatment on the core
wall.
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(a) Reduction coefficient distribution.
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Figure 17. Seepage changes in the dam.

4.4.3. Gallery Cracking Study

Following the Wenchuan Earthquake in 2008, several cracks measuring 10 mm wide
and 80 m long appeared in the observation gallery of the dam. Prior to the gallery rein-
forcement construction, monitoring results during the temporary convergence observa-
tion period from 8 November 2008 to 19 March 2009 (Figure 18) revealed that the distances
between the top arch point of the four monitoring sections and the measuring points on
the upstream and downstream sidewalls decreased, with generally negative changes. The
cumulative value was around -8 to =10 mm. Notably, the top arch of the gallery exhibited
significant deformation in the free space direction. The cumulative displacement incre-
ment between the same elevation measuring points on the upstream and downstream side
walls was about 28.00 mm. The upstream and downstream sidewalls of the gallery
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showed obvious deformation in these directions, with the displacement change rate in-
creasing as the core wall was filled. After the core wall filling stopped for a while, the
deformation rate gradually slowed. Combined with the gallery structure analysis, the
seepage prevention for the dam foundation covering layer was addressed by constructing
a 1.20-m-thick concrete anti-seepage wall in the bedrock, reaching a maximum depth of
103 m. The gravel core wall forms the upper portion of the anti-seepage wall, which is
topped by a grouting gallery. The gallery clearance size is 3.50 x 4.00 m, with sidewalls
and a top arch thickness of 1.0 m and bottom plate thickness of 3.65 m (Figure 19). There-
fore, the core wall exerts pressure on the upper part of the grouting gallery, while the anti
- seepage wall supports the lower part, forming a complex stress structure. The earth-
quake, as an external force, diminished the overall performance of the core wall rockfill
dam. The varying deformation of different materials caused significant deformation on
both the upstream and downstream sides of the gallery floor, resulting in high tensile
stress and leading to cracking in the gallery floor.
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Figure 18. Temporary convergence observations.
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Figure 19. Layout of the anti-seepage wall.

5. Discussion and Conclusions

This paper collects statistics on the failure modes of core wall rockfill dams with var-
ying dam heights at different stages of development. Targeting typical project failures, it
utilizes design conditions, monitoring data, and numerical simulations to verify each
other and investigate the causes of these failures. The following conclusions are drawn:

(1) The failure of small- and medium-sized earth-rock dams is primarily due to over-
topping and quality issues. The main cause of dam overtopping and failure has shifted
from insufficient flood discharge capacity to excessive floods. This shift results from dam
standardization and the increased frequency of extreme heavy rainfall and other disasters
caused by global climate change. With the development of high core wall rockfill dams,
the risk of overall dam failure has been reduced, now primarily experiencing localized
failures. The five main failure modes include dam crest cracking, gallery cracking, core
wall splitting, seepage around the bank near the dam area, and seepage damage at the
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dam base. Failures predominantly occurred during the operational period in the rapid
development stage (1940-1980) but have shifted to the initial storage stage during the cli-
max stage of development (after 2002). This stage frequently experiences large defor-
mations and is prone to failure. During impoundment, most high rockfill dams on over-
burden layers experience varying degrees of cracking, making them more prone to fail-
ures like cracking, and gallery cracking.

(2) Dam cracking is primarily caused by uneven deformation. Large, uneven defor-
mation is expected between the steep bank slope and the dam, as well as between the core
wall and the rockfill body. During the construction period, the shear force caused by un-
even settlement and the tensile stress caused by uneven horizontal deformation along the
river will lead to the formation of a shear misalignment zone within the dam. However,
since the rockfill material is a bulk material, the crack will not appear within the dam. The
wetting effect brought about by water storage causes even more uneven deformation,
eventually resulting in cracks at the dam crest. Meanwhile, the complexity of the stockpile
makes it difficult to control the dam building materials, increasing the risk of cracks.

(3) The increasing depth of cracks on the dam crest will cause damage to the core
wall, potentially resulting in high-level seepage. Whether dam safety “point monitoring”
can comprehensively monitor and reflect the actual deformation of the rockfill dam is de-
termined by the deployment scheme of the instrument, which is highly subjective and
uncertain. Therefore, diversifying and automating monitoring instruments and methods,
and the evolving of dam safety monitoring to “area monitoring” and its universal appli-
cation, are critical for conducting in-depth research on dam failure mechanisms.

(4) Galleries will be installed at the core wall and dam foundation to facilitate the
rapid construction and subsequent maintenance of high earth-rock dams. However, since
the upper part of the gallery is under pressure from the core wall and the lower part is
supported by the anti-seepage wall, a complex stress structure develops. Additionally, the
earthquake, as an external load, reduces the overall performance of the core wall rockfill
dam. The deformation of various materials varies greatly, causing obvious deformation
on both sides of the gallery floor, upstream and downstream, resulting in high tensile
stress and subsequent cracking of the gallery floor. Therefore, the anti-cracking stress
analysis of the gallery should be fully considered during the design process.
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