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Preface

Engineering of dams and their auxiliary structures involves a wide range of processes rang‐
ing from planning to operation stages to providing electricity generation, water supply,
flood control, and some other services. In other words, it should include not only the con‐
struction, but also interdisciplinary studies to ensure that the dam can be used economically
for a long time. In addition, dam safety is a very important issue and their construction
should not cause problems in terms of public safety.

Dam engineering assists in selecting the appropriate dam location, taking into account the
hydrological balance, geotechnical conditions, and economic and environmental impacts
that may occur during the operation stage. For this purpose, various computer programs are
used to analyze water and ground samples and to investigate potential ground motion
problems. In structural and hydraulic design analysis, the behavior of soil and rock fill is
evaluated under separate loading conditions. The risk of the dam is assessed against the
ground movements associated with the earthquake by means of seismic analysis. It includes
material tests with advanced devices for control of soil, rock, and concrete materials to be
used during the construction stage, measurement, and observation processes during the
construction stage and preparation of an emergency action plan for the operation stage.

This book presents recent research in the different fields of dam engineering and consists of
five chapters. Each of these chapters contain valuable study on specified areas of dam engi‐
neering. The first chapter involves a study that was performed on constructing high rockfill
dams on thick overburden layers, based on Chinese practices. The second chapter presents
the results of an investigation performed on seismic cracks in an earth dam by centrifugal
loading test, based on Japanese dams. The third chapter deals with the processes of a single-
phase three-dimensional CFD model of hydrodynamics in a dam reservoir in Poland. In the
fourth chapter, large scale modeling of a dam break is discussed using actual projects in
Kyrgyzstan. The fifth chapter focuses on the influence of geological structures on dam be‐
havior when considering large dams in Iran. 

I hope that this book provides an opportunity for readers working in the field of dam issues
to study recent scientific research and the latest knowledge.

Prof. Dr. Hasan Tosun
Osmangazi University

Eskisehir, Turkey
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Practices in Constructing High Rockfill Dams on Thick 
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Abstract

Rockfill dams are very widely constructed all over the world due to their good adaptabil-
ity to diverse geological and geographical conditions, and their relatively low cost com-
pared to other dam types. However, natural satisfactory sites are increasingly difficult 
to find in many countries due to past dam development. In some circumstance, building 
dams over thick overburden layers is unavoidable. In this chapter, Chinese practices in 
constructing high earth and rockfill dams over thick overburden layers are reviewed. 
The geological and geotechnical investigation techniques are briefly summarized, and 
seepage control systems of some selected cases as well as the connection of the impervi-
ous systems of both the dams and their foundation layers are described. Commonly used 
foundation improvement techniques are also presented, followed by simple descriptions 
of aspects that require further research and development.

Keywords: rockfill dam, overburden layer, seepage control, foundation treatment, 
in-situ test

1. Introduction

Various types of dams have been increasingly constructed all over the world for irrigation, 
flood controlling, power generation, environment protection, etc. [1]. Normally, most dams 
are preferentially built on rock foundations where seepage control is not a very difficult task. 
However, with the exploitation and exhaust of natural satisfactory dam sites, many new 
dams have to be constructed on thick overburden layers, as better sites are not available and 
removal of the existing overburden is technically or economically unfeasible. This adverse 
situation is often encountered along many hydropower-rich rivers in the southwest and 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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northwest regions of China [2, 3]. When such thick overburden foundation layers can neither 
be avoided nor removed, a rockfill dam is often a priority due to its excellent adaptability to 
such geological conditions. In recent years, more than 50 high rockfill dams, including earth 
core rockfill dams (ECRDs), asphalt core rockfill dams (ACRDs) and concrete faced rockfill 
dams (CFRDs), have been constructed in China, as selectively listed in Table 1. Challenges 
can be seen from both the height of these dams and the thickness of the overburden layers.

Technical problems requiring special attention in the design and construction of rockfill dams 
over thick overburden layers include, but are not limited to, the following aspects:

a. Shear strength and deformability of load-bearing layers. The shear strength of underlying foun-
dation layers influences the overall stability of the dam, while the deformability of these 
layers controls not only the deformation of the dam but also the deflection of the cutoff 

No. Name Type Year Hmax (m) Tmax (m) Cutoff wall References

Width(m) Height (m)

1 Shiziping ECRD 2010 136 102 1.2 × 1 101.8 [4]

2 Xiaolangdi ECRD 2000 160 80 1.2 × 1 82.0 [5]

3 Pubugou ECRD 2010 186 75 1.2 × 2 78.0 [6]

4 Changheba ECRD / 240 79 1.4 × 1 & 1.2 × 1 50.0 [7]

5 Maoergai ECRD 2011 147 57 1.4 × 1 52.0 [8]

6 Shuiniujia ECRD 2006 108 30 1.2 × 1 32.0 [9]

7 Luding ECRD 2011 84 148 1.0 × 1 110.0 [10]

8 Qiaoqi ECRD 2006 125.5 72 1.2 × 1 70.5 [11]

9 Xiabandi ACRD 2009 78 148 1.0 × 1 85.0 [12]

10 Badi ACRD / 97 120 1.0 × 1 105.0 [13]

11 Huangjinping ACRD 2015 85.5 134 1.2 × 1 113.8 [14]

12 Yele ACRD 2005 124.5 420 (1.0–1.2) × 1 154.5 [15]

13 Xieka CFRD 2014 108.2 100 1.2 × 1 86.0 [16]

14 Nalan CFRD 2006 109 24 0.8 × 1 18.0 [17]

15 Miaojiaba CFRD 2011 111 48 1.2 × 1 41.5 [9]

16 Jiudianxia CFRD 2008 136.5 56 1.2 × 1 30.0 [18]

17 Aertash CFRD / 164.8 94 1.2 × 1 90.0 [19]

18 Chahanwusu CFRD 2008 110 47 1.2 × 1 41.8 [3]

19 Duonuo CFRD 2012 112.5 40 1.2 × 1 35.0 [20]

20 Laodukou CFRD 2009 96.8 30 0.8 × 1 29.6 [21]

Note: ECRD = earth core rockfill dam; ACRD = Asphalt core rockfill dam; CFRD = concrete faced rockfill dam; 
Hmax = maximum height of dam; Tmax = maximum thickness of overburden; ‘/’ means the dam is still under construction 
and has not been finished.

Table 1. Basic information of typical rockfill dams built on overburden layers in China.
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wall, if used. The inhomogeneity of foundation materials can result in differential and 
incompatible deformation within the dam and may ultimately lead to threatening cracks.

b. Permeability and erosion resistance of the overburden layers. One of the most important func-
tions that should be achieved in dam engineering is the ability to control the seepage 
within the foundation. Designing an impervious system for the dam foundation depends, 
to a large extent, on the permeability and erosion resistance of the involved strata and the 
available foundation treatment equipment and techniques.

c. Liquefaction potential of the underlying fine layers. Earthquake is one of the most disastrous 
natural events that dams are expected to experience. Cyclic shearing by earthquakes can 
cause excessive pore water pressure to build up in fully saturated sandy soils, leading to a 
decrease, or even loss, of their shear strength. As a result, uncontrollable deformation can 
occur in both the foundation and the dam itself and may result in the worst-case scenario 
of a dam breach.

d. Connection techniques for the impervious systems of the dam and its foundation. An effective 
impervious system means not only successful control of the seepage through the dam and 
its foundation but also satisfactory performance of the connection points between different 
impervious components. These points are usually places where parts with different rigid-
ity levels meet and joint, and are therefore vulnerable to cracks and concentrated leakage.

The main challenge in constructing a rockfill dam on thick overburden layers is the design 
and successful construction of an impervious system for the foundation, accounting for the 
distribution of the underlying soil and rock layers as well as their physical and engineer-
ing properties. In this chapter, the authors review several high rockfill dams built on thick 
overburden layers in China in order to provide a reference for similar cases that might be 
encountered in the future. The chapter starts with general descriptions of some frequently 
implemented geological and geotechnical investigation techniques. Next, seepage control 
techniques used in some selected cases are introduced. Attention is also paid to the connection 
techniques for impervious systems used in different kinds of rockfill dams and to the widely 
adopted foundation reinforcement measures in engineering practice. Directions that deserve 
further research and development are presented.

2. Geological and geotechnical investigations

Thick overburden layers generally refer to quaternary materials deposited over river beds, 
including boulders, cobble, gravel, sand, silt and clay constituents. Mixtures of these complex 
overburden materials are often much more compressible and permeable than an intact rock 
foundation. Adequate geological and geotechnical investigations on the distribution, thick-
ness and other relevant properties of the soil strata are necessary for the design of imperme-
able systems and for the preparation of required foundation treatments during dam planning 
stages. In particular, weak layers, such as sand lenses, soft clays and collapsible loess, should 
be revealed in these investigations and then properly treated to eliminate safety risks to both 
the foundation itself and to the overlying dam.

Practices in Constructing High Rockfill Dams on Thick Overburden Layers
http://dx.doi.org/10.5772/intechopen.78547
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2.1. Geological investigation

Core drilling is the most useful subsurface exploration method for investigating the location, 
extent and constituent makeup of soil and rock strata at a potential dam site. Nonetheless, 
core drilling becomes increasingly difficult through overburden layers thicker than 40–50 m 
because [22]: (1) the existence of unpredictable super-large rock particles; (2) frequent 
borehole collapse; and (3) uncontrollable loss of drilling fluid. The mud or water used in 
ordinary drilling-with-casing operations can also make the analysis of core grading difficult 
or inaccurate due to washing away of fine particles. Some special core drilling techniques 
were therefore used to get high quality cores in the geological investigations at Yele, Aertash, 
Xiabandi and other dam sites. They include: (1) double-tube swivel type diamond drilling 
with a proper rpm (revolution per minute) and pressure and (2) special vegetable gum and 
powder drilling fluid circulated under proper flow rates to protect the bit, the borehole and 
the core. Until now, the deepest overburden core drilling conducted in China is at Yele ACRD, 
where the overburden thickness reaches 420 m [15].

Geophysical exploration methods, such as electrical and electromagnetic methods, seismic 
procedures, gravity techniques, magnetic methods, and so on, are now increasingly used 
in dam engineering. These techniques are mostly used to locate the interface between over-
burden and bedrock and to detect weak layers. Geophysical techniques generally does not 
directly measure the parameters desired for designing purpose. The vast majority of objectives 
is inferred from the known geologic data and measured geophysical contrast [23]. That is to 
say, an inverse solution is sought usually in geophysical exploration, and in most cases, it is 
the most likely but not necessarily the unique conclusion. Assumptions used in interpreting 
geophysical contrasts, such as the distinct subsurface boundaries, the homogeneity of materi-
als and the isotropy of material properties, are also, in many cases, at variance with the reality, 
which may lead to inaccurate and misleading conclusions. Therefore, geophysical methods are 
almost always used in combination with irreplaceable core drilling. Thereby, results obtained 
by different methods can be verified mutually and a most reliable judgment can be made.

2.2. Geotechnical tests and interpretation

While geological explorations give overall information on the overburden layers, geotechnical 
tests and their interpretation yield more relevant parameters for designing. However, sys-
tematic laboratory experiments with overburden materials are usually unrealistic due to dif-
ficulties in obtaining high-quality undisturbed samples. Although some techniques do exist 
for sampling (e.g., in-situ freezing [24]), they are generally expensive and only applicable to 
shallow layers. Therefore, measurement of engineering properties of overburden materials 
relies more upon in-situ tests as exemplified as follows:

a. Heavy and super-heavy dynamic penetration tests. For layers with high relative densities, 
heavy or super-heavy dynamic penetration tests are usually used, in which a cone-tipped 
probe is driven into the ground by a 63.5 or 120 kg weight dropped freely from a height 
of 76 or 100 cm. The number of blows needed to drive the probe into the tested layer for 
10 cm is registered and an average penetration per blow is calculated. The data gathered 
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can then be used to estimate the density states, bearing capacities, and moduli of the 
tested layers. This method has been used in geotechnical investigation of almost all dam 
sites [25].

b. Plate load tests. Plate load tests are performed by loading a steel plate at a particular depth 
and recording the settlement corresponding to each load increment. The load is gradually 
increased until the plate starts to sink at a rapid rate. The total load on the plate at this 
stage, divided by its area, gives the value of the ultimate bearing capacity of the tested soil. 
Assuming an isotropic elastic behavior of the tested soil, the elastic modulus can also be 
evaluated. In the under-construction Aertash CFRD, plate load tests were performed with 
a plate of 1.5 m in diameter, and with the maximum reaction force of about 1000 tons [26].

c. In-situ shear tests. Large-scale in-situ shear tests are widely used in field investigations. A 
shear box of a specific size is compressed into the overburden and then it is pulled, after 
applying a designed vertical load upon the enclosed soil, by a jack using a high-strength 
chain. The applied horizontal force and the displacement of the shear box are recorded, 
based on which the in-situ shear strength of the tested soil is determined [27]. A special 
advantage of this method is that it can measure the strength of coarse granular materials 
under extremely low normal stresses, which is otherwise not so easy in triaxial compres-
sion experiments.

d. Pressuremeter tests. Pressuremeter tests are performed in-situ by placing a cylindrical 
probe in the ground and then expanding the cylinder to pressurize the soil horizontally. 
The radial pressure on the soil and the relative increase in cavity radius are measured, 
from which the in-situ stress strain curve of the soil is derived. This technique is extremely 
attractive in testing overburden layers because the loading direction is identical to the 
hydrostatic pressure upon a cutoff wall if it is to be installed. Abundant information can 
be obtained from this type of tests, such as the in-situ horizontal stress, the pressuremeter 
modulus, the limit pressure, etc. This technique has been used in many dam sites [22, 28], 
and the depth has reached a magnitude of 100 m successfully.

e. Wave velocity tests. The most widely used wave velocity tests include the down-hole 
test, the suspension logging test and the cross-hole test. The first two methods require 
only one borehole and evaluate the wave velocities vertically along the borehole wall. 
The third test requires at least two boreholes and measures the wave velocities within a 
horizontal plane. Boreholes for down-hole and cross-hole tests should be carefully cased 
and grouted to ensure good seismic coupling between the geophones and the surround-
ing soils. Suspension logging, on the other hand, preferably uses uncased holes. All three 
methods have been applied to the investigation of overburden layers for foundations in 
many important projects [16, 25]. The velocity results obtained, especially the shear wave 
velocities, can be used to evaluate the density states, the elastic moduli and the liquefac-
tion potential of the tested layers.

f. Permeability tests. The permeability coefficients of overburden layers, which are needed to 
design the underground impervious systems, are determined by various permeability tests. 
Methods may be selected based on the location of underground water table, the enrichment 
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2.1. Geological investigation
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10 cm is registered and an average penetration per blow is calculated. The data gathered 
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of underground water, and the hydraulic conductivity of the concerned layer. In principle, 
pumping tests or water injection tests are conducted to evaluate the permeability of highly 
permeable overburden layers, while pump-in tests are used for relatively less permeable 
bedrock layers [25]. Permeability tests are indispensable for almost all dam projects.

Most of in-situ geotechnical investigation techniques listed above require high-quality pre-
drilled boreholes. Unfortunately, this becomes increasingly difficult when the thickness of the 
overburden at the potential site exceeds 50 m. Uncertainty exists in all foundation conditions, 
and therefore designing and constructing an underground impervious system within a thick 
overburden is a very challenging task. Adequate geological and geotechnical investigations 
are undoubtedly the only way to improve design confidence in these systems. It is also impor-
tant for designing engineers to fully assess the reliability of investigation results, including 
factors such as the size effect in plate load tests, the field draining condition in pressure meter 
tests, the influence of underground water on compressive wave velocities, the influence of 
drilling fluid layer adhering to the borehole wall on measured permeability coefficients, and 
the possible anisotropy of engineering properties.

3. Seepage control techniques

The two main goals in designing seepage control facilities include controlling the hydraulic 
gradient within overburden layers to ensure the seepage stability of foundation materials 
and reducing the seepage loss of reservoir water. For overburden layers where excavation 
and removal are feasible, deposits right beneath the impervious system of the dam body 
(e.g., clay or asphalt core and toe plinth) can be removed so that the seepage barrier can 
sit on a firm rock foundation. In cases where deep excavation is impossible, a horizontal, 
vertical or combined seepage control measure must be employed to meet the above goals. 
In the design specification for rolled earth and rockfill dams, a vertical seepage barrier that 
cuts through the overburden layers is recommended over an upstream horizontal measure. 
This can be evidenced from the cases listed in Table 1, in which all dams use at least one 
cutoff wall. In this section, seepage control techniques used in some of these example dams 
are reviewed.

3.1. Earth core rockfill dams

3.1.1. The Xiaolangdi ECRD

The Xiaolangdi ECRD was constructed on the well-known, sediment-laden Yellow River. The 
thickness of the underlying overburden is approximately 80 m, and it is composed of intricate 
sand and gravel layers. The dam uses an inclined core wall (low-plasticity loam) as the main 
anti-seepage barrier, as shown in Figure 1. A vertical concrete cutoff wall (1.2 m) was built 
within the overburden to control the underground seepage. The top of the cutoff wall was 
embedded into the core wall for 12 m, while its bottom end penetrates the rock surface for 
at least 1 m. The inclined core was extended using low permeable clayey soils along the top 
surface of the cofferdam on the upstream side, forming a horizontal blanket that is useful 
in lengthen the seepage path. The cutoff wall under the cofferdam was elongated into this 

Dam Engineering6

blanket. It was assumed that the upstream blanket would connect naturally with sand sedi-
ments during long-term operation once the reservoir was impounded.

During the design-phase for the Xiaolangdi ECRD, China had no experience in building such high 
rockfill dams on 80-m overburden layers, making this project a particularly difficult challenge. 
A number of alternative design proposals were also considered, including the complete removal 
of the overburden under the core wall and the use a horizontal impervious blanket without the 
permanent cutoff wall. Lessons learned from previous cases and, more importantly, technologi-
cal advances in cutoff wall construction resulted in the final chosen design. The thickness of the 
cutoff wall was determined based on the allowable hydraulic gradient of concrete materials, the 
available equipment and stress–strain and seepage analyses results. Conventional concrete with 
a 28-d strength of 35 MPa was used for the main cutoff wall, while plastic concrete and high-
pressure rotary jet grouting were used to construct the temporary cofferdam cutoff wall.

3.1.2. The Changheba ECRD

The Changheba ECRD is currently one of the highest rockfill dams under construction in 
China (Table 1). It sits on a thick, three-layer overburden. All three layers, fglQ3, alQ4

1 and 
alQ4

2 (shown in Figure 2) consist mainly of coarse gravel materials and therefore have rela-
tively high deformation moduli and bearing capacity, but also exhibit high permeability. 
Local liquefiable sand layers are, however, also distributed widely within the alQ4

1 layer. 
The dam is located in a high earthquake intensity region, where the peak acceleration for an 
exceedance probability of 0.02 in 100 years is 3.59 m/s2. Sand liquefaction under earthquake 
condition is therefore a potential problem for this dam. The existence of these sand layers may 
also cause uneven deformation of the dam. To avoid these adverse risks, sand layers beneath 

Figure 1. The maximum cross section of the Xiaolangdi ECRD.

Figure 2. The maximum cross section of the Changheba ECRD.
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of underground water, and the hydraulic conductivity of the concerned layer. In principle, 
pumping tests or water injection tests are conducted to evaluate the permeability of highly 
permeable overburden layers, while pump-in tests are used for relatively less permeable 
bedrock layers [25]. Permeability tests are indispensable for almost all dam projects.
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thickness of the underlying overburden is approximately 80 m, and it is composed of intricate 
sand and gravel layers. The dam uses an inclined core wall (low-plasticity loam) as the main 
anti-seepage barrier, as shown in Figure 1. A vertical concrete cutoff wall (1.2 m) was built 
within the overburden to control the underground seepage. The top of the cutoff wall was 
embedded into the core wall for 12 m, while its bottom end penetrates the rock surface for 
at least 1 m. The inclined core was extended using low permeable clayey soils along the top 
surface of the cofferdam on the upstream side, forming a horizontal blanket that is useful 
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both the core wall and the filter layer were removed completely. The maximum thickness of 
the retained overburden under the core wall is about 53 m.

Two concrete cutoff walls were poured with a net distance of 14 m. Both walls penetrate into  
the bedrock for at least 1.5 m. The main cutoff wall (1.4 m) is located within the dam axis plane 
and is connected to the core wall by a grouting gallery. The auxiliary cutoff wall (1.2 m) is located 
upstream of the main wall and embeds into the core wall for 9 m. The core wall is constructed 
with gravelly soils, where the maximum core material diameter allowed is 150 mm. The per-
centage of particles finer than 5 mm (P5) ranges from 30–50%. Another two strict requirements 
for the core materials are P0.075 ≥ 15%, and P0.005 ≥ 8%. Curtain grouting was conducted through 
the preset pipes within the cutoff walls. In particular, curtain grouting under the main cutoff 
wall was extended to the level 5 m below the relatively impermeable layer (q < 3 Lu.)

3.1.3. The Luding ECRD

The 84-m Luding ECRD was built on an overburden with a maximum thickness of 148 m. It 
is among the deepest overburden layers used as foundations of a rockfill dam in China. The 
complex soil and rock strata is shown in Figure 3. Four main layers can be observed: the fglQ3 
layer, the prgl + alQ3 layer, the al + plQ4 layer, and the alQ4

2 layer. Basic properties of these 
layers are listed in Table 2. The third sub-layer of the prgl + alQ3 layer consists mainly of fine 
and silty sands, and therefore has a relatively low deformation modulus and a low bearing 
capacity. Sand lenses also exist in the second sub-layer of the prgl + alQ3 layer and the first 
sub-layer of the al + plQ4 layer.

The dam uses a clay core as the anti-seepage barrier stabilized by the rockfill shoulders. The 
maximum diameter allowed for the core materials is 100 mm. Other restrictions imposed on 
the core materials are P5 ≥ 90%, P0.075 ≥ 60%, and P0.005 ≥ 15%. Repeated compaction near the 
optimum water content (±2%) produces a barrier with a coefficient of permeability less than 
5 × 10−7 cm/s. A vertical concrete wall (1.0 m) was designed to cut off the foundation seepage 
water. The cutoff wall penetrates into the bedrock at both the left and right abutments of the 
dam. However, the overburden near the center of the canyon is so thick (148 m) that the cur-
rent technology limits the capacity for constructing such a high underground wall. Therefore, 

Figure 3. The maximum cross section of the Luding ECRD.
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a suspended cutoff wall was designed in the river center with the bottom end located at an 
elevation of 1200 m within the fglQ3 layer. The cutoff wall was connected to the clay core by a 
grouting gallery. The maximum height of the wall is 110 m, and the underlying unsealed over-
burden has a thickness of 40–50 m. Two rows of grouting pipes (ϕ 114 mm) were preset in the 
cutoff wall for grouting the bedrock, and two additional rows outside the wall for grouting the 
unsealed overburden. Both curtains extend into the bedrock, that is, the rock curtain reaches 
the level where q < 5 Lu., and the overburden curtains penetrate the rock for at least 2 m.

3.2. Asphalt core rockfill dams

3.2.1. The Yele ACRD

When high-quality clayey soils are difficult to obtain to construct an ECRD, an ACRD is an 
appropriate alternative. Asphalt is a highly plastic and impermeable material and has a good 

Layer Density Modulus and bearing 
capacity

Shear strength Permeability

ρ (g/cm3) ρd (g/cm3) E0 (MPa) R (MPa) ϕ (°) c (MPa) k (cm/s) Jc

1: fglQ3 2.20–2.30 2.05–2.15 55–65 0.55–0.65 30–32 0 2–4 × 10−2 0.12–0.15

2-2: prgl + alQ3 2.05–2.15 2.00–2.05 40–50 0.35–0.45 26–28 0 1–5 × 10−3 0.20–0.25

2-3: prgl + alQ3 1.60–1.70 1.40–1.60 18–22 0.12–0.16 15–18 0 1–10 × 10−3 0.25–0.36

3-1: al + plQ4 2.10–2.20 2.05–2.10 45–55 0.40–0.50 29–31 0 5–10 × 10−3 0.15–0.18

4: alQ4
2 2.15–2.25 2.00–2.10 50–60 0.50–0.55 28–30 0 1–10 × 10−2 0.10–0.12

Note: ρ = natural density; ρd = dry density; E0 = deformation modulus; R = allowable bearing capacity; ϕ = friction angle; 
c = cohesion; k = coefficient of permeability; Jc = allowable hydraulic gradient.

Table 2. Basic properties of the overburden layers in Luding ECRD.

Figure 4. The segments of seepage control barriers in the Yele ACRD.
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a suspended cutoff wall was designed in the river center with the bottom end located at an 
elevation of 1200 m within the fglQ3 layer. The cutoff wall was connected to the clay core by a 
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the level where q < 5 Lu., and the overburden curtains penetrate the rock for at least 2 m.

3.2. Asphalt core rockfill dams

3.2.1. The Yele ACRD

When high-quality clayey soils are difficult to obtain to construct an ECRD, an ACRD is an 
appropriate alternative. Asphalt is a highly plastic and impermeable material and has a good 

Layer Density Modulus and bearing 
capacity

Shear strength Permeability

ρ (g/cm3) ρd (g/cm3) E0 (MPa) R (MPa) ϕ (°) c (MPa) k (cm/s) Jc

1: fglQ3 2.20–2.30 2.05–2.15 55–65 0.55–0.65 30–32 0 2–4 × 10−2 0.12–0.15

2-2: prgl + alQ3 2.05–2.15 2.00–2.05 40–50 0.35–0.45 26–28 0 1–5 × 10−3 0.20–0.25

2-3: prgl + alQ3 1.60–1.70 1.40–1.60 18–22 0.12–0.16 15–18 0 1–10 × 10−3 0.25–0.36

3-1: al + plQ4 2.10–2.20 2.05–2.10 45–55 0.40–0.50 29–31 0 5–10 × 10−3 0.15–0.18

4: alQ4
2 2.15–2.25 2.00–2.10 50–60 0.50–0.55 28–30 0 1–10 × 10−2 0.10–0.12

Note: ρ = natural density; ρd = dry density; E0 = deformation modulus; R = allowable bearing capacity; ϕ = friction angle; 
c = cohesion; k = coefficient of permeability; Jc = allowable hydraulic gradient.

Table 2. Basic properties of the overburden layers in Luding ECRD.

Figure 4. The segments of seepage control barriers in the Yele ACRD.

Practices in Constructing High Rockfill Dams on Thick Overburden Layers
http://dx.doi.org/10.5772/intechopen.78547

9



adaptability to uneven deformation. The Yele ACRD sits on a thick overburden as shown 
in Figure 4, with an extremely thick overburden at the right abutment. There are five main 
layers under the dam, as divided by the solid curves in Figure 4. The first (Q2

1 & Q2
2), third 

(Q3
2−1), fourth layers (Q3

2−2) are mainly composed of weakly cemented gravel materials, while 
the second layer (Q3

1) is composed of a mixture of gravel and hard clay. The relatively high 
fifth layer (Q3

2−3) is mainly composed of silty loam. The second layer (Q3
1) forms a relatively 

impermeable barrier in the foundation, the permeability coefficient of which is less than 
2.2 × 10−5 cm/s and the allowable hydraulic gradient reaches 10.4. These features were fully 
used in designing the foundation impervious facility.

The seepage control measures for this dam are divided, from the left bank to the right, into a 
number of different segments as described below. Curtain grouting was conducted within the 
gallery in the left river bank (0−150.00–0 + 007.275) to an elevation of 2574.5 m, with a maximum 
depth of 80 m. From 0 + 007.275 to 0 + 150.00, a concrete cutoff wall (1.0 m) was built into the 
bedrock for 1.0–2.0 m and curtain grouting was conducted into the weakly weathered rock. 
The maximum height of the cutoff wall in this segment is 53 m. The third segment starts from 
0 + 150.00 until 0 + 308.00, and has a suspended cutoff wall (1.2 m), with its bottom end penetrat-
ing the second layer (Q3

1) for at least 5 m. The height of the cutoff wall in this section ranges from 
25 m to 74 m, and curtain grouting was not conducted. From 0 + 308.00 to 0 + 414.00, two layers 
of concrete cutoff wall were constructed separately. The lower cutoff wall (1.0 m) was cast within 
the gallery, while the upper wall was constructed from the slope surface. Curtain grouting was 
conducted into the second layer (Q3

1) for at least 5 m. The fourth segment (0 + 414.00–0 + 610.00) 
uses a similar combination of two layers of cutoff wall (1.0 m) and a curtain grouting. The lower 
cutoff wall was cast to an elevation of 2500 m in the gallery, beneath which a curtain grouting 
embedding the second layer for at least 5 m was used to cut off the seepage water. The maxi-
mum depth of the curtain grouting in this fifth segment is about 120 m. Reinforced concrete was 
used for the top of the cutoff wall at an elevation of 2639.50–2654.50.0 m.

3.2.2. The Xiabandi ACRD

The Xiabandi ACRD was constructed mainly with gravel materials collected from the river-
bed. The thickness of the foundation overburden reaches 148 m, which is almost twice the 
dam height (78 m). The distribution of the deposited layers is shown in Figure 5, where three 
main influential layers can be seen. The lowest layer (fglQ3

1) mainly contains glacial gravel 
particles 2–8 cm in diameter. The thickest layer (glQ3) mainly consists of coarser grains such 
as boulders and rubble, and it has local bridged structures distributed widely throughout 
and has a very complicated lithology. Enclosed within the glQ3 layer is an almond thick sand 
lens (fglQ3

2) which mainly consists of medium and fine sand, silty loam and silty sand. No 
high-quality clayey soils are found within 60 km of the dam site, and cement, steel and other 
necessary construction materials would also have to be imported from places even far away 
(320 km). The transportation condition to the dam site is rather severe at the time of design-
ing. Traffic interruption is often caused by heavy snows in winter while in summer the flood 
originated from melting ice and snow often results in debris flow accidents. Because of these 
natural conditions, using too much steel and cement should be avoided. The dam site, on the 
other hand, is rich in good aggregate for asphalt concrete. Therefore, an asphalt core is used 
as the impervious system of the dam.

Dam Engineering10

A concrete cutoff wall was constructed, with the bottom inserted into the bedrock within shal-
low bank slopes. At the deepest locations in the center of canyon, concrete was poured from 
an elevation of 2803 m to an elevation of 2888 m at an ascending speed of 2.0–7.5 m/h, forming 
an 85-m high-suspended concrete cutoff wall (1.0 m). Four rows of curtain grouting were 
constructed to extend the impermeable system into the bedrock, including a row of curtain 
grouting upstream of the cutoff wall and two rows downstream. The middle curtain grouting 
was performed through the pipes preset in the cutoff wall. The main (inner) curtain grouting 
penetrates the bedrock for 10 m, and the outer three rows for at least 5 m. The permeability 
restriction on the curtain grouting is q < 5 Lu or k < 10−4 cm/s.

3.3. Concrete faced rockfill dams

3.3.1. The Aertash CFRD

The Aertash CFRD, currently under construction, is the highest dam of its type filled upon 
thick overburden layers. The alluvial foundation materials can be broadly divided into two 
layers. The upper layer (alQ4) mainly consists of gravel materials inlayed by boulders, the 
thickness of which ranges from 4.7 to 17.0 m. The lower layer (alQ2) is constituted mainly by 
weakly cemented gravel materials. The total thickness of the overburden layers reaches 94 m, 
as shown in Figure 6. The basic properties of both layers are given in Table 3. In general, both 
gravel layers are in medium dense states and have relatively high strength and deformation 
moduli. The permeability, however, is also very high and the discontinuous grading makes 
them vulnerable to seepage failure.

Reinforced concrete face slabs are used to retain the reservoir water and a deep concrete wall 
(1.2 m) penetrating the rock foundation is designed to cut off the underground seepage. The 
thickness (t) of the concrete face is t = 0.4 + 0.0035H, where H is the depth measured from the 
top of the face slabs. The concrete face slabs are connected to the concrete cutoff wall by a 
toe plinth and two horizontal linking slabs. The maximum height of the cutoff wall is 90 m, 
with the top 10 m reinforced by steel rebar. Curtain grouting is conducted under the cutoff 
wall into the bedrock to a level where q < 5 Lu. The depth of curtain grouting ranges from 
17 to 69 m.

Figure 5. The overburden and seepage control barrier in the Xiabandi ACRD.
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For concrete faced rockfill dams, it is possible to construct the dam first and then continue 
with the construction of the cutoff wall, or vice versa. Finite element analyses can be used to 
optimize the construction sequences. In the current case, the concrete cutoff wall is planned 
to be built after the dam is filled to a certain elevation. The linking slabs will be cast before 
reservoir impounding. Connecting the top of the concrete cutoff wall to the linking slabs will 
also be finalized before impounding.

3.3.2. The Chahanwusu CFRD

The Chahanwusu CFRD is another high dam (110 m) built mainly with gravel materials, as 
shown in Figure 7. The dam sits on sand and gravel overburden layers with a maximum thick-
ness of about 47 m. Three layers can be observed in Figure 7: the upper sand and gravel layer 
with an average thickness of 19.2 m; the medium-coarse sand layer with an average thickness 
of 5.9 m; and the lower sand and gravel layer with an average thickness of 11.2 m. Both of the 
sand and gravel layers have similar engineering properties. The average relative density is 
0.85 and the average coefficient of permeability is 6.68 × 10−2 cm/s. The middle sand layer has 
an average relative density of 0.92 and a permeability coefficient of 4.27 × 10−2 cm/s. Therefore, 
all foundation layers are in relatively dense states. The dam is located within a region of high 
earthquake intensity, with a design horizontal acceleration of 2.31 m/s2. However, liquefac-
tion within the medium-coarse sand layer is considered impossible.

Layer Density Modulus and bearing 
capacity

Shear strength Permeability

Dr ρd (g/cm3) E0 (MPa) R (MPa) ϕ (°) c (MPa) k (cm/s) Jc

alQ4 0.80–0.85 2.23–2.23 40–50 0.60–0.70 37.0–38.0 0 0.29 0.10–0.15

alQ2 0.83–0.85 2.18–2.20 45–55 0.65–0.80 37.5–38.5 0 5.00 0.12–0.15

Note: Dr = relative density.

Table 3. Basic properties of the overburden layers in Aertash CFRD.

Figure 6. The maximum cross section of the Aertash CFRD.

Dam Engineering12

The dam uses upstream concrete face slabs as the seepage barrier, the thickness of which is 
determined by t = 0.3 + 0.003H. The toe plinths on the left and right bank slopes sit on bedrock, 
with both consolidation and curtain grouting performed underneath. The toe plinth built on 
the riverbed is located directly on the gravel layer, removing only the surficial loose deposits 
(1–2 m). Dynamic compaction was, however, performed to enhance the relative density and 
modulus of the materials beneath the toe plinth. A concrete wall (1.2 m) inserting the bedrock 
was constructed to cut off the foundation seepage. The cutoff wall was also connected by 
two horizontal linking slabs and the toe plinth to the upstream concrete face slabs, forming a 
closed impervious system. Curtain grouting was also performed under the cutoff wall into the 
bedrock until the designed level was achieved.

3.4. General remarks

There are other types of rockfill dams and sluices built on overburden layers. Reviewed above 
are three main kinds of rockfill dams used in water conservancy and hydropower engineering. 
All the dams in operation reviewed above function well without abnormal performance and 
major accidents. It could be remarked, in a general sense, that constructing high rockfill dams 
upon thick overburden layers is technically feasible. Using one or two vertical cutoff wall(s) 
embedding into the bedrock layer is an effective measure to control the underground seepage. 
In the case that the underlying overburden layers are extremely thick, a suspended cutoff wall 
extended by several rows of curtain grouting seems to be a feasible and effective choice.

4. Connection techniques

A reliable connection between the seepage control components within a rockfill dam and 
its overburden foundation is a prerequisite for a successful impervious system. Connection 
zones are weak places that require special design considerations. In this section, connection 
techniques used in different types of rockfill dams are briefly introduced.

Figure 7. The maximum cross section of the Chahanwusu CFRD.
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4.1. Connection to clay core

For earth core rockfill dams, two basic design schemes can be used to connect the cutoff wall 
with the clay core. The simplest one is to insert the top of the cutoff wall directly into the clay core 
for a specified depth. The depth can be determined by the allowable hydraulic gradient along 
the interface between the cutoff wall and the surrounding soil. Inadequate inserting depth may 
result in seepage erosion along the contacting path. To avoid shear failure and cracks in the clay 
core adjacent to the inserting points, a zone of highly plastic clay is used to encapsulate the top of 
the cutoff wall, as shown in Figure 8(a). Highly plastic clay is more deformable than the clay core, 
and it can absorb incompatible deformation between the cutoff wall and the core wall without 
sacrificing its impermeable performance, even under large shear strains.

The second connection method is to use a concrete gallery on the top of the cutoff wall, as 
shown in Figure 8(b) and (c). Using a gallery near the base of the dam has several advantages. 
Curtain grouting can be performed within the gallery at the same time of dam filling, which 
may considerably shorten the construction time. Second, the gallery provides a possibility to 
enforce the foundation impervious system in the case that it does not function well. Without 
a gallery, repairing the underground seepage control component will be extremely difficult, 
if not impossible. The gallery can also be used to monitor the performance of the dam and it 
also provides a path to connect the left and right bank slopes. In the Changheba and Pubugou 
ECRDs, two concrete cutoff walls are used, one inserting into the clay core and the other con-
nected with a gallery enclosed by highly plastic clay zones.

Careful designing, however, should be exercised when using a gallery. On the one hand, no 
structural joints are used in general for the riverbed monolith, and the gallery is vulnerable to 
cracks because of uneven settlement of the overburden layers. The gallery is usually extended 
into the rock banks, and the connection places of riverbed and rock segments often suffer 
large shear deformation and damage of water stops. On the other hand, connection of the 
concrete cutoff wall and the floor of the gallery also require special design considerations. 
In current practice in China, a rigid connection is mostly wide used, where the top of the 
concrete wall is reinforced and cast together with the floor of the gallery using an inverted 
trapezoidal transition cap, as shown in Figure 8(b) and (c). A rigid connection may result in 

Figure 8. Connection techniques for ECRD. (a) Xiaolangdi ECRD. (b) Changheba ECRD. (c) Luding ECRD.
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high compressive stresses within the cutoff wall, but it removes the need for a complicated 
water stop structure between the cutoff wall and the gallery floor.

4.2. Connection to asphalt core

An asphalt core is a thin plate structure similar to a concrete cutoff wall. A connection between 
the two structures is often accomplished using a concrete base built on the top of the cutoff 
wall, as shown in Figure 9(a). The location of the concerned section can be seen in Figure 4. 
An inverted trapezoidal cap is used to accommodate the enlarged foot of the asphalt core 
wall, with mastic asphalt used to ensure the cementation between the cap and the core wall. 
The top surface of the base is usually curved slightly downwards to ensure that the asphalt 
core does not spread. A gallery can also be incorporated into the concrete base for inspec-
tion, grouting and communication. Asphalt core has currently not been used in rockfill dams 
higher than 150 m in China, and the connection with concrete cutoff wall is usually simpler 
than that in ECRDs as described above.

Another distinct feature of the reviewed Yele ACRD is the use of two layers of concrete cutoff 
walls that are connected by a construction gallery in the right bank, as shown in Figure 9(b). 
The upper cutoff wall was constructed on the ground, while the lower one in the gallery 
(6.0 × 6.5 m). Curtain grouting was also finished in this gallery. To connect the upper cutoff 
wall with the top of the gallery, joint curtain was constructed using a non-circulation descend-
ing stage grouting. Both cement and chemical slurries were pumped into the jointing soils 
under a maximum pressure of 4.5 MPa. Grouting operation did not cease until the perme-
ability of the curtain reached q < 5 Lu.

4.3. Connection to concrete face slabs

If the toe plinth of a concrete face rockfill dam is built on overburden layers and a concrete wall 
is used to cut off the underground seepage, then a reliable connection between the face slabs 

Figure 9. Connection techniques in the Yele ACRD. (a) Section A-A. (b) Section B-B.
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high compressive stresses within the cutoff wall, but it removes the need for a complicated 
water stop structure between the cutoff wall and the gallery floor.

4.2. Connection to asphalt core

An asphalt core is a thin plate structure similar to a concrete cutoff wall. A connection between 
the two structures is often accomplished using a concrete base built on the top of the cutoff 
wall, as shown in Figure 9(a). The location of the concerned section can be seen in Figure 4. 
An inverted trapezoidal cap is used to accommodate the enlarged foot of the asphalt core 
wall, with mastic asphalt used to ensure the cementation between the cap and the core wall. 
The top surface of the base is usually curved slightly downwards to ensure that the asphalt 
core does not spread. A gallery can also be incorporated into the concrete base for inspec-
tion, grouting and communication. Asphalt core has currently not been used in rockfill dams 
higher than 150 m in China, and the connection with concrete cutoff wall is usually simpler 
than that in ECRDs as described above.
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and the cutoff wall should be guaranteed. Now, it is a standard way to use one or two linking 
slabs to connect the cutoff wall with the toe plinth, as exemplified in Figure 10. Water stops are 
installed at the connection points of different components. The width of the toe plinth and the 
linking slab(s) should be determined based on the allowable hydraulic gradient of the underly-
ing overburden, and on the permitted three-dimensional displacements that are sustainable for 
the water stop structures. The designing features of connection systems in typical CFRDs are 
shown in Table 4. In these CFRDs, the width of the linking slab(s) usually ranges from 2 to 4 m.

The watertight structure for the perimetric joints used in most CFRDs (e.g., Aertash) consists 
of three layers. A “W”-shaped copper water stop is used at the bottom, and a wavy watertight 
stripe is used as the middle sealer. Plastic filling material is enclosed by a “Ω”-shaped rubber 

No. Dam Dam 
height (m)

Overburden 
thickness (m)

Thickness of 
cutoff wall (m)

Width of toe 
plinth (m)

Width of linking 
slab (m)

1 Xieka 108.2 100 1.2 4.0 4.0

2 Nalan 109 24 0.8 8.0 3.0

3 Miaojiaba 111 48 1.2 6.0 3.0

4 Jiudianxia 136.5 56 1.2 6.0 4.0

5 Aertash 164.8 94 1.2 4.0 3.0 + 3.0

6 Chahanwusu 110 47 1.2 4.0 3.0 + 3.0

7 Duonuo 112.5 40 0.8 5.0 3.0

8 Laodukou 96.8 30 0.8 7.0 3.0 + 3.0

9 Jinchuan 112.0 65 1.2 4.0 4.0 + 4.0

10 Gunhabuqile 160.0 50 1.2 4.0 2.0 + 4.0

Table 4. Designing features of the connection systems of typical CFRDs.

Figure 10. Connection techniques in the Aertash CFRD.
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plate and fixed at the top of the joints. The gap between the different concrete components is 
20 mm, and 12-mm wooden plates are placed in between these components.

5. Foundation improvement techniques

After removing the surficial loose layers, most overburden still requires some additional 
treatment before using as a dam foundation. Commonly used techniques include compaction, 
consolidation grouting, vibro-replacement stone columns, high-pressure jet grouting, and so 
on. These treatment techniques are briefly summarized below.

5.1. Compaction

To provide a firm foundation, vibrating rollers are always used to compact the overburden 
retained. Dynamic compaction is also commonly used to increase the stiffness and strength 
of the overburden layers. The authors recommend the Miaojiaba CFRD as an example [9] 
for dynamic compaction, which was performed before constructing the dam. The average 
settlement achieved by dynamic compaction was 26.4 cm, and the measured settlement of 
the overburden during dam operation is about 35–50 cm, indicating that the total settlement 
may be considerably larger if dynamic compaction has not been performed. Prior to dynamic 
compaction operations, it is, however, necessary to lower the underground water table.

5.2. Consolidation grouting

Consolidation grouting is always performed to provide a sound foundation for the seepage 
barrier of dams (e.g., clay core and toe plinth). The depth of grouting generally ranges from 5 
to 10 m. The distances between grouting holes and rows range from 2 to 3 m. A concrete plate 
is usually cast before conducting the consolidation grouting works, serving as a working 
platform for grouting.

5.3. Vibro-replacement stone column

For weak layers such as sand lenses that are difficult to remove, vibro-replacement stone columns 
are usually used to densify the soils to form a composite foundation. The stone columns also serve 
as vertical drainage paths that are beneficial to dissipate the pore pressure within the surround-
ing soils. In the Huangjinping ACRD [14], vibro-replacement stone columns with a diameter of 
1.0 m were set to improve the sand lenses buried more than 25 m below the ground surface.

5.4. High-pressure jet grouting

High-pressure jet grouting is a ground improvement and soil stabilization method, where a 
stabilizing fluid is injected at a high velocity into the treated soil under a high pressure. The 
grouted fluid hardens within the soil, forming well-cemented jet grouted columns. High-
pressure jet grouting is a very versatile foundation improvement method and has been used 
not only in building temporary cutoff wall for cofferdams (e.g., Figure 1), but also in treating 
deeply buried sand lenses within the overburden layers (e.g., Figure 2).
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plate and fixed at the top of the joints. The gap between the different concrete components is 
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After removing the surficial loose layers, most overburden still requires some additional 
treatment before using as a dam foundation. Commonly used techniques include compaction, 
consolidation grouting, vibro-replacement stone columns, high-pressure jet grouting, and so 
on. These treatment techniques are briefly summarized below.

5.1. Compaction

To provide a firm foundation, vibrating rollers are always used to compact the overburden 
retained. Dynamic compaction is also commonly used to increase the stiffness and strength 
of the overburden layers. The authors recommend the Miaojiaba CFRD as an example [9] 
for dynamic compaction, which was performed before constructing the dam. The average 
settlement achieved by dynamic compaction was 26.4 cm, and the measured settlement of 
the overburden during dam operation is about 35–50 cm, indicating that the total settlement 
may be considerably larger if dynamic compaction has not been performed. Prior to dynamic 
compaction operations, it is, however, necessary to lower the underground water table.

5.2. Consolidation grouting

Consolidation grouting is always performed to provide a sound foundation for the seepage 
barrier of dams (e.g., clay core and toe plinth). The depth of grouting generally ranges from 5 
to 10 m. The distances between grouting holes and rows range from 2 to 3 m. A concrete plate 
is usually cast before conducting the consolidation grouting works, serving as a working 
platform for grouting.

5.3. Vibro-replacement stone column

For weak layers such as sand lenses that are difficult to remove, vibro-replacement stone columns 
are usually used to densify the soils to form a composite foundation. The stone columns also serve 
as vertical drainage paths that are beneficial to dissipate the pore pressure within the surround-
ing soils. In the Huangjinping ACRD [14], vibro-replacement stone columns with a diameter of 
1.0 m were set to improve the sand lenses buried more than 25 m below the ground surface.

5.4. High-pressure jet grouting

High-pressure jet grouting is a ground improvement and soil stabilization method, where a 
stabilizing fluid is injected at a high velocity into the treated soil under a high pressure. The 
grouted fluid hardens within the soil, forming well-cemented jet grouted columns. High-
pressure jet grouting is a very versatile foundation improvement method and has been used 
not only in building temporary cutoff wall for cofferdams (e.g., Figure 1), but also in treating 
deeply buried sand lenses within the overburden layers (e.g., Figure 2).
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6. Summary and conclusion

Great advancements in constructing high rockfill dams on thick overburden layers have been 
achieved in China over the past 20 years. Successful practice can be attributed to progresses 
in geological and geotechnical investigation techniques, proper designing and connection of 
the watertight systems, as well as the careful foundation improvement measures. It can be 
expected that even challenging geological conditions may be encountered in the future, which 
poses pressing needs in the following aspects:

a. Reliable assessment of overburden layers and their engineering properties. Combined use of tra-
ditional and newly invented geological and geotechnical investigation methods may con-
siderably improve the reliability of the proposed results. Design engineers should fully 
understand the geotechnical parameters at hand and the possible limitations involved.

b. Numerical simulation techniques. Computational simulations (such as the finite element 
method) are playing an increasingly important role in designing. Embedding reasonable 
and simple constitutive models for dam materials and in-situ overburden soils into a fully 
coupled procedure can yield reliable predictions on the performance of both dams and their 
seepage barriers in an economical way. Such constitutive models, however, are still scarce.

c. Effective emergency countermeasures. It is very difficult to guarantee completely reliable con-
struction quality for seepage control facilities as they are either enclosed inside the dam or 
buried deep under the dam. In the event that unexpected leakage does occur anywhere in 
the dam or foundation, effective countermeasures should be in place to eliminate threat-
ens and to prevent amplification of leakage points.
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Abstract

There are many Earth-fill dams in Japan, which are mostly used for irrigation use. Most 
of these dams in Japan were constructed by experience over 100 years ago. There are so 
many irrigation dams, which suffered earthquake damage in the past. Due to the dam-
ages, the cracks at the crest in the dam-axis direction have been reported in many cases. 
For the rock-fill dam recently constructed, the crack on the crest in the dam-axis direction 
has also been found in the case of a large earthquake. The mechanism of such a crack has 
not been discussed well. In this study, to clarify the mechanism of a crack in the dam-axis 
direction, a centrifugal loading test was applied to the dam with a 50 G gravity field. As a 
result, the critical level of strain was observed at the crest of the model, and it was found 
that the horizontal displacement at the upper part of the dam was excessive. It can be 
concluded from the study that the seismic cracks in the dam-axis direction occurred due 
to the excessive tensile stress, which was not considered in the design process.
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In Japan, there are approximately two hundred 10,000 small-Earth dams, which have signifi-
cant reservoirs for irrigation. Such kinds of dams whose heights are smaller than 15 m are 
called irrigation dams. Many irrigation dams were constructed by experience over 100 years 
ago. It is reported that about 20,000 irrigation dams were damaged during the long-term use, 
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Many irrigation dams were not designed for earthquake resistance, and the cracks at the crest 
in the direction of the dam axis are remarkable. Figure 1 shows the example of the crack at the 
crest of the Earth-fill dam. The relatively big open crack occurred. This type of open crack can be 
seen in the damaged Earth-fill dam so often. Not only the old Earth-fill dam but also the recent 
rock-fill dam has a crack in the dam-axis direction when the big earthquake hit. Figure 2 shows 
the crack situation at the crest of the rock-fill dam constructed in 1988. This dam was designed 
for earthquake resistance. Although the acceleration was not measured, it was inferred that rela-
tively big acceleration occurred because the earthquake inducing the crack was in 2011 off the 
Pacific coast of Tohoku. The open crack was propagated at a 3 m depth from the crest. The cracks 
shown in the figures cannot be seen to be induced by shear failure. The earthquake resistance is 
examined for shear failure with the slip-circle method according to the standard. It is difficult to 

Figure 2. Crack at the rock-fill dam.

Figure 1. Crack at the Earth-fill dam.
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repair the damaged dam effectively when the mechanism of the crack on the crest is not clarified. 
On the contrary, if the mechanism becomes clear, an effective counterplan may be considered.

In this chapter, the centrifuge loading test is carried out to confirm the mechanism of the 
crack at the crest. Although the authors already carried out the 1-G shaking test and inferred 
that the tensile stress is the reason for the crack by observing the behavior of the cross section 
[3], this study aims to confirm more concretely the reason. Therefore, the centrifuge loading 
test of 50 G was planned to simulate the more realistic situation and the observation from the 
vertical direction also tried to observe the crack situation. Moreover, the simple numerical 
simulation has tried to reproduce the experimental results.

2. Previous studies

The 1-G shaking table tests were carried out to investigate the dam and embankment behav-
ior, and it was found that the acceleration response at the upper part of the embankment 
has a large effect on the behavior of the slope [3]. The crack in the dam-axis direction was 
also examined and the crack was considered to be caused by tensile stress. The tensile stress 
was affected by the vertical vibration as well as horizontal one [4]. Like others, the relation 
between the natural period and failure feature was investigated [5]. The effect of the aspect 
ratio of the dam on the vibration mode was also examined [6].

For the centrifugal loading tests, the acceleration response and residual deformation were 
investigated for the Earth-core rock-fill dam and concrete-faced rock-fill dam [7]. The effect 
of the liquefaction of foundation on the deformation of the dam was examined [8]. Moreover, 
the seismic response and liquefaction of loose embankments were also investigated [9].

As mentioned earlier, the previous studies focused on the seismic response, slope sliding and 
deformation and so the situation of the surface of the dam was focused. On the other hand, the 
authors investigated the behavior of the cross section by 1-G shaking table test [2] as mentioned 
earlier. Figure 3 is the strain distribution of the model used for 1-G shaking table test. By using 

Figure 3. Strain distribution by 1-G shaking test [2]: (a) shear strain and (b) volumetric strain.
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Figure 4. Schematic view of the model and soil box for centrifugal loading test. (a) Schematic view of the model; and (b) 
the situation of soil box for centrifugal loading test.

image analysis, the behavior of cross section was observed. It was found that the share stain 
became large at the slope, and the large volumetric strain was observed at the upper part of the 
dam. In this study, a similar image analysis is used for the centrifugal loading test.

3. Centrifugal loading test

3.1. Test conditions

The centrifugal loading tests were conducted under 50-G with a 1/50 scaled model. In this 
experiment, the model with a height of 100 mm and upstream and downstream gradients of 
1:1 was used. Figure 4 shows the schematic view of the model. The model was made from 
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No. 7 silica sand and kaolin clay with the mixture ratio of 8:2 by dry weight. Figure 5 shows 
the particle distribution of the mixture. The water content of the mixture was 13%. In order 
to evaluate the seismic behavior of the model, the gauge points were placed on the surface 
of the embankment model and the reference points were set at the foundation. The total 
number of the points is 82. To reduce the friction between embankment model and wall of 
the soil box, the silicone grease was painted on the wall surface. The accelerometers were 
installed on the foundation. The foundation was made of rigid material. By assuming that 
the distance of the reference points on the rigid foundation is not changed, the coordinate of 
the gauge points is calibrated.

The model was excited with a horizontal sine wave of 50 Hz whose amplitude is 1.5 mm. The 
input seismic wave corresponds to the earthquake ground motion with a peak acceleration of 
about 300 gal, and the frequency is 1 Hz.

3.2. Digital image analysis

In order to evaluate the displacement of the gauge points, the digital image analysis method 
used in the 1-G shaking table test [2] is applied.

Firstly, the static image is taken before the model is tested. While the model is excited, con-
tinuous images are taken by the high-speed camera of which the shooting speed is 1000 fps. 
The images are transformed into black and white binary images. The noise reduction is, then, 
carried out as shown in Figure 6. The number of the points is confirmed to be 82 at this stage. 
Then, the coordinates of the gauge points are measured in the unit of pixels by calculating 
the center position of each white element representing the gauge point. Finally, the distance 
between two reference points at the foundation, which was precisely 150 mm, is measured in 
the unit of pixels. The scale calibration is carried out by the distance of reference points and 
the coordinate of the gauge points is calculated as the relative location of the reference point 
in the unit of mm. By repeating this procedure for all dynamic images, the displacement 
variation of each gauge point can be obtained.

Figure 5. Particle size distribution used for the embankment model.
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3.3. Calculation of strain

As the gauge points are regarded as the nodes, the cross section is discretized with a triangu-
lar element. By using the plane strain condition, the shear and volume strains are calculated 
for each element with the theory of the finite element method.

4. Experimental results

4.1. The behavior of cross section

By using the method mentioned above, the behavior of the cross section is examined. Figure 7 
shows the final displacement vector distribution after experiment and the situation of cracks. 
The cracks occurred at the upper part of the dam body of which the situation is explained 
later. The downward displacement vector is large at the upper part while the displacement at 
the lower part is minimal.

The gauge points shown by the number in Figure 8 are focused on highlighting the deforma-
tion pattern. The downward displacement at the vertical centerline of the dam body, of which 

Figure 7. Displacement vector distribution after experiment.

Figure 6. Examples of image analysis process: (a) picture image; (b) binary image; and (c) noise reduction result.
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the number is from 2 to 72, is shown in Figure 9. To observe the tendency of the settlement, the 
displacement is averaged with the period of 0.02 s which is the same as the period of shaking. 
The downward displacement becomes gradually large with the height of the gauge point. The 
deformation continues during the experiment at the upper part while the displacement at the 
lower part does not change so much during the experiment. It is found that the deformation 
of the upper part occupies the settlement of the dam.

Then, to observe the horizontal deformation, the change in the horizontal distance between 
two gauge points is investigated. For example, at the upper most part of the dam, the horizon-
tal distance of gauge points 1 and 3 is presented (see Figure 8). Figure 10 shows the change in 
the horizontal distances at various heights of the dam with time, in which the legend means 
the number of gauge points used for the distance calculation. While the horizontal distance 
becomes large at the height of the middle, the number of 29–31, at the early stage, the ones 
at the upper parts, the number of 1–3 and 5–7, gradually increase with time. The upper parts 
have a significant change in the horizontal distance finally. Entirely, the center part of the dam 
has the horizontal tension behavior except for the lowest part.

Figure 8. Number of gauge points highlighted for observation.

Figure 9. Downward displacement at the centerline of the dam.
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Figure 11. Change in shear strain distribution.

Figure 11 shows the change in shear strain distribution. The situation starts from the 
left end of shaking, moves to the center and right end, and then reverses to the cen-
ter and finally returns to the left end. The positive value means the shear strain at 
downstream shown in Figure 4(a), which coincides with the right-hand side. The time 

Figure 10. Change in the horizontal distance at the centerline of the dam.
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means the corresponding actual one. The shear strain to upstream direction occupies 
the upstream lower part, while the downstream side of the dam shows the shear strain 
at the downstream direction. The shear strain in both directions becomes larger at the 
lower part than the upper part.

Figure 12 indicates the volumetric strain distribution change. The positive value means the 
extension. It is found that the extension occurs at the upper part during the shaking. At the 
lower part, the extension and compression distribute apparently, and so the striped pattern 
can be seen. It is shown that the part showing the extension strain coincides with the part 
indicating the horizontal tension behavior explained (see Figure 11).

4.2. Behavior of crest

The situation of the crest after the test is shown in Figure 13. The crack is marked with the 
red line. The crack in the dam-axis direction can be seen at the center of the crest as shown 
at the actual damage site. The sliding behavior cannot be found at the slope of the dam. In 
order to investigate the deformation situation at the crest, an additional experiment is car-
ried out, at which the gauge points are set at the crest and slope as shown in Figure 14. As 
the situation was photographed from the top, the strain is estimated just for the horizontal 
plane (Figure 15). Therefore, the obtained strain is not the one on the slope but the apparent 
strain on the horizontal plane. Only the strain distribution at the crest is the accurate value 
as a strain.

Figure 12. Change in volumetric strain distribution.
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The shear strain is shown to develop to the upstream and downstream direction near the wall 
of the sand box. These results may be caused by the friction between wall and dam model. 
The direction of shear strain distributes alternatively, and the large shear strain develops in 
the upstream and downstream direction.

Figure 14. The gauge points on the crest and the slope. (a-1) Left end: shear strain; (a-2) left end: volumetric strain; (b-1) 
center: shear strain; (b-2) center: volumetric strain; (c-1) right end; shear strain; (c-2) right end: volumetric strain; (d-1) 
center: shear strain; (d-2) center: volumetric strain.

Figure 13. Cracks at the crest after the experiment.
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On the other hand, while the volumetric strain also shows the stripe pattern, the direction 
of the strain development is dam-axis one, which coincides with the crack situation shown 
in Figure 13. It can be found that the crack shown in Figure 13 is caused by the extension 
strain at the crest.

Figure 15. Shear and volumetric strain at the crest and slope.
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4.3. Summary of the experiment

It can be concluded from the experimental results as follows:

1. The cracks in the dam-axis direction can be realized by the experiment. Such a crack shown 
at the earthquake damage is caused by the extension strain. Therefore, the extension stress 
is caused by the parts of the crest. While the extension failure is not examined in the design 
process, the counterplan may be necessary as the earthquake resistance.

2. The shear strain at the cross section developed to the slope direction. While the shear strain 
distribution coincided with the sliding failure of the slope, the failure form by sliding was 
not observed.

5. Numerical examination

5.1. Conditions

To investigate the reproducibility of the extension strain distribution by numerical simu-
lation, the dam model of which size is the same as the 1-G shaking test [2] is simulated. 
In this study, two cases are examined. The first one is the case in which the dam body is 
directly shaken at the bottom of the dam. The second one is the case in which the thin base 
is added under the dam. The objective of the second case is to input the inhomogeneous 
wave into the dam body. When a given wave is subjected to the bottom of the base, 
the shaking of the bottom of the dam body becomes a little inhomogeneous, while the 
amplitude is not so different. The dam body has a height of 150 mm and upstream and 
downstream gradients of 1:0.545. As the slope gradient is steep, the shaking would be 
intensified at the upper part.

To examine the strain distributions, the elasto-plastic finite element method (FEM) using 
Mohr-Coulomb’s criteria as the yield function is applied in this study. The bottoms of the 
models are subjected to 2.4 Hz of a horizontal sine wave. The amplitude is 280 gal.

Figure 16 shows the schematic view of the models and Table 1 indicates the material proper-
ties. By setting the elastic modulus of the base a little smaller than that of the dam, the shaking 
situation at the bottom of dam body becomes inhomogeneous by the different behavior of 
reflected wave depending on the location.

5.2. Results

Figure 17 shows the shear strain distribution and Figure 18 indicates the volumetric strain 
distribution at the time when the model locates the center of shaking from downstream to 
upstream. It is found that the large shear strain occurs at the lower part for both cases while 
the direction is different for the case. Although Case 1 shows that the shear strain to the same 
direction occurs, the shear strain to the different direction is distributed for Case 2. For the 
volumetric strain, the maximum value is shown at the top and both ends of the bottom, and 
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the upstream side has the compression strain, and the downstream side has the extension 
strain for Case 1. On the other hand, Case 2 shows that the extension and compression strain 
distribute alternatively. This stripe pattern can be seen in the centrifugal loading test as shown 
in Figure 12. However, the large extension strain cannot be seen in the numerical simulation.

As a result of the numerical simulation, the analysis results are different from the experimen-
tal results. In particular, the large extension strain at the upper part cannot be realized by the 

Figure 16. Model size of the numerical simulation. (a) Case 1 and (b) Case 2.

Parameters Dam body Base (Case 2)

Cohesion (kPa) 15 15

Unit weight (kN/m3) 18 18

Elastic modulus (kPa) 3000 2850

Internal friction angle (°) 35 35

Poisson’s ratio 0.3 0.3

Table 1. Material parameters used for numerical analysis.

Figure 17. Shear strain distribution of the numerical simulation. (a) Case 1 and (b) Case 2.
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distribution coincided with the sliding failure of the slope, the failure form by sliding was 
not observed.

5. Numerical examination

5.1. Conditions

To investigate the reproducibility of the extension strain distribution by numerical simu-
lation, the dam model of which size is the same as the 1-G shaking test [2] is simulated. 
In this study, two cases are examined. The first one is the case in which the dam body is 
directly shaken at the bottom of the dam. The second one is the case in which the thin base 
is added under the dam. The objective of the second case is to input the inhomogeneous 
wave into the dam body. When a given wave is subjected to the bottom of the base, 
the shaking of the bottom of the dam body becomes a little inhomogeneous, while the 
amplitude is not so different. The dam body has a height of 150 mm and upstream and 
downstream gradients of 1:0.545. As the slope gradient is steep, the shaking would be 
intensified at the upper part.

To examine the strain distributions, the elasto-plastic finite element method (FEM) using 
Mohr-Coulomb’s criteria as the yield function is applied in this study. The bottoms of the 
models are subjected to 2.4 Hz of a horizontal sine wave. The amplitude is 280 gal.

Figure 16 shows the schematic view of the models and Table 1 indicates the material proper-
ties. By setting the elastic modulus of the base a little smaller than that of the dam, the shaking 
situation at the bottom of dam body becomes inhomogeneous by the different behavior of 
reflected wave depending on the location.

5.2. Results

Figure 17 shows the shear strain distribution and Figure 18 indicates the volumetric strain 
distribution at the time when the model locates the center of shaking from downstream to 
upstream. It is found that the large shear strain occurs at the lower part for both cases while 
the direction is different for the case. Although Case 1 shows that the shear strain to the same 
direction occurs, the shear strain to the different direction is distributed for Case 2. For the 
volumetric strain, the maximum value is shown at the top and both ends of the bottom, and 
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the upstream side has the compression strain, and the downstream side has the extension 
strain for Case 1. On the other hand, Case 2 shows that the extension and compression strain 
distribute alternatively. This stripe pattern can be seen in the centrifugal loading test as shown 
in Figure 12. However, the large extension strain cannot be seen in the numerical simulation.

As a result of the numerical simulation, the analysis results are different from the experimen-
tal results. In particular, the large extension strain at the upper part cannot be realized by the 

Figure 16. Model size of the numerical simulation. (a) Case 1 and (b) Case 2.

Parameters Dam body Base (Case 2)

Cohesion (kPa) 15 15

Unit weight (kN/m3) 18 18

Elastic modulus (kPa) 3000 2850

Internal friction angle (°) 35 35

Poisson’s ratio 0.3 0.3

Table 1. Material parameters used for numerical analysis.

Figure 17. Shear strain distribution of the numerical simulation. (a) Case 1 and (b) Case 2.
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analyses. The distribution of the shear strain is also quite different from the observed one. As a 
present conclusion, the ordinary elasto-plastic model is not suitable for the dynamic analysis of 
the dam.

6. Discussions

Many Earth dams had the cracks in the direction of dam axis at the crest when a big earth-
quake happened. In this study, to examine the mechanism of the cracks along the dam axis, 
the centrifugal loading tests are conducted. Moreover, numerical analyses are used to exam-
ine the mechanism theoretically.

It was found from experimental examination that the cracks in dam-axis direction shown as 
the earthquake damage were caused by the extension strain. Therefore, the extension stress 
was caused by the parts of the crest. However, the large extension strain at the upper part 
could not be realized by numerical analyses. This means that the cracks in the dam-axis direc-
tion cannot be explained theoretically at present.

While the extension failure is not examined in the design process, the counterplan for the 
cracks is necessary as the earthquake resistance. It is, however, difficult to examine the effi-
ciency because it is impossible that the extension stress at the upper part of the dam body 
cannot be evaluated properly at present.

The shear strain at the cross section is developed to the slope direction in the experiment. 
While the shear strain distribution coincided with the sliding failure of the slope, the failure 
form by sliding was not observed. On the other hand, the distribution of the shear strain 
by numerical analysis was quite different from the observed one. Although the earthquake- 
resistance is examined for shear failure by Newmark’s method [10] or the method by Watanabe 
and Baba [11] in Japan, the discussion about the critical situation of the seismic behavior of the 
fill dam would be needed.

Figure 18. Volumetric strain distribution of the numerical simulation. (a) Case 1 and (b) Case 2.
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Abstract

This chapter deals with the processes by which a single-phase 3-D CFD model of hydro-
dynamics in a Sulejow dam reservoir was developed, verified, and tested. A simplified
volume of fluid (VOF) model of flow was elaborated to determine the effect of wind on
hydrodynamics in the lake. A hexahedral mesh with over 17 million elements and a k-ω
SST turbulence model were defined for single-phase simulations in steady-state condi-
tions. The model was verified on the basis of the extensive hydrodynamic measurements.
Excellent agreement (average error of less than 10%) between computed and measured
velocity profiles was found. The simulation results proved a strong effect of wind on
hydrodynamics, especially on the development of the water circulation pattern in the
lacustrine zone in the lake.

Keywords: CFD model, hydrodynamics, dam reservoir, Sulejow reservoir

1. Introduction

In recent years, numerical models of flow in water bodies are widely used to provide an
accurate description of flow velocity distribution. Although all the hydrodynamic processes
going on in an aquatic system are difficult to describe, some authors have reviewed the main
mechanisms, from large scale [1–5] to small scale and mixing processes [6, 7] or both [8, 9].
Three-dimensional numerical models of flow calculations in natural water bodies have been
successfully applied for rivers with single complex flow features [10–14] although there is a
little experience with modeling of flow in large dam reservoirs [15]. Studies of flow through
curved or straight, open channels of simple cross-sectional shape (rectangular or trapezoidal)
have been reported by Demuren [16] and Meselhe [17]. Both authors presented a 3-D
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numerical model, for the calculation of turbulent flow in meandering channels. The works
provided a hydrodynamic basis for the study of the mechanisms for the formation of river
meanders. The authors employed a finite volume numerical method to solve the full Reynolds-
averaged Navier-Stokes (RANS) equations in conjunction with the standard k-ɛ model. The
case exhibits some of the features encountered in real rivers, including longitudinal curvature
and varying bed topography. Demuren’s results were in reasonable overall agreement with the
mean velocity measurements of Almquist and Holley [18]. Meselhe focused on proposing a
simplified approach for calculating the water surface elevation as a part of the overall solution
procedure.

All previous studies with both straight and curved channels had adopted a rigid-lid assump-
tion for modeling the free surface. The rigid-lid approximation is a commonly used simpli-
fication in the study of density-stratified fluids mainly in oceanography. Assumes, that the
displacements of the surface are negligible compared with interface displacements. In a
research conducted by Sinha [11], a 3-D model of flow through a 4-km stretch of the Columbia
river, downstream of the Wanapum Dam, was developed and validated. Authors succeeded in
modeling of flow in rapidly varying bed topography and the presence of islands. In the study
three-pronged strategy—composed of the field measurements, the laboratory experiments,
and the numerical model—was undertaken. The model solves the (RANS) equations closed
with the standard k-ɛ turbulence model.

In today’s development level of hardware and software, increasingly complex, engineering
tasks can be managed, and, thus, three-dimensional hydrodynamic modeling of dam reser-
voirs became a potential tool for determining more accurate picture of the dependencies,
which prevail in the aquatic ecosystem. Whereas in most studies one- and two-dimensional
description of flows may be sufficient, in some special cases, three-dimensional approach is
needed to determining, for instance, flow patterns in bends or in the vicinity of hydraulic
structures (dams and weirs). These issues are evidently three-dimensional, and spatial charac-
ter directly affects pollutant transport processes.

Hydrodynamic processes determine the movement of suspended and dissolved matter; heat
transfer; intensity of circulation inside the ecosystem; the speed of contaminating processes; and
the self-purification of the reservoirs, ultimately provide conditions of the ecosystem function.

Kennedy et al. [15] applied a 3-D model to estimate the hydraulic residence time (HRT) for the
Thomas Basin (part of the Wachusett Reservoir in central Massachusetts). The basin was
modeled using the FLUENT software package with particles used to track travel time in
steady-state conditions. A tetrahedral mesh was used with accurate description of basin
bathymetry. The model solved the transient Reynolds equations for turbulent flow with stan-
dard k-ɛ closure. Modeling was performed to simulate flow pattern during a period when
conditions were isothermal and windless. HRTwas estimated to 3–4 days which is about half
of the HRT that would be expected based on the theoretical mean residence time. The results of
the calculations show that the presence of a primary flow path, large-scale eddies, and stagna-
tion zones contributed to the faster travel time. Reductions in inflow rates produce increased
residence times and significant changes in flow patterns. However, the authors did not provide
any information about model verification.
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In a research conducted by Khosronejad [19], a 3-D CFDmodel was applied to predict the flow
hydrodynamics around power intakes within the Dez dam reservoir (Iran). The study was also
devoted to a qualitative analysis of sediment transport at the area around the intakes. For
incorporating the effects of turbulent flow, the k-ωmodel was implemented. The finite volume
method was used to discretize the RANS equations. The 3-D single-phase model ran for a
limited 320 m long reservoir section. The results show that the flow velocity has a maximum
value of 1–2 m/s near power intakes and decreases with distance. In addition, the turbulent
intensity increases in the area near intake entrance resulting in increasing bed shear stress near
intakes. Khosronejad did not present a test of either coarser or finer mesh resolution; moreover,
the model was not verified in the field measurements.

2. Study area

Sulejow reservoir is situated on the middle reach of the Pilica river, which is left-hand side
tributary of Vistula river, central Poland (Figure 1). One of the biggest artificial reservoirs in

Figure 1. Localization of the Sulejow dam reservoir.
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Poland was built by impounding the Pilica river on 138.9 km with a dam in the years 1969–
1973. The reservoir is a shallow water body (mean depth 3.3 m) covering a large area (22 km2).

Sulejow reservoir is a ribbon-type reservoir, which can be divided into two morphological
zones each influenced by different forcing agents. The first one (consisting of a riverine zone
and a transition zone) is the narrow, shallower part of the reservoir, dominated by the river
inflows. The second zone, the wide lacustrine part of the reservoir, is located near the dam.
This zone is quite open and behaves like a lake, and the main driving force mechanism causes
the movement of water masses wind. The main axis runs from southwest to northeast which is
close to the direction of winds that ripple and mix the water. A result is the formation of places
with stagnant water on the southern bank of the middle and lower part of the reservoir.

3. Generation of three-dimensional geometry

The first step in the numerical procedure was to prepare the 3-D geometry of the 17-km-long
Sulejow reservoir. Gambit Program 2.2.30 (ANSYS, USA) was employed to generate geometry
of the water body.

On the basis of the most accurate, available data of the reservoir, geometry was generated
using segmentation technique with 36 cross-sectional profiles of the artificial lake. Methodol-
ogy adopted to determine parameters of the sections was based on the field measurements by
using an integrated system: digital depth sounder RESON PC-100 and GPS Trimble 5700. The
cross-sectional spacing ranged from 400 to 600 m. Figure 2 shows an example and locations of
the measured sections in the water body.

Figure 2. The cross-sectional profiles of the Sulejow reservoir.
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In this study, the “bottom-up” approach was implemented in order to obtain a three-dimensional
geometry from the set of separated surfaces. Each measured cross section was defined by the
information of the distance between two banks (connection length between probing points in
the section was 5 m) and elevation (normal impoundment level in the Sulejow reservoir is
166.6 m amsl). Figure 3 illustrates an example of the cross section built in the Gambit Program.

The vertices which determine the reservoir bed were connected to form the edges. Subse-
quently, edges were combined into faces. The last stage consisted in stitching the faces in order
to obtain the volumes. After completion of the segmentation procedure, rendering process was
conducted, which facilitated generation of three-dimensional geometry of the reservoir, using
the faces obtained from the segmentation. Figure 4 presents the complete geometry that
consists of 36 volumes totally.

Terminal berm of the reservoir consists of earth dam and weir, with integrated hydroelectric
power station (Figure 5). The length of the dam with a weir is 1200 m, the maximum height is
16 m, and the total volume is 567,000 m3. The jazz is concrete, in the overflow riffle span,
middle and left of the weir, drain pipes have been built. Weirs are closed with the oval valves.
Cross section of earth dam and weir is shown in Figure 6a and b. Geometry and computational
mesh of the dam are shown in Figure 7.

Figure 3. Example of the cross sections generated with Gambit program.

Figure 4. Sulejow reservoir geometry.
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ogy adopted to determine parameters of the sections was based on the field measurements by
using an integrated system: digital depth sounder RESON PC-100 and GPS Trimble 5700. The
cross-sectional spacing ranged from 400 to 600 m. Figure 2 shows an example and locations of
the measured sections in the water body.

Figure 2. The cross-sectional profiles of the Sulejow reservoir.
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In this study, the “bottom-up” approach was implemented in order to obtain a three-dimensional
geometry from the set of separated surfaces. Each measured cross section was defined by the
information of the distance between two banks (connection length between probing points in
the section was 5 m) and elevation (normal impoundment level in the Sulejow reservoir is
166.6 m amsl). Figure 3 illustrates an example of the cross section built in the Gambit Program.

The vertices which determine the reservoir bed were connected to form the edges. Subse-
quently, edges were combined into faces. The last stage consisted in stitching the faces in order
to obtain the volumes. After completion of the segmentation procedure, rendering process was
conducted, which facilitated generation of three-dimensional geometry of the reservoir, using
the faces obtained from the segmentation. Figure 4 presents the complete geometry that
consists of 36 volumes totally.

Terminal berm of the reservoir consists of earth dam and weir, with integrated hydroelectric
power station (Figure 5). The length of the dam with a weir is 1200 m, the maximum height is
16 m, and the total volume is 567,000 m3. The jazz is concrete, in the overflow riffle span,
middle and left of the weir, drain pipes have been built. Weirs are closed with the oval valves.
Cross section of earth dam and weir is shown in Figure 6a and b. Geometry and computational
mesh of the dam are shown in Figure 7.

Figure 3. Example of the cross sections generated with Gambit program.

Figure 4. Sulejow reservoir geometry.
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Figure 5. Front step of the weir. (1) Earth dam, (2) weir, (3) electric power station, (4) switching station, (5) operating
settlement, (6) buildings, (7) clay band, (8) foil-sealing of the reservoir bottom, and (9) marina.

Figure 6. (a) Cross section of the earth dam. (1) reinforced concrete shield, (2) clay band, (4) grass slope, (5) drainage, (6)
embankment, and (7) national road on the dam crest. (b) Cross section of the weir. (1) Elevated sill, (2) oval valve, (3) weir
pool, and (4) artificial pothole.
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The final verification of the accuracy of the reservoir shape was feasible on the basis of satellite
photographs, which confirm the correct approximation of the geometry. Figure 8 shows the
satellite image of the Sulejow reservoir with marked cross sections, according to which the 3-D
geometry was prepared. Due to the fact that sections were determined every �500 m, it could
not be possible to precisely map the shape of the shoreline; however, this approximation does
not affect the nature of the flow throughout the 17-km-long dam reservoir. The generated 3-D
geometry of the artificial lake was discretized to perform the numerical solutions.

3.1. Computational mesh

Three-dimensional grid generation for a complex geometry is not a straightforward task, as the
grid type has a significant influence upon the quality of the simulations [20]. The crucial issues
controlling grid quality are the type of grid, that is, structured and unstructured, grid spacing,
and skewness. To apply a finite volume method in CFD model of the reservoir, the 3-D
computational domain must be subdivided into a large number of cells. However, the high
ratio of the breadth to depth dimensions and irregular shape of the reservoir make this process
difficult. Appropriate mesh resolution is linked to the hydrodynamic conditions, the flow
features, and the discretization schemes.

In finite volume methods for numerical simulations, the hexahedral mesh (hex mesh) is
preferred, as compared to the tetrahedral mesh (tet mesh), owing to the reduced error and
smaller number of elements [21]. Typically, tet mesh is preferred for filling irregular spaces,
since existing algorithms can semiautomatically subdivide most of the spaces [15]. Structured
meshes are better suited to shallow reservoirs, while an unstructured mesh matches better to
deeper (or with smaller aspect ratio) reservoirs. On the other hand, generating a hex mesh,
with desirable qualities, often requires significant geometric decomposition, which makes the

Figure 7. Outflow of the Sulejow reservoir.
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meshing process extremely difficult to perform and automate. As a result, it requires consider-
able user efforts and may take days or even weeks to develop the proper grid in the case of
complex shapes.

To fill the shallow space representing the reservoir area, with minimally skewed, hexahedral
cells, the typical cell dimension must be small compared to the depth of the water. Thus, the
meshing process becomes computationally expensive due to the requirement of a large num-
ber of elements.

While developing the CFD model of flow hydrodynamics, preliminary simulations allowed us
to select proper density of the numerical grid, at which a convergent and stable solution can be
obtained. In order to generate a mesh for the Sulejow reservoir geometry, the capacity of
Gambit 2.2.30 commercial software was used. The domain surface was discretized using
structural (hexahedral) mesh with 16,787,820 active cells and 17,717,364 nodes, respectively.

Figure 8. Satellite photograph of the Sulejow reservoir with the cross sections. Source: geoportal.gov.pl.
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The total basin volume was 74,721,600 m3, which reflects the real value. Four layers of ele-
ments across the wall thickness were added to confirm the numerical stability by specifying
the height of the first layer, nearest to the wall (0.01), and the growth factor (0.1).

The process of generating structured grid was much more labor intensive than creating an
unstructured mesh; however, elaborated model was more stable and converged quickly.

Exclusion from the model of some near-shore regions of the basin, with the shallow depth
(<0.3 m) and inconsiderable slope, was necessary to avoid generation of cells with highly acute
angles. Removal of strongly skewed elements from the computational domain would have
minimal impact on the overall circulation patterns in the basin due to the high ratio of bottom
area to the water volume, resulting with minimal flow and very low velocity in this region.
This operation removed approximately 10% of the basin surface area but only a small fraction
of the basin volume �1%.

A post-processing check on mesh quality, based on assessing the skewness of the generated
cells, indicated that the mesh is of high quality and would not compromise solution stability.
The use of a coarser grid (<105 and 106 elements) caused rapid solution divergence. However,
increasing the mesh number to 18 � 106 had no further influence on the results especially on
the location of swirl flows. Figure 9 shows the hexahedral, structured mesh which has been
generated for the Sulejow reservoir geometry.

Figure 9. Example of the computational domain with the structural mesh generated in GAMBIT 2.2.30 program. Under
magnification, hexahedral elements included in the boundary layer are visible.
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The quality of the numerical grid was determined by the shape and the size of the computing
field and the total number of elements used in the generated numerical grid and through the
position of the first node relative to the plane of the wall. To assess the quality of the numerical
grid elements, three parameters were used (Gambit User Guide):

• Parameter y+—determining the quality of the mesh in the boundary layer

• “Skewness”—determining the quality of the individual grid elements

• “Aspect ratio”—defining the degree of deformation of the mesh elements

Ranges of parameters: y+, skewness, and aspect ratio for the numerical grid generated in this
work are given in Table 1.

4. Mathematical model

In order to fully present the hydrodynamics in the dam reservoir, volume of fluid (VOF) model
should be developed. Owing to large size and complexity of the computational grid, as well as
limited computer capacity, such an approach would be very difficult to apply for a big water
bodies. In the literature, VOF technique was adopted only for the CFDmodeling of reservoir in
a downscale model (1:50) [22].

Sulejow reservoir due to the location, shape of the bowl, and uncovered, flat shores is partic-
ularly exposed to the effect of wind. Direction and energy of wind determine the waving
movement and mixing of the water, so the impact of the factor, on flow distribution in the
CFD simulations, should be taken into consideration.

In the model under wind conditions, the speed, at which the plate was moving on the water
surface (which reflects the speed and direction of the wind in the area of the Sulejow reservoir),
was determined. For this purpose, independent, 2-D, two-phase problem was resolved. Data
concerning wind parameters were provided by the Institute of Meteorology and Water Man-
agement in Warsaw and come from the meteorological station (Sulejow-Kopalnia) located near
the reservoir. Average speed and direction of wind were selected as 3 m/s and southeast,
respectively, based on the daily data from year 2007.

4.1. Simplified VOF CFD model

The 2-D model of a straight channel with a length of 80 m and a width of 6 m (3 m layer of
water, 3 m layer of air) was elaborated. Figure 10 shows the hexahedral, structured mesh
which has been generated for the simplified geometry. The grid contains 159,242 elements

Parameter Values for numerical grids in this work The limit values in the numerical simulations

y+ �1.8 ≤2

Skewness �0.8 0–1

Aspect ratio �1.7 ≥1

Table 1. Values of parameter: y+, skewness, and aspect ratio for the analyzed numerical grid.
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(159,116 hexahedra, 126 wedges) and 321,872 nodes, respectively. A boundary layer was
generated consisting of 10 rows.

Wind accelerates surface fluid particles by imparting momentum to the fluid, through surface
stresses. In the analysis, the water flows through the air momentum. In the computational
domain, the water phase has two outlets that allow for fluid reversing. Analysis of flow in 2-D
model was intended to determine which boundary condition best describes the situation that
prevails over the water surface by the effect of wind.

4.2. Boundary conditions

For two-dimensional CFD model, the following boundary conditions were imposed:.

Inlet boundary conditions applied for the analyzed domain were two tributaries (Pilica and
Luciaza rivers) and outlet (dam) as given in Figure 11.

Simulated inflow boundaries were specified with mass flow rates, normal to the boundary.
Velocities at each inlet were calculated from the inlet area measurements of stream flow for the
Pilica and Luciaza rivers, made by the Regional Board and Water Management in Warsaw in
2007. The monthly values of mass flow rates in the Pilica and Luciaza rivers are presented in
Table 2.

The definition of the inlet requires the values of the velocity vectors and turbulence properties.
For the air inlet, the simulations were first conducted at a speed of 3 m/s. Velocity profile
obtained at the outlet of the computational domain was loaded as an input file to receive the
velocity profile at the inlet. This approach allows to obtain a fully developed velocity profile
for a small domain.

Implementation of volume of fluid model requires an additional boundary condition to be
specified, namely, the turbulence intensity at the inlet and turbulent viscosity ratio. Introduc-
tion of disturbance into the flow reflects the real features of the flow pattern.

Figure 10. Fragment of the structured, hexahedral mesh generated with Gambit program.
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The turbulence intensity, I [%], is defined as the ratio of the root-mean-square of the velocity
fluctuations u` to the mean flow velocity Uavg. The turbulence intensity at the core of a fully
developed duct flow can be estimated from Eq. (1):

I ¼ u
Uavg

¼ 0, 16R
�1
8 (1)

Kennedy [15] carried out sensitivity analysis on the turbulence intensity in the simple, channel
geometry and found that value 4% was able to match the conditions well. The author con-
cluded that this parameter had a noticeable effect on the solution. Following the above find-
ings, turbulence intensity level of 4% was specified at the inlet.

Figure 11. Inlet region in the analyzed domain.

Month Pilica river (mass flow rate m3/s) Luciaza river (mass flow rate m3/s)

January 19.86 2.80

February 46.31 5.50

March 22.33 4.92

April 23.04 2.19

May 17.36 1.39

June 15.65 1.64

July 16.45 1.91

August 12.83 1.39

September 13.21 1.59

October 16.37 1.69

November 25.50 2.21

December 25.65 2.55

Table 2. The monthly values of mass flow rate in the Pilica and Luciaza rivers in 2007.
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Another parameter, the turbulent viscosity ratio (the ratio of turbulent to laminar (molecular)
viscosity), was used as given in Eq. (2). The default value of 10%was applied in the simulations:

β ¼ vt
v

(2)

The air outlet of pressure type was defined in the model. Pressure outlet boundary conditions
require specification of a static pressure at the outflow. Convergence difficulties were mini-
mized by specified values for the backflow quantities (backflow turbulence intensity and
viscosity ratio). A no-slip boundary condition was applied on the wall.

4.3. Solution methods

Table 3 summarizes the solution conditions and methods used in the modeling process.

4.4. Results of VOF model

Based on the analysis of two-dimensional two-phase model, an appropriate input data for the
wall boundary condition, corresponding to real wind conditions at the surface, could be
determined. Figure 12 depicts the velocity profile of water at the outlet of the computational
domain. As a result, the replacement velocity of wind, which corresponds to the real, average
value in the area of the Sulejow reservoir, was obtained. The mean value of 0.147 m/s was used
in the simulations of flow hydrodynamics in the modeled reservoir.

4.5. Results of CFD calculations at wind conditions

Due to the fact that the Sulejow reservoir is a shallow, polymictic lake, the wind will be
important for the distribution and mixing of the water masses of two tributaries. The results
shown in Figure 13 confirm this assumption.

Model volume of fluid

Space Two-dimensional

Time Steady

Discretization method

Gradient Least squares cell based

Pressure Body force weighted

Pressure–velocity coupling scheme Coupled

Momentum Second-order upwind

Volume fraction Compressive

Turbulence energy kinetic Second-order upwind

Specific dissipation rate Second-order upwind

Table 3. Solution conditions and methods for volume of fluid model.
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The findings suggest that when steady flow pattern develops in the basin, large regions of
recirculation are formed below the outlet of the reservoir. Figure 14 shows contours of velocity
field in the Sulejow reservoir in (a) March (b) July, and (c) December.

Figure 12. The velocity profile at the interface of water-air.

Figure 13. Comparison of velocity field (m/s) in the Sulejow reservoir in October at wind and no-wind conditions.
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Figure 14. Contours of velocity field (m/s) in the Sulejow reservoir in (a) march (b) July, and (c) December.

Three-Dimensional CFD Simulations of Hydrodynamics for the Lowland Dam Reservoir
http://dx.doi.org/10.5772/intechopen.80377

53



The findings suggest that when steady flow pattern develops in the basin, large regions of
recirculation are formed below the outlet of the reservoir. Figure 14 shows contours of velocity
field in the Sulejow reservoir in (a) March (b) July, and (c) December.

Figure 12. The velocity profile at the interface of water-air.

Figure 13. Comparison of velocity field (m/s) in the Sulejow reservoir in October at wind and no-wind conditions.

Dam Engineering52

Figure 14. Contours of velocity field (m/s) in the Sulejow reservoir in (a) march (b) July, and (c) December.

Three-Dimensional CFD Simulations of Hydrodynamics for the Lowland Dam Reservoir
http://dx.doi.org/10.5772/intechopen.80377

53



5. Model verification

Numerical simulations have many advantages such as providing results in the entire domain
and the ability to make changes to the geometry, boundary, or initial conditions, but numerical
models always require validation of the simulations with reliable and appropriate experimen-
tal data [22]. The following section describes the measurements for obtaining data necessary
for validation of the numerical simulations.

5.1. Acoustic measurements

Field measurements of velocity and turbulent quantities have been made much more accessi-
ble with the development of acoustic measurement methods. Acoustic Doppler Current Pro-
filer (ADCP), highly efficient and reliable instrument for flow measurements in riverine and
open-channel environments, has been used for the first time to determine the velocity profiles
in the dam reservoir in Poland.

The measurements are repeated continuously during the movement of the boat. As a result, for
a single passage along the cross section, a few hundred to several thousands of partial flow are
obtained, which are summed during the measurement process. The measurements are
repeated several times. The final result is calculated as the average value of at least four correct
runs.

Teledyne RD Instruments’ StreamPro Acoustic Doppler Current Profiler (ADCP) was used to
validate the hydrodynamic CFD model. The device was mounted on a boat that moves across
a transect of the reservoir channel. This technique can be adopted while complying the
assumptions: (1) the water surface is not wavy and (2) velocity of the water is less than 2 m/s.

In order to correctly determine the places selected for the verification, the GPS Garmin eTrex 10
has been used. Flow velocity measurements were made in June 2013 and included four cross
sections in the Sulejow reservoir and measurements of the flow rate at the inlet to the reservoir
of the Pilica and Luciaza rivers.

The places, which have been selected for the verification of the hydrodynamic model, were
arranged along the longitudinal axis of the Sulejow reservoir. The selection of these areas was
dictated by expecting a different character of flow in indicated areas (Figure 15):

• Barkowice Mokre (1)—the place closest to the backwaters of the reservoir, located in the
riverine zone, characterized by small depths (<3 m) and the highest flow rates.

• Zarzecin (2)—located in the upper, narrow part of the reservoir, with higher flow veloci-
ties, resulting in a half-river character. The depth at this point was about 4 m.

• Bronislawow (3)—situated in the central part of the reservoir, near the former water intake
for Lodz City. The place is characterized by a low flow, due to greater width (1500 m) and
depth of the basin (approximately 6 m).
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• Tresta (4)—located in the lower part of the artificial lake, where the depth is about 7–8 m.
The place is closest to the dam of the reservoir, characterized by, in addition to great
depths, the largest cross-sectional width of approximately 2000 m.

5.2. Results of model validation

A reasonable agreement between the flow pattern predicted by the model and those deduced
from the field data was found (Figure 16). To quantify the comparison, relative error was
calculated by taking the difference between numerical and measured values and then dividing
the results by the measured values. The measured velocity profiles were provided with a
relative accuracy within the range 1–10%.

The possible reasons for the discrepancies are (1) inaccuracies in location of measuring points,
(2) point velocity measurement errors, (3) errors in modeling the flow, and (4) errors in
modeling the geometry.

The first category is related to the field velocity measurements taken from a boat. Considering
the fact that a boat cannot maintain an absolute fixed position due to the waving and wind,
errors are introduced in velocity measurements. A deviation of �20 cm from the fixed position
can cause large errors if there is a steep velocity change in the plane of measurements. The
magnitude of this error could not be estimated accurately; however, rough estimate of the
nearby velocities within a distance of �20 cm at the measuring point resulted in an error in the
range 3–5%.

Figure 15. Hydrological and morphological differentiation of the Sulejow reservoir along the longitudinal axis.

Three-Dimensional CFD Simulations of Hydrodynamics for the Lowland Dam Reservoir
http://dx.doi.org/10.5772/intechopen.80377

55



5. Model verification

Numerical simulations have many advantages such as providing results in the entire domain
and the ability to make changes to the geometry, boundary, or initial conditions, but numerical
models always require validation of the simulations with reliable and appropriate experimen-
tal data [22]. The following section describes the measurements for obtaining data necessary
for validation of the numerical simulations.

5.1. Acoustic measurements

Field measurements of velocity and turbulent quantities have been made much more accessi-
ble with the development of acoustic measurement methods. Acoustic Doppler Current Pro-
filer (ADCP), highly efficient and reliable instrument for flow measurements in riverine and
open-channel environments, has been used for the first time to determine the velocity profiles
in the dam reservoir in Poland.

The measurements are repeated continuously during the movement of the boat. As a result, for
a single passage along the cross section, a few hundred to several thousands of partial flow are
obtained, which are summed during the measurement process. The measurements are
repeated several times. The final result is calculated as the average value of at least four correct
runs.

Teledyne RD Instruments’ StreamPro Acoustic Doppler Current Profiler (ADCP) was used to
validate the hydrodynamic CFD model. The device was mounted on a boat that moves across
a transect of the reservoir channel. This technique can be adopted while complying the
assumptions: (1) the water surface is not wavy and (2) velocity of the water is less than 2 m/s.

In order to correctly determine the places selected for the verification, the GPS Garmin eTrex 10
has been used. Flow velocity measurements were made in June 2013 and included four cross
sections in the Sulejow reservoir and measurements of the flow rate at the inlet to the reservoir
of the Pilica and Luciaza rivers.

The places, which have been selected for the verification of the hydrodynamic model, were
arranged along the longitudinal axis of the Sulejow reservoir. The selection of these areas was
dictated by expecting a different character of flow in indicated areas (Figure 15):

• Barkowice Mokre (1)—the place closest to the backwaters of the reservoir, located in the
riverine zone, characterized by small depths (<3 m) and the highest flow rates.

• Zarzecin (2)—located in the upper, narrow part of the reservoir, with higher flow veloci-
ties, resulting in a half-river character. The depth at this point was about 4 m.

• Bronislawow (3)—situated in the central part of the reservoir, near the former water intake
for Lodz City. The place is characterized by a low flow, due to greater width (1500 m) and
depth of the basin (approximately 6 m).

Dam Engineering54

• Tresta (4)—located in the lower part of the artificial lake, where the depth is about 7–8 m.
The place is closest to the dam of the reservoir, characterized by, in addition to great
depths, the largest cross-sectional width of approximately 2000 m.

5.2. Results of model validation

A reasonable agreement between the flow pattern predicted by the model and those deduced
from the field data was found (Figure 16). To quantify the comparison, relative error was
calculated by taking the difference between numerical and measured values and then dividing
the results by the measured values. The measured velocity profiles were provided with a
relative accuracy within the range 1–10%.

The possible reasons for the discrepancies are (1) inaccuracies in location of measuring points,
(2) point velocity measurement errors, (3) errors in modeling the flow, and (4) errors in
modeling the geometry.

The first category is related to the field velocity measurements taken from a boat. Considering
the fact that a boat cannot maintain an absolute fixed position due to the waving and wind,
errors are introduced in velocity measurements. A deviation of �20 cm from the fixed position
can cause large errors if there is a steep velocity change in the plane of measurements. The
magnitude of this error could not be estimated accurately; however, rough estimate of the
nearby velocities within a distance of �20 cm at the measuring point resulted in an error in the
range 3–5%.

Figure 15. Hydrological and morphological differentiation of the Sulejow reservoir along the longitudinal axis.

Three-Dimensional CFD Simulations of Hydrodynamics for the Lowland Dam Reservoir
http://dx.doi.org/10.5772/intechopen.80377

55



The second category consists of errors related to the instrument, its volume resolution, the
range of operation, and the sampling time. The ADCP device could measure instantaneous 3-D
velocity vectors with 1% accuracy. The vertical resolution of the instrument was 0.05 m, which is
less than the vertical mesh spacing (Δy) used in the numerical model, that is, 0.08 m. In other
words, the instrument resolution error can be ignored.

The third category is related to the numerical methods (discretization and iteration errors),
the boundary conditions, and the closure models. For a carefully modeled problem that has
well-posed boundary conditions, these errors are relatively low in comparison with other
errors.

The fourth category is how the model geometry was built. The modeled geometry was an
approximation of the reservoir topography as it was based on measurements of discrete cross
sections. The regions between the cross sections were interpolated and may not represent the
right topography of the artificial lake. A rapid variation in the topography significantly affects
the flow velocity distributions. The spacing used in the present study was selected with special
attention to the section properties of the reservoir. However, they may not have captured
important changes of the bed.

Based on the above discussion, a total error between computed and measured velocities of
about 10% is a reasonable assumption. Proper agreement of theoretical and experimental results
shows the correctness of the actions, developed in the frame of this work.

Figure 16. Comparison between computed and measured velocity profiles in four cross sections.
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6. Conclusions

The objective of this study was to develop and validate a three-dimensional numerical model
for simulating flow through the long dam reservoir of a complex bathymetry (17 km length).
As a result of the study, a three-dimensional one-phase CFD model of flow hydrodynamics in
the large water body on the example of the Sulejow reservoir was developed with an accurate
depiction of basin bathymetry and verified on the basis of field measurements.

The results of three-dimensional one-phase CFD model indicate that the flow field in the
Sulejow reservoir is transient in nature, with visible swirl flows in the lower part of the lake.

The results of simulations confirm the pronounced effect of wind on the water flow in the
reservoir and the accumulation of phytoplankton cells in the epilimnion layer of the lacustrine
part of the Sulejow reservoir. Methodology developed in the frame of this work can be applied
to all types of storage reservoir configurations, characteristics, and hydrodynamic conditions.
Results of the simulation are complementary to the direct measurements of the surface water
quality. A well-defined and constructed model can be used while developing a strategy for
water environment quality control and can be used as an auxiliary tool for the monitoring and
prediction of surface water quality and decision-making in the field of planning.
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Abstract

Nowadays, mathematical modeling of the dam break flooding flows has become very 
interesting and challenging problem for scientists and engineers. In order to analyze pos-
sible risks and safety, mapping of flooded areas corresponding to different scenarios and 
conditions for the destruction of dams and reservoirs is significant. The results of math-
ematical modeling of large-scale flows in areas with a complex topographic relief were pre-
sented in this chapter. The flow was numerically simulated by the volume of fluid (VOF) 
method-based solver interFoam of OpenFOAM package, which solving the Reynolds-
averaged Navier-Stokes equations (RANS) with the k-ε turbulence model. The mathemati-
cal model adequacy is checked by comparing with experimental data. The efficiency of the 
applied technology is illustrated by the example of modeling the breaking of the dams of 
the Andijan (Uzbekistan) and Papan (near the Osh town, Kyrgyzstan) reservoirs.

Keywords: dam break flows, topographic data, RANS, k-ε turbulence model, free 
surface, VOF, OpenFOAM

1. Introduction

The mathematical modeling using the advanced applied packages of computational fluid 
dynamics is an efficient tool for predicting various man-made and natural phenomena. The 
water flood of the regions and settlements takes the first place among natural spontaneous 
cataclysms in terms of the repetitions, extension area and annual material damage.

In this chapter, the problem of the prediction of consequences of a large-scale man-made 
disaster caused by the dam break is posed by the example of the Papan (near the Osh town, 
Kyrgyzstan) and Andijan (Uzbekistan) reservoirs.
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The adopted mathematical model is presented in Section 2. The general technology of the 
numerical solution of the adopted mathematical model, the initial and boundary conditions, 
the model discretization methods are presented in Section 3. Section 4 contains the results of 
verifying the package OpenFOAM by various dam break test cases. Finally, the examples of 
using the OpenFOAM package for modeling the breaks of the dams of the Papan and Andijan 
reservoirs are considered in Section 5.

2. The mathematical model of the dam break flows

The mass and momentum conservation laws for viscous incompressible liquid in the absence 
of mass forces lead to the following unsteady Navier-Stokes equations [1]:

  ∂ (ρ  ̄   u  i   )  / ∂  x  i   = 0,  (1)

    ∂ __ ∂ t   (ρ  ̄   u  i   )  +   ∂ ___ ∂  x  j  
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    )   is the mean tensor of viscous stresses, μ is the dynamic viscosity. The averaging 

is done in time, and the prime denotes the fluctuation part of the velocity. In the presence of 
external forces, it is necessary to augment these equations by the corresponding terms.

To close the systems of Eqs. (1) and (2), it is necessary to introduce some turbulence model. 
Most turbulence models employed in practice are based on the concepts of turbulent viscosity 
and turbulent diffusion. For the flows of general form, the turbulent viscosity introduced by 
Boussinesq, which couples the Reynolds stresses with the mean flow gradients, may be writ-
ten in the following form [1]:
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The turbulence kinetic energy k and its dissipation rate ε are determined from the following 
transport equations [1]:
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The coefficients of the model have the following standard values [1]:   C  
μ
   = 0.09,    C  

ε1
   = 1.44,    C  

ε2
   = 1.92,  

σ  
k
   = 1.0,  σ  

k
   = 1.3 .

The method of determining the interface between two phases—water and air occupies spe-
cial place at the modeling of the flow class under consideration. According to the main 
idea of the volume of fluid (VOF) method [1], one determines for each computational cell a 
scalar quantity, which represents the degree of filling the cell with one phase, for example, 
water. If this quantity is equal to 0, it is empty; if it is equal to 1, then it is filled completely. 
If its value lies between 0 and 1, then one can say, respectively, that this cell contains the 
free (interphase) boundary. In other words, the volume fraction of water α is determined as 
the ratio of the water volume in the cell to the total volume of the given cell. The quantity 
1 − α represents, respectively, the volume fraction of the second phase—air in the given 
cell. At the initial moment of time, one specifies the distribution of the field of this quantity, 
and its further temporal and spatial evolutions are computed from the following transport 
equation [1]:

    ∂ α ___ ∂ t   +   
∂ (α  ̄   u  i   )  _____ ∂  x  i  

   = 0.  (6)

The free boundary location is determined by the equation  α (x, y, z, t)  = 0 . Therefore, the physical 
properties of the gas-liquid mixture are determined by averaging with the corresponding 
weight coefficient:

  ρ =  𝛼𝛼𝛼𝛼  1   +  (1 − α)   ρ  2  , μ =  𝛼𝛼𝛼𝛼  1   +  (1 − α)   μ  2  .  (7)

Here, the subscripts 1 and 2 refer to the liquid and gaseous phases.

The essence of the VOF method implemented in the solver interFoam of the OpenFOAM 
package [2] lies in the fact that the interface between two phases is not computed explicitly, 
but is determined, to some extent, as a property of the field of the water volume fraction. Since 
the volume fraction values are between 0 and 1, the interphase boundary is not determined 
accurately; however, it occupies some region, where a sharp interphase boundary must exist 
in the proximity.

3. Modeling technology

3.1. Initial conditions

In the case of unsteady problem, it is necessary to specify for the initial values for all depen-
dent variables. The values of all velocity components are equal to zero because according to 
the condition of the problem under study, there is no motion until the moment of time t = 0. 
The hydrodynamic pressure is also equal to zero since the used solver—interFoam calcu-
lates hydrodynamic pressure [2]. The turbulence kinetic energy and its dissipation rate have 
some small value, which ensures a good convergence of the numerical solution at the first 
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The adopted mathematical model is presented in Section 2. The general technology of the 
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The coefficients of the model have the following standard values [1]:   C  
μ
   = 0.09,    C  

ε1
   = 1.44,    C  

ε2
   = 1.92,  

σ  
k
   = 1.0,  σ  

k
   = 1.3 .

The method of determining the interface between two phases—water and air occupies spe-
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properties of the gas-liquid mixture are determined by averaging with the corresponding 
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  ρ =  𝛼𝛼𝛼𝛼  1   +  (1 − α)   ρ  2  , μ =  𝛼𝛼𝛼𝛼  1   +  (1 − α)   μ  2  .  (7)

Here, the subscripts 1 and 2 refer to the liquid and gaseous phases.

The essence of the VOF method implemented in the solver interFoam of the OpenFOAM 
package [2] lies in the fact that the interface between two phases is not computed explicitly, 
but is determined, to some extent, as a property of the field of the water volume fraction. Since 
the volume fraction values are between 0 and 1, the interphase boundary is not determined 
accurately; however, it occupies some region, where a sharp interphase boundary must exist 
in the proximity.

3. Modeling technology

3.1. Initial conditions

In the case of unsteady problem, it is necessary to specify for the initial values for all depen-
dent variables. The values of all velocity components are equal to zero because according to 
the condition of the problem under study, there is no motion until the moment of time t = 0. 
The hydrodynamic pressure is also equal to zero since the used solver—interFoam calcu-
lates hydrodynamic pressure [2]. The turbulence kinetic energy and its dissipation rate have 
some small value, which ensures a good convergence of the numerical solution at the first 
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integration steps. The initial distribution of the volume fraction α is nonuniform because not 
all the computational cells are filled with water.

3.2. Boundary conditions

The no-slip condition is specified at solid walls of the computational region, which gives the 
zero components of the velocity vector. The Neumann conditions are specified for the water 
volume fraction: and   ∂ α ⁄ ∂ n  = 0 ; at all wall boundaries, the fixedFluxPressure boundary condition 
is applied to the pressure (hydrodynamic pressure) field, which adjusts the pressure gradient 
so that the boundary flux matches the velocity boundary condition for solvers that include 
body forces such as gravity and surface tension [2].

The boundary conditions for the turbulence kinetic energy k and its dissipation rate ε were 
specified with the aid of the technique of wall functions [1]. Systematic calculations performed 
in this work show that the minimum value of dimensionless distance y+ for all solid wall 
greater than 25, so we can use wall functions technique.

The influence of surface tension forces between the solid wall and the gas-liquid mixture were 
not taken into account.

The top boundary is free to the atmosphere so needs to permit both outflow and inflow 
according to the internal flow. That is why it is necessary to use a combination of boundary 
conditions for pressure and velocity that does this while maintaining stability.

3.3. Mesh generation and discretization of governing equations

BlockMesh utility was used for generation of mesh. The discretization of the computational 
domain is obtained by the control volume method [3]. The use of an upwind difference 
scheme for the convective and Gauss linear scheme for diffusion terms yields an acceptable 
accuracy of numerical computations.

The explicit Euler first-order method was used for the discretization of the unsteady term. 
Numerical solution of the unsteady equations coupled with the pressure was based on the 
PIMPLE method [2] with the number of correctors equal to 3.

The iterative solvers PCG and PBiCG—the methods of conjugate gradients and biconjugate 
gradients with preconditioning were used for solving the obtained system of linear algebraic 
equations. The procedures based on a simplified Cholesky’s incomplete factorization scheme 
DIC and on the simplified incomplete LU factorization DILU were used as preconditioners.

Mesh sensitivity was analyzed for four mesh of 60 × 25 × 25, 90 × 40 × 40, 135 × 60 × 60 and 
150 × 80 × 80, indicating that the mesh size was important only in the vicinity of the leading front 
location. Since of unimportant differences between the wave fronts using mesh 135 × 60 × 60 
and mesh 150 × 80 × 80, a first mesh was adopted to reduce computational effort. In this case, 
the minimum value of dimensionless distance y+ was more than 15 for all coordinate axes.

More detailed information about the boundary and initial conditions, discretization tech-
niques, and the solution of systems of algebraic equations may be found in the work [2].
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4. The OpenFOAM package verification

The problem on the liquid column collapse in a horizontal duct of rectangular cross section 
[4] is the first test problem. At the initial moment of time, the rectangular column of a viscous 
incompressible fluid is at rest. The column starts collapsing under the gravity force.

The numerical results (solid line) are compared with experimental data (markers) of the 
work [4] in Figure 1, where a = 0.05715 m is the water column width in the x-axis direction, 
g = 9.81 m/s2 is the gravitational acceleration.

A good agreement between experiment data and results of numerical computation shows the 
reliability and accuracy of the present numerical modeling.

Figure 2 shows the configuration of the next model problem. The model represents a reservoir 
of hexahedral shape whose length is 3.22 m, height 2 m and width 1 m [5].

Figure 1. Comparison of numerical and experimental data. a—water column height change, b—the flow leading front 
location.

Figure 2. Test problem configuration.
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and mesh 150 × 80 × 80, a first mesh was adopted to reduce computational effort. In this case, 
the minimum value of dimensionless distance y+ was more than 15 for all coordinate axes.

More detailed information about the boundary and initial conditions, discretization tech-
niques, and the solution of systems of algebraic equations may be found in the work [2].
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incompressible fluid is at rest. The column starts collapsing under the gravity force.
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work [4] in Figure 1, where a = 0.05715 m is the water column width in the x-axis direction, 
g = 9.81 m/s2 is the gravitational acceleration.

A good agreement between experiment data and results of numerical computation shows the 
reliability and accuracy of the present numerical modeling.

Figure 2 shows the configuration of the next model problem. The model represents a reservoir 
of hexahedral shape whose length is 3.22 m, height 2 m and width 1 m [5].
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location.
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Figure 3. The motion of water column at different time step.

The water column of height H = 0.6 m, length 1.2 m and width 1 m lies in the left lower 
corner of the reservoir. To measure the pressure force of fluid flow on the right reservoir 
wall, the corresponding pressure probe was placed at point Р with coordinates x = 3.22 m and 
y = 0.16 m. Besides, the levels h1 and h2 of the water free surface were measured in two sections 
at x1 = 2.725 m and x2 = 2.228 m. The density of water was equal to 998.2 kg/m3, and that of air 
was equal to 1.225 kg/m3.

As initial configuration of the modeling with OpenFOAM, the water column in the left bottom 
part of the domain is at rest. When diaphragm is removed suddenly simulation is started, 
due to gravity water column drops and starts to move into the empty part of the domain. The 
total duration of modeling in time amounted to 2.5 s. In Figure 3, we have several snapshots 
of some stages of the simulation.

The diaphragm is suddenly removed at the moment of time t = 0, and the water column runs 
under the gravity force into the right empty part of the reservoir. At the moment of time t ≈ 
0.65 s, the water reaches the right wall and impinging on it under the inertia force, moves 
upward. The flow is thinned as it moves upward along the right wall and at the moment of 
time t = 1.3 s, when the gravity force exceeds the inertia force; there occurs a reverse flow of 
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water with the formation of a typical bend of its surface. The reverse wave formed in such 
a way reaches the main flow, impinges onto it and forms the secondary wave, and so on (at 
t = 1.5 s and t = 1.8 s). After the moment of time t = 2.2 s, the water inertia drops significantly, 
and the further consideration of the motion is of no practical interest.

Figure 4 shows the numerical (solid line) and corresponding experimental (markers) data [5] 
on the water column height in sections with coordinates х1 = 2.725 m and х2 = 2.228 m. The 
coincidence between these data is satisfactory up to the moment of time t ≈ 1.5 s for section 
х1 = 2.725 m (Figure 4a).

After this moment of time, the reverse wave moving oppositely to the main stream impinges 
onto the free surface, and this gives rise to certain inaccuracies both in numerical and experi-
mental data. The inaccuracies of such a kind were also observed in the work [6], where the well-
known commercial package FLUENT was used for numerical modeling. The results of this work 
are presented in Figure 5 in a form similar to Figure 4. The water column height (h1, h2) has been 
nondimensionalized here by quantity Н, and the time is presented in the dimensionless form 
τ = t(g/H)0.5, where t is the physical time, g = 9.81 m/s2 is the free-fall acceleration, Н = 0.6 m is the 
initial water column height. One can conclude from a comparison of Figures 4 and 5 that the free 
surface levels in two different sections have been predicted more accurately in the present work.

The problem of determining the pressure P on the obstacle is very important at the solution of 
unsteady problems with free surface, in particular, at the interaction of forming waves with 
various obstacles. Figure 6 shows the numerical results (solid line) for the pressure of the fluid 
on the right wall at point P with coordinates (x = 3.2 m, y = 0.16 m) and the corresponding 

Figure 4. Water column height in different sections. х1 = 2.725 m (a) and x2 = 2.228 m (b).

Figure 5. Water column height from the work [6] at х = 2.725 m (a) and 2.228 m (b). 1—experiment [5], 2—computation 
of the work [6].
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and the further consideration of the motion is of no practical interest.

Figure 4 shows the numerical (solid line) and corresponding experimental (markers) data [5] 
on the water column height in sections with coordinates х1 = 2.725 m and х2 = 2.228 m. The 
coincidence between these data is satisfactory up to the moment of time t ≈ 1.5 s for section 
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After this moment of time, the reverse wave moving oppositely to the main stream impinges 
onto the free surface, and this gives rise to certain inaccuracies both in numerical and experi-
mental data. The inaccuracies of such a kind were also observed in the work [6], where the well-
known commercial package FLUENT was used for numerical modeling. The results of this work 
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τ = t(g/H)0.5, where t is the physical time, g = 9.81 m/s2 is the free-fall acceleration, Н = 0.6 m is the 
initial water column height. One can conclude from a comparison of Figures 4 and 5 that the free 
surface levels in two different sections have been predicted more accurately in the present work.

The problem of determining the pressure P on the obstacle is very important at the solution of 
unsteady problems with free surface, in particular, at the interaction of forming waves with 
various obstacles. Figure 6 shows the numerical results (solid line) for the pressure of the fluid 
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experimental data (markers). The exact pressure value at point Р cannot be measured because 
the pressure probes have a finite size—a circle about 90 mm in diameter.

The numerical pressure at the pressure probe center (see Figure 6a) increases slowly with 
time, after the moment of time t = 1.5 s or after the second maximum the coincidence of 
experimental data with numerical results improves. The character of the numerical pressure 
at the lower point of the probe (see Figure 6b) agrees fairly well with the character of the 
variation of corresponding experimental data; however, the maximum values are slightly 
underestimated.

It is assumed at the numerical modeling that the diaphragm is removed suddenly that is 
its vertical velocity is infinite. On the other hand, there can be also different physical condi-
tions, which are hard to take into account at the numerical modeling. A detailed analysis 
of the conditions for conducting the experiment shows that this velocity has a finite value. 
The verification experimental data under the same conditions give different results, which 
do not coincide with one another [5]. In addition, the above discrepancies between the com-
putation and experiment after the moment of time t = 1.5 s can probably be explained by 
the two-dimensionality of the employed model. It is possible that the flow acquires a three-
dimensional character at some points of the computational region.

Comparing the data of the present work (Figure 4) and the work [6] (Figure 5), one can assert 
that the numerical results of modeling the task under consideration, which were obtained 
with the aid of the open package OpenFOAM, are closer to the experimental data than the 
results obtained with the aid of the commercial package FLUENT.

The problem of the fluid column breakdown in a reservoir of rectangular shape with an obsta-
cle [7] is the next, more complex test problem. The chosen coordinate system and the problem 
diagram without the geometric proportion preservation are shown in Figure 7.

An open reservoir 3.22 m in length with cross section of 1 × 1 m2 has been used in experiment. 
The reservoir was initially partitioned into two unequal parts by a vertical wall located in 
section х = 2 m. The water 0.55 m in height is located behind this wall, another reservoir part 
is empty. A container 40 cm in length with cross section of 16 × 16 cm2 is located in this empty 
part of reservoir. The container left-face coordinate equals х = 0.67 m.

At the execution of experiment, the water column height and the fluid pressure on the 
container surface were measured. The location of measuring probes is shown in Figure 8. 
Four probes were used to measure the water column height: the one on the part filled with 

Figure 6. Pressure variation at point Р. Pressure at the center (a) and at the lower point (b) of the probe.
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water—Н4, and the remaining ones Н1, Н2, and Н3 were located in the reservoir empty part. 
The coordinates of these probes are x = 0.5, 1.0, 1.5 and 2.66 m, respectively.

The container was supplied with eight pressure probes: four probes on the exterior surface at 
points with coordinates z = 0.025, 0.063, 0.099 and 0.136 m, and the remaining four probes were 
located on the container upper side with coordinates x = 0.806, 0.769, 0.733 and 0.696 m. The 
probes on the exterior surface were located at the distance of 0.026 m to the left of the central line 
(y = 0), and the probes on the upper surface were located at the distance of 0.026 m of this line. 
The force exerted on the container on the water stream side was also measured in experiment.

The water was at rest up to the moment of time t = 0. At the moment of time t = 0, the separat-
ing wall was removed suddenly, and the water column ran into the reservoir empty part 
under the gravity force. The 180 × 60 × 80 computational grid was used, and the CPU time 
amounted to 6 s. The initial time step was 0.001 s, and it was varied further depending on the 
Courant number, which was equal to 0.85.

Figures 8 and 9 show the comparison of numerical and experimental data for the moments of 
time t = 0.4 and 0.6 s, respectively. The pictures of shooting done during the experiment are 
shown on the right. One can notice a fairly good visual coincidence of the numerical results 
with experimental data.

The time of reaching the container by water flow both in experiment and at the numerical 
simulation is the same. Besides, the free surface shapes forming after the flow impact onto the 
container also coincide. One can note, however, that there are at the numerical modeling some 
imperfections of the free surface between water and the ambient medium—air.

Figure 10 shows the water flow height at two different points: in the reservoir and in the 
immediate proximity of the container. There is a fairly good agreement between them until 

Figure 7. Configuration (on the left) and location of measurement pressure probes (on the right).

Figure 8. Comparison of numerical (on the left) and experimental data [7] (on the right) at the moment of time t = 0.4 s.
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that the numerical results of modeling the task under consideration, which were obtained 
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Figure 6. Pressure variation at point Р. Pressure at the center (a) and at the lower point (b) of the probe.
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water—Н4, and the remaining ones Н1, Н2, and Н3 were located in the reservoir empty part. 
The coordinates of these probes are x = 0.5, 1.0, 1.5 and 2.66 m, respectively.

The container was supplied with eight pressure probes: four probes on the exterior surface at 
points with coordinates z = 0.025, 0.063, 0.099 and 0.136 m, and the remaining four probes were 
located on the container upper side with coordinates x = 0.806, 0.769, 0.733 and 0.696 m. The 
probes on the exterior surface were located at the distance of 0.026 m to the left of the central line 
(y = 0), and the probes on the upper surface were located at the distance of 0.026 m of this line. 
The force exerted on the container on the water stream side was also measured in experiment.

The water was at rest up to the moment of time t = 0. At the moment of time t = 0, the separat-
ing wall was removed suddenly, and the water column ran into the reservoir empty part 
under the gravity force. The 180 × 60 × 80 computational grid was used, and the CPU time 
amounted to 6 s. The initial time step was 0.001 s, and it was varied further depending on the 
Courant number, which was equal to 0.85.

Figures 8 and 9 show the comparison of numerical and experimental data for the moments of 
time t = 0.4 and 0.6 s, respectively. The pictures of shooting done during the experiment are 
shown on the right. One can notice a fairly good visual coincidence of the numerical results 
with experimental data.

The time of reaching the container by water flow both in experiment and at the numerical 
simulation is the same. Besides, the free surface shapes forming after the flow impact onto the 
container also coincide. One can note, however, that there are at the numerical modeling some 
imperfections of the free surface between water and the ambient medium—air.

Figure 10 shows the water flow height at two different points: in the reservoir and in the 
immediate proximity of the container. There is a fairly good agreement between them until 

Figure 7. Configuration (on the left) and location of measurement pressure probes (on the right).

Figure 8. Comparison of numerical (on the left) and experimental data [7] (on the right) at the moment of time t = 0.4 s.
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Figure 10. Water flow heights at points Н2 (left) and Н4 (right).

Figure 11. Pressure at points Р2 (left) and Р7 (right).

the water returns from the back wall after the moment of time t ≈ 1.8 s. After that, the numeri-
cal data (solid lines) prove to be somewhat higher than the experimental ones (markers). At 
the moment of time of t ≈ 5 s, the secondary wave reaches the neighborhood of the probe Н2. 
This time is, however, equal to about 5.3 s at the numerical modeling. The general character of 
the variations of the numerical and experimental data nevertheless coincides.

Figure 9. Comparison of numerical (left) and experimental [7] (right) data at the moment of time t = 0.6 s.
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Figure 11 shows the moment of time t = 0.5 s when the wave reaches the container has been 
predicted with a good accuracy; however, the computed pressure value (solid lines) is slightly 
overestimated as compared to the experimental value (markers) (the left figure).

The numerical values of the second pressure maximum at point P2 are, however, shifted in 
comparison with experiment to the right by 0.6 s, and at point P7, they are shifted by 0.5 s. 
As the experiment has shown, the moment of time when the flow reaches repeatedly the con-
tainer (≈4.7 s) is seen in these figures fairly well. Besides, when comparing the numerical and 
experimental pressure values at points Р7 (the right figure) one can notice some differences. 
After t = 1.3 s, a small oscillation lasting for about 0.2 s takes place in numerical computations, 
which is not observed in experiment.

5. Dam break flooding flow modeling in real region

To illustrate the techniques of the application of numerical modeling of large-scale hydrody-
namic computations, we consider the problem of computing the flood process in the areas 
near the dams of the Andijan and the Papan reservoirs (see Figure 12).

It is to be emphasized here that the situation of a real breakthrough of the dam and the flood of 
the areas at the lower level is not modeled here but the fundamental possibility of using the above 
technology under the availability of necessary topography data is demonstrated. The topogra-
phy data of Digital Terrain Elevation Data [8] were used in computations, which were converted 
subsequently into the STL format. The hexahedral background grid generated with the aid of 
the utilities blockMesh and snappyHexMesh of the OpenFOAM package was transformed into 
a three-dimensional surface, which is employed for modeling the flood process (Figure 13).

For the Andijan reservoir, the computational field had the sizes 6000 × 4000 × 1500 m, the 
physical modeling time amounted to about 9 h for the 120 × 120 × 80 grid. Figures 14 and 15 
show different stages of the flood in areas with real topology. The red corresponds to a pure 

Figure 12. Maps of the Andijan (left) and Papan (right) reservoirs.
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Figure 13. Three-dimensional surface of the Andijan (left) and Papan (right) reservoirs areas.

Figure 14. Flow pattern for the Andijan reservoir.

water flow, and the blue corresponds to air flow (there is no water flow in blue regions). It is 
seen in Figure 14 that the leading front of water flow reaches during 240 s the lower boundary 
of the computational region passing a distance of about 6000 m, covers the most part of the 
area located downstream.

The computational field for the Papan reservoir has the sizes 5000 × 5000 × 1300 m (see 
Figure 15).

The total computing time in the case of the 50 × 60 × 30 grid amounts to about 5 h. As is 
seen in Figure 15, after the moment of time t ≈ 200 s there forms a reverse flow (Figure 15d 
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and c) and after the moment of time t = 260 s; it separates into two parts—one part is in the 
zone of reverse flows and the other continues its flow in the lower part of the river bed. The 
computations show that about 60% of the entire initial water volume remains in the zone of 
reverse flows.

6. Conclusions

The results of the mathematical modeling of complex hydrodynamic phenomena on the basis 
of unsteady three-dimensional Navier-Stokes equations describing the dynamics of a gas-liq-
uid mixture with free boundary have been presented. The adequacy of the employed model 
has been verified by the example of the classical problems of computational fluid dynamics. 
Special attention has been paid to the accuracy of the computation of the water flow level and 
the gas-liquid flow pressure on the reservoir walls. The efficiency of the employed technol-
ogy has been illustrated by the example of modeling the breaks of the dams of the Andijan 
(Uzbekistan) and Papan (near the Osh town, Kyrgyzstan) reservoirs. The developed technol-
ogy is universal and can be used for the flood modeling for a real relief. It is shown that the 
relief features are a substantial factor.
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Abstract

Complex engineering projects including large dams require extensive reconnaissance. 
The study of geological relationships is therefore of major importance, with emphasis 
on the characteristics of the geological structures. Accordingly, geologic structure affects 
dam site and reservoir behavior in three ways: (1) its impact on the geomechanical prop-
erties of rocks; (2) the importance of geologic structures in the identification and assess-
ment of karst hydrogeology; and (3) its role in seismotectonic and seismic risk analysis 
of dam projects. Site geology and availability of various geologic data obtained from site 
investigation are key points in dam construction. Geological structure plays an important 
role in dam site geology and imposes major limitations on dam behavior during and after 
construction stages. This role has its own effect on major subjects such as: morphotecton-
ics of rivers; geotechnical properties and engineering geology of dam sites; and hydro-
geology of dam abutments and reservoir. The variability and complexity of geological 
structures regarding their tectonic situation result in different scenarios regarding dam’s 
behavior. This chapter examines the link between geological structure and dam behavior 
during and after construction period by describing four dam case examples: two earth 
(Marun and Gotvand) and two concrete (Karun-1 and -3) dams in Iran.

Keywords: geologic structure, dam behavior, Karun-1 dam, Karun-3 dam, Marun dam, 
Gotvand dam, southwestern Iran

1. Introduction

Complexity of large civil engineering projects such as dams necessitates extensive reconnais-
sance. Particularly, the construction of dams and reservoirs in karstified rocks with known 
high perviousness due to dissolution faults and conduits intensifies the risk of water loss and 
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instability [1]. Water seepage and loss through dam foundation and abutments, especially those 
constructed in karstic regions lead to considerable costs, sometimes postpones dam construc-
tion targets. Although this is of less importance regarding dam instability, current experience 
shows that there could be a fair relationship between instability and water seepage, where fault 
and fracture systems are the main conduits for water flow. Thus, the study of geological rela-
tionships is of major importance, with main emphasis on the characteristics of the structural 
features and recent tectonic movements [2]. The structural geology has a great deal in contrib-
uting to the engineering projects, and knowledge of structural geology setting is essential for 
safe design of these projects [3]. A detailed study with focus on the analysis of fault and fracture 
systems, their activities, movement types, and position ought to be done. The evaluation of 
stress relationships and possible temporal and spatial deformations are also necessary.

On a regional scale, structural relationships have an important role in forming the hydrogeo-
logical properties in karst regions. Although the possibility for karstification perpendicular to 
the geologic structures is considerably reduced, where an anticlinal structure exists between 
the reservoir and the lower erosion base level [4], in young orogens such as the Zagros belt, 
where transverse and antecedent drainage pattern is of particular importance [5], reservoir 
water tightness is highly risky due to dissolution fractures and conduits. One of the structural 
controls in the development of drainage in modern orogens is fault and fracture systems, 

Figure 1. Locations of Karun-1 dam (1), Karun-3 dam (2), Marun dam (3), and Gotvand dam (4) considered for this study.
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due to actively growing of structures [6]. In the Zagros fold belt, superimposed drainage was 
found to be related to structural associations leading to transverse drainage pattern [7]. The 
position of the folded structures had a decisive role in the formation of the pre-karstic drain-
age network, that is, directions of the main surface outflow. As a result of the new tectonic 
activity, the homogeneous anticlinal structure has been fractured transversely and huge sepa-
rate blocks have been formed [8]. Accordingly, challenges regarding the relationship between 
geologic structure and dam behavior are described and discussed for four dam cases, namely 
Karun-1 concrete dam, Karun-3 concrete dam, Marun earth dam, and Gotvand earth dam, 
which are located in Khuzestan Province, southwest of Iran (Figure 1).

2. General geology and seismicity

The Zagros fold-thrust belt (briefly named as Zagros mountains) being located to the northeast 
of the Persian Gulf extends for about 1800 km between northern Iraq and the Strait of Hormuz 
and comprises the deformed part of the Arabian plate following its continental collision with 
central Iran almost since the Miocene [9]. It is a branch of the Alpine-Himalayan Orogenic 
belt [10, 11]. The mountain range can be divided into two distinct zones say, the northeastern 
High Zagros (Figure 2) and the southwestern Simply Folded Belt (SFB) based on topography, 
geomorphology, exposed stratigraphy, and seismicity [12]. The Simply Folded Belt extends 
from the High Zagros Fault to the Persian Gulf [13]. Topographic highs are typical of the anti-
clines and synclines form the topographic lows. The existing landforms graphically reveal the 
geologic structure. Anticlines show remarkable regularity in relief over long distances and the 
rivers which cut them usually do so at sharp angles to the strike of the anticlines. The SFB is a 
fold belt characterized by NW-SE trending parallel anticlines and synclines and is composed 
of elongated whaleback or box-shaped anticlinal mountains. From a geomorphological view 
point, the anticlines can be divided into two sets; plain anticlines and mountain anticlines [12]. 

Figure 2. Seismotectonic features of the study area in the Khuzestan Province [14].
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geologic structure. Anticlines show remarkable regularity in relief over long distances and the 
rivers which cut them usually do so at sharp angles to the strike of the anticlines. The SFB is a 
fold belt characterized by NW-SE trending parallel anticlines and synclines and is composed 
of elongated whaleback or box-shaped anticlinal mountains. From a geomorphological view 
point, the anticlines can be divided into two sets; plain anticlines and mountain anticlines [12]. 

Figure 2. Seismotectonic features of the study area in the Khuzestan Province [14].
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In fact, most part of the study area, that is, Khuzestan Province and the aforementioned dams 
are almost located in the Dezful Embayment, which is a structural unit of the SFB.

Iran can be generally divided into five major seismotectonic zones (Figure 2) that are subjected 
to destructive earthquakes excluding one (Central Iran characterized by low seismicity). It is 
considered as a broad seismic zone over 1000 km width that extends from the Turanian plat-
form (southern Eurasia) in the northeast to the Arabian plate in the southwest. The Iranian 
plateau is characterized by active faulting, recent volcanic activity, and high density of active 
and recent faults. Reverse faulting dominates the tectonic mechanism of the region. Southwest 
of Iran, where the studied large dams are located, belongs to the Zagros Active Fold Belt from 
the seismotectonic point of view [14]. Seismicity in this belt correlates well with topographic 
elevations greater than 1.5 km. Fault plane solutions for several earthquakes consistently show 
high angle (40°–50°) reverse faulting and the estimated depths range from 8 to 13 km with mag-
nitudes that range from 4 to 6. The rate of seismicity in this zone is higher than the others, but 
the type of seismicity is mostly between small to moderate and seldom large. Due to its particu-
lar tectonic condition, the large earthquakes have rarely been accompanied by surface rupture 
in the SFB. Based on the available fault plane mechanisms of the regional events, the maximum 
principal stress, which is due to regional tectonic forces, strikes N30°± 5° (NE–SW) [15].

3. Karun-1 dam

Karun-1 (also known as Shahid Abbaspour) is a 200 m high concrete arch dam (Figures 1 and 3)  
at nearly 52 km to the northeast of Masjid-I-Solaiman City in the Khuzestan Province. It was 
constructed on the Karun River with a reservoir capacity of 3139 MCM to produce electrical 
energy, to control flood, and to regulate water. The first impounding of the dam reservoir was 
in December 1976. The presence of two springs downstream the right abutment of the dam 
site and construction of a new power plant besides recent rock sliding on the dam abutments 
are the main points of discussion. Since the completion of the dam, seepage problem was a key 
challenging subject regarding the right abutment shear zone and downstream springs [16–18]. 

Figure 3. Upstream view of Karun-1 dam site before (left) and after (right) construction.
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Some studies were later done regarding the construction of a new second powerhouse in the 
left abutment of the dam [19–21] and recently, rock fall on the right abutment [22, 23].

Karun-1 dam site is located on the southwestern limb of Kamarun anticline (Figure 4) with 
average bedding dip of 35° toward SW. The anticline is composed of Asmari Limestone of 
Olig-Miocene age. Asmari formation limestone is a suitable rock foundation for dams regard-
ing its relatively exclusive characteristics such as rigidity and morphology. This formation 
constitutes a series of double plunging, asymmetrical folds with northwest-southeast trend 
having steeper southern flanks than the northern ones. The Asmari limestone forms the entire 
foundation of the Karun-1 dam. It is divided into three parts at the dam site namely, lower, 
middle, and upper Asmari. The dam is situated on low-karstified middle Asmari that consists 
of a relatively permeable zone, which in turn is overlain by an impervious shale layer. The 
upper Asmari limestone exposed just downstream the dam, is highly karstified [16, 18]. The 
anticline shows some axial plane rotation along its southeast plunge, however, its general 
trend is northwest-southeast as is common in the whole belt.

The region is seismotectonically very active regarding its location in the Zagros active fold-
thrust belt [14]. The main faults in the region are of thrust types of which Izeh fault zone 
cutting across east of the region is a very known feature due to its right lateral component of 
movement. The Andeka Fault is the main active fault close to the dam site that is character-
ized by very recent activity [24, 25]. Although no major fault exists at the dam site, recent 
investigations for excavation of a new powerhouse identified a fault with a general NW-SE 
trend [20], accompanied by high fracture density. This is most probably a hidden blind fault 
that is expected to cut the anticline core. The geologic structure of the dam site includes bed-
ding, joint sets, and a spectacular shear zone in the right abutment. Recent study indicated a 
tectonic lineament with a NE-SW trend that passes through the right abutment, which could 

Figure 4. 1/100000 Geological map of the Karun-1 dam region [23].
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be the main cause of shearing and fracturing in the right abutment [23]. The bedding plane 
has an average attitude of 32.5/210 (dip/dip direction) in the southwest limb (Figure 5) on 
which the dam is located and is expected to be the major discontinuity at the dam site. The 
southwest limb has a larger dip than the northeast one, which is characteristic of the south-
western limbs of the Zagros anticlines. It shows high degree of separation with less favorable 
shear signature. Three joint sets are identified at the dam site with 24/253, 21/166, and 47/038 
attitudes. The joints are filled with calcite or clay and partly show slicken-lines. Their spacing 
is mostly dependent on strike and dip, but small changes can be seen in the joint opening of 
the left abutment after the excavation of the new powerhouse (No. 2 powerhouse) possibly 
due to blasting operation. Big or Sabz (meaning green) and Powerhouse Springs are the most 
significant and spectacular hydrogeological features at the dam site [18]. They demonstrate a 
widespread karst system in the Asmari limestone. The Zagros anticlines, particularly in the 
Asmari Formation, contain tension-induced, open fracturing, which has introduced significant 
secondary permeability to the rock. In this regard, the right abutment shear zone trend strikes 
along this direction that corresponds to the main regional extensional fractures and is very 
favorite for ground water flow. The Big Spring flows through a large karst cavern with an 
average discharge of 4–5 m3/s (Figure 4). The Powerhouse Spring discharge averaged about 
0.25 m3/s. After reservoir impounding, the estimated discharge of Big Spring increased from 
10 to 16 m3/s [26]. Few researches on the springs and reservoir water level fluctuations and 
sedimentology suggest that the springs’ water passing under the foundation is independent of 
reservoir water elevation and depends on tail water elevation although some suggestions are 
against this conclusion [18].

The location of the two springs is aligned with a tectonic lineament trend SW-NE. Besides, 
the joint sets at the Big Spring location (Figure 6) shows the same general trend. This direc-
tion is parallel to the average direction of regional compressive stress in the Zagros Belt and 
indicates the general trend of extensional fractures forming normal to anticlinal structures 

Figure 5. General layout of the dam site (left) and downstream view of Big Spring (right). The numbers in the left picture 
stand for: 1—Karun river, 2—reservoir, 3—Big Spring, and 4—cutoff wall.
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pre or synchronous to folding [27]. The existing karst channel shows parallelism to the joint 
walls. The vertical dip of joint system on the right abutment could be another factor to support 
spring recharge through the reservoir area by very far upstream sources.

Another case of problem in the dam site is related to the construction of a new underground 
powerhouse regarding its time as the reservoir was impounded nearly 25 years before it. 
The newly designed structure (No. 2 powerhouse) was situated in the left bank of the dam 
and was excavated in the middle Asmari formation. Rock exposures displayed some signs of 
karstification such as open or filled cavities and small solution channels along the structural 
elements. Fortunately, no direct connection with tectonic elements was found in the left abut-
ment. However, some inflow increase was observed in the newly excavated power house 
cavern [28], which lasted to the present.

As it was assumed basically that bedding planes were the major discontinuities of the site, 
the orientation of the No. 2 powerhouse was set perpendicular to the strike of bedding [20]. 
Fracture system in the left abutment was characterized with very wide to moderate spacing 
with the evidence of karstification along the joint planes. Some of the solution openings were 
filled with crystalline calcite and gypsum. All of this evidence supports increase of water 
inflow through the fractures system. The surface rock at the powerhouse slope belongs to 
the higher part of the Middle Asmari Formation. Based on the observations, joint sets were 
the main potential cause of rock instabilities of the cavern [28]. The measured permeability of 
rock strata was moderate to very high according to various available data with some signa-
ture of karstification. Although, Lugeon tests carried out in the geotechnical boreholes were 
limited to 4 LU, calculations showed a water inflow to the cavern up to 1500 l/min that neces-
sitated creation of a gout curtain between cavern and reservoir. The last challenge related to 
the existing geologic structure was the potential for the mechanical initiation of a rock fall or 
slide during and after the dam construction. The construction phase is probably be one or 
two orders of magnitude higher than with natural causes [29], however, during the operation 
period, the phenomenon is possible as is the case for Karun-1 dam.

Figure 6. A close view of Big Spring (left) and existing joint cavity (right).
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Here, due to the downstream dip of bedding, which is unfavorable for a dam site, a natu-
ral potential for rock fall and slide on the dam abutments was predictable (Figure 7). This  
geological condition is of key importance since the southwestern (downstream side) limbs of 
the Zagros anticlines are usually very steeper than the northeastern limb due to the action of 
thrust faulting that affect the southwestern anticlinal limbs [30, 31]. New observations proved 
the subject and some rock slide and fall happened especially on the right abutment. There 
seems to be some flexuring along the bedding plane as well. The vertical tensional joints on 
the right abutment could amplify rock falling.

4. Karun-3 dam

Karun-3 is a 205 m high concrete dam constructed at 28 km to the south of Izeh City (Figures 1 and 8)  
in the southwestern Khuzestan Province. Electric power generation and flood control were the 
main objectives of the dam construction. Karun-3 power plant has a capacity of 2000 MW, with 
an average generation of 4137 GWh/y. This is a double curvature concrete arch dam, with a sub-
surface powerhouse located downstream the dam and power tunnels [32, 33]. It has symmetrical 
shape regarding the shape of its valley. The location and alignment of the dam are limited by 
geological and topographical features on both abutments (Figure 8). The dam reservoir is 60 km 

Figure 8. Upstream view of Karun-3 dam site before (left) and after (right) construction.

Figure 7. Rock sliding (in yellow) at right abutment of the dam.
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long with storage volume of 3 × 109 m3. The dam was impounded in November 2004. The presence 
of a hazardous slope named G2M above takeoff yard and a big downstream spring named as 
Abol-Ghasem Spring is of the main concern here.

The dam body was constructed on Asmari formation on the southwest limb of Keyf Malek 
Anticline that is surrounded by elevated anticlines including Lapeh (in the northeast) and 
Monghast (on the southwest) [32, 34]. The reservoir area is underlain by Pabdeh, Asmari, 
Gachsaran, and Agha-Jari formations. The Asmari formation limestone is the main water-
bearing formation at the dam site and reservoir area with a potential for karst development 
similar to that discussed previously (part1) and is reported for other dam sites in the Zagros 
Fold Belt and in this chapter (Karun-1 and Marun dams). The Keyf Malek anticline, on which 
the dam lies, is mainly consisted of lower Asmari outcrops (Figure 9).

It is made up of interbedded limestone and marly limestone with porosity values between 
1 and 15.7% that imply medium to extremely porous rocks. The limestone is generally light 
gray to light brownish gray, fine to medium grained, strong to very strong [32]. The bedding 
strikes NW-SE with low dip at the anticline crest. On the southwestern limb, the dip of layers 
is very steep up to 80° due SW (Figure 10). The northeastern limb of the anticline has a dip of 
about 70°–80°. The fold axis shows a slight plunge toward the southeast (141°/06°). Regular 
joint sets are developed and these have consistent orientations across the project area. A major 
NW-SE trending fault named as Doshab Lori Fault passes within 500 m to the southwest of 
the dam site. Another major thrust fault cuts the northeastern limb of the anticline creating 
an overturned syncline between the Keyf Malek and Lapeh anticlines (Figures 9 and 10). The 
major seismically active faults in the study area [35] are presented in Figure 11. Some small 
faults cut the anticline parallel and normal to its axial trend.

Figure 9. Geological map of the dam site area. Red star is the location of Abol-Ghasem Spring [36].
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The strike and dip of the strata vary only slightly over the dam and powerhouse sites. The 
bedding has a fairly flat inclination at the top of the fold, but become rapidly steeper to the 
west of the axis, where it generally dips 60°–85° southwest (Figure 12). Mapping indicates 
that several strongly developed joint sets characterize the bedrock in the area.

Figure 10. Geological section of Keyf Malek anticline [34].

Figure 11. Regional faults and distribution of earthquake epicenters around Karun-3 dam [35].
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As was mentioned above, instability of G2M above takeoff yard and leakage through down-
stream springs in particular Abol-Ghasem Spring are the main subjects of dam behavior in 
Karun-3 project. The rock slope, called G2M, is placed at the top of access road to the spillway 
on the right bank of the dam (Figure 13). The slope that is composed of limestone, marly 
limestone and marls besides developed tensional cracks created a potentially sliding mass.

Generally speaking, the slope was probably formed by displacement and collapse of the lay-
ers consequently, pushing front layers toward the river valley [33, 37]. Alternation of the com-
petent (limestone) with incompetent (marl and marly limestone) layers at G2M slope, besides 
the presence of thrust faults on both flanks of Keyf Malek anticline is most probably the main 
reason for instability of the G2M. It is very probable that a hidden blind fault cuts the core of 
the anticline regarding very sudden change in dip of the bedding on the southwestern limb of 

Figure 12. Downstream view of Keyf Malek anticline (left) and longitudinal fault cutting its southwestern limb (right).

Figure 13. Geological section (left) and downstream view of G2M (right) rock mass.
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Keyf Malek anticline. This structural feature is very common in the Zagros folds specially in 
highly deformed and stressed regions such as Izeh fault zone in which the dam is located [36]. 
High fracturing of the rocks at the dam site is also a sign of the governing role of fault activity 
in the study area. Successive occurrence of thrust faults cutting the region and overturning 
of the Lapeh Anticline northeastwards is an indication of extensive tectonic deformation of 
the region resulted in high and dense fracturing of the Keyf Malek anticline. Additionally, 
the apparent break in the bedding integrity in the southwest limb of the anticline might be a 
sign of longitudinal faulting along its strike (Figure 12). It should be noted that Doshab Lory 
fault that runs between the Keyf Malek anticline and Mongasht anticline is a back thrust with 
a movement in the direction opposite to the general direction of regional tectonic transport. 
Since, such structures are generally an indication of fault propagation folds, intense fractur-
ing between fore thrust and back thrust is reasonable, which is almost seen for the Karun-3 
dam site. As mentioned before, Karun-3 dam site lies in the northern part of Izeh fault (shear) 
zone that is distinguished by a variety of thrust and dextral strike-slip faults [14] so that their 
interaction created a complex highly deformed and sheared geological region.

Another challenging subject in the dam region is the presence of Abol-Ghasem Spring down-
stream of the dam site. It is located at about 2.5 km downstream of the dam site, near the 
right bank of the Karun River (Figure 9). Its water was recharged by Lapeh anticline karstic 
aquifer, before impounding with varying seasonal discharge nearly between 0.5 and 1.5 m3/s, 
and increased to about 2.5 m3/s after reservoir impoundment. Additionally, another seasonal 
spring about 70 m downstream of the Abol-Ghasem Spring was changed to a permanent one 
after the dam impounding. It seems that the both limbs of Keyf Malek anticline are poten-
tial paths for seepage equally [34]. Karstification of the northeastern limb of the Keyf Malek 
anticline along with thrust faulting intensified the seepage at the spring. The presence of an 
overturned syncline between the two anticlines indicates intense tectonic compression in the 
region that could result in dense fracturing in the existing two anticlines. Transverse faults cut 
across the anticline that is evident through sharp and sudden change of Karun River course 
downstream the dam site might facilitate the occurrence of springs.

5. Marun dam

The Marun dam site is located on the Marun River in the Khuzestan Province approximately 
19 km northeast of Behbahan City (Figures 1 and 14). The dam was commenced in 1997 and 
completed in 1999 with a height of 165 m, a crest length of 345 m and reservoir volume of about 
1200 million cubic meters. As a rock fill dam, it is the second highest embankment dam in Iran. 
Its main purpose was flood control, water storage, and a total of 145 MW power generation. It 
also provides a dependable water resource for irrigation of 55,000 hects of downstream farm 
lands. The dam site is located on the limestone of the Asmari Formation, of Oligo-Miocene 
age. The formation is divided into the lower, middle, and upper Asmari formation with a 
total thickness of 370 m. It consisted of strong limestone partly interbedded with thin layers of 
shale. The whole formation at the dam site is characterized by karstification evidence.

The Marun dam was built on the northeastern flank of Khaviz anticline in the Zagros fold 
belt. The foundation of the dam consists of thick-bedded limestone of the Asmari formation 
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with alternation of shale, marlstone gypsum, and anhydrite [38, 39]. The beds strike parallel 
to the dam axis trending NW-SE and average dip of approximately 35° due NE (Figure 15). 
The rock is regularly well jointed. Although fairly homogenous, the rock shows anisotropic 
permeability due to karstification of limestone. The rock strata at the site comprise a series of 
karstic limestones interbedded with water sensitive marls, which dip toward the reservoir. 
The main geological structures of the region include folds and faults aligned parallel to the 
main folding axis of NW-SE trend. The reservoir basin is centered mostly along the southwest 
flank of a broad northwest trending syncline. This feature forms a broad structural basin, 
approximately 9 km wide and 14 km long. At the dam site, two major joint sets are seen, the 
first parallel to the bedding, and the second perpendicular to it. However, a special set of 

Figure 14. Upstream view of Marun dam site before (left) and after (right) construction.

Figure 15. A general layout of Marun dam and appurtenant structures [39]. BF is Behbahan thrust fault.
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fractures classified as fracture swarms [40] is also recognized here. Fracture swarms are nearly 
large-scale features, which dissect significant parts of the stratigraphic sequence. In the Khaviz 
anticline, fracture swarms are represented by faults with displacements of a few meters up to 
150 m, and are associated with relative narrow damage zones with locally very high fracture 
frequency [40]. Three large thrust faults cut the region with a NW-SE general trend. These are 
named as Behbahan, Arajan, and Tashan faults [14]. A hidden fault cuts the core of Khaviz 
anticline parallel to Behbahan fault as well. While Karun-3 dam site lies in the northern part 
of Izeh fault zone, the Marun dam site is located at the southernmost part of it. The dam site is 
also affected by active faulting as indicated by its seismic activity especially for Tashan Fault.

The first and prominent problem encountered in Marun dam site was leakage through a diver-
sion tunnel named as second diversion tunnel during the first impounding. Immediately after 
impoundment, considerable leakage was observed in the pressure tunnel (Figure 16) and efforts 
to open the stop logs failed. At the same time, an embankment was constructed and subsequent 
grouting controlled the leakage in the pressure tunnel. Old karst channels along a vuggy zone 
cut by the second diversion tunnel were reactivated and leakage occurred [39]. The total amount 
of water leakage through the left bank of Marun dam was about 10–15 m3/s. The unlined second 
diversion tunnel had a key role in connecting reservoir with karst conduit system.

The embankment was overtopped with increasing water elevation, and considerable leakage 
of up to 7 m3/s occurred from weak zones upstream of the plug. The major flow of approxi-
mately 4.5 m3/s was from two large solution channels and leakage around the concrete plug. 

Figure 16. A general layout of Marun dam and appurtenant structures.
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The remaining flow was from the access tunnel and the grouting adit (2.3 m3/s). The total 
amount of water leakage through the left bank of Marun dam was about 10 m3/s. The water 
entered the fracture system upstream of the plug and passed along the fissures, washed out 
the marls interbeds forming large cavities. These are master cross joints traversing the dam 
site rocks from upstream to downstream. Water was leaking into all tunnels and the dam, and 
all springs received their water from the same fissure as was reported [39]. In fact, these are 
fracture swarms as was defined above indicating the intense fracturing surrounding faults or 
narrow zones with a very high frequency of fractures. These major features are major conduits 
for fluid flow in the subsurface at some stage that is very favorable for karst development. 
This is almost similar to the karstic features mentioned for Karun-1 dam (abovementioned) 
although it is almost visible that karstification is developed more and complete at the Marun 
dam site. Here, the general trend of fracture warms is parallel to the general direction of the 
maximum compressive stress in the Zagros Fold Belt that produced tension-induced, open 
fractures resulting in significant secondary permeability to the rock. Intersection of longitudi-
nal fractures (vuggy zone) in the Khaviz anticline with transverse fractures (fracture swarms) 
amplified permeability of the rock and simplified water leakage through the left abutment 
during the first reservoir impounding. It is very probable that seepage paths were formed 
along the fracture swarms parallel to the second diversion tunnel.

The second problem in Marun dam site was rock fall occurred along the left abutment recently 
[41]. Accordingly, stability studies and treatment are being conducted. The variation in shape 
of the rock blocks obtained from the joint data assessment indicates that the potential for dis-
lodging rock blocks is medium to high. The horizontal joint sets in combination with the very 
steep slope face on the left bank result in blocks with a high rock fall hazard. The prevailing 
role of fracture system in rock slope instability at the dam site is again clear [41].

6. Gotvand dam

The Gotvand or Upper Gotvand dam as the highest rock fill dam in Iran is located in the 
north of Khuzestan Province (Figures 1 and 17). It was constructed across the Karun River 
in the north of Shushtar city. It is a 178 m high rock fill dam with central clay core and a 
crest length of 760 m. The normal reservoir level is situated at 232 m above sea level at which 
the reservoir reaches a capacity of 4.5 billion m3 and around 90 km in length. The Gotvand 
dam has the hydropower plant with the highest energy production capacity in the country. 
The main purpose of the project is the production of (4250 GWh) hydroelectric energy. The 
impoundment of the reservoir started in July 2011 and by 2014, the reservoir water level had 
reached 223 m a.s.l. The main problems in the dam site and reservoir area are instability of 
the abutments [42] and with a minority, probable seepage potential through the foundation 
and abutments [43]. The dam foundation and part of the right abutment is underlain by 
Agha-Jari Formation of Mio-Pliocene Age (Figures 17 and 18). Agha-Jari lithology consists 
of gray, calcareous sandstone with gypsum veins and red marlstone and siltstone. Its rocks 
contain veins of gypsum usually associated with claystone beds. They are naturally soluble 
and can lead to excessive seepage. The left abutment of the dam is composed of Bakhtyari 
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Conglomerates of Pliocene Age that displays almost horizontal bedding (Figure 17). The 
Bakhtyari Formation is wholly composed of terrigenous, clastic sediments ranging from 
silt to conglomeratic boulders. Fractures within this formation are usually vertical and have 
relatively large openings up to several meters. It is also composed of part of the right abut-
ment as a dislocated and ruptured block (DRM). Along the northern margin of the river, 
Gachsaran layers are thrust over the Agha-Jari layers by Pir-Ahmad fault (Figures 18 and 
19). The dam site area is dominated by an anticlinal structure comprising Kuh-e Reshteh 
and Kuh-e Charkhineha in the north and south of Karun River, respectively [44]. Both of 

Figure 18. Geological section across the Gotvand dam region.

Figure 17. An upstream (eastward) view of Gotvand dam site and the outcropped formations; Bakhtyari (Bk), Agha-Jari 
(Aj), and Gachsaran (Gs). DRM is displaced rock mass.
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them are composed of Bakhtyari formation. An elongated asymmetrical structure named 
Gach-e Mun or Gach-e Moh anticline occupies the north side of the dam site in a general 
NW-SE direction. Its south flank is obscured by the presence of Pir-Ahmad fault [44]. Kuh-e 
Reshteh is the southern part of the Bakhtyari outcrop on which the dam left abutment is 
placed. The Lahbari active fault passes along the contact between this outcrop and south-
ern plain (Figure 18) and defines the mountain-plain boundary in the Dezful Embayment 
structural unit [14].

In fact, it forms the northern boundary of the Dezful Embayment (foreland basin of the 
Neogene molasse of the Agha-Jari-Bakhtyari formations). The river bed is occupied by a small 
tight anticline composed of Agha-Jari layers with an E-W trend. The anticlinal fold axis is 
parallel to a fault having the same E-W trend. Agha-Jari formation that composed the dam 
foundation contains three main joint sets. One set is parallel to the bedding plane. Severe 
change of joint dips is most probably due to tight folding of the layers and faulting along the 
river course. The joint surfaces are mostly smooth, polished, and slicken-sided with varying 
dip angles.

As mentioned above, one of the challenges at Gotvand dam is instability of the dam abut-
ments [42] and its reservoir banks [44]. The dam abutments include considerable volumes of 
dislocated rock mass of Bakhtyari formation. This is more critical in the right abutment as the 
rock mass is highly disturbed and deformed (DRM) and apparently illustrates a rock topple 
(Figures 17 and 20). On the other hand, the rock mass in the left abutment shows evidence of 
a rock slide. The DRM area is specified by extensive development of joints and cracks and its 

Figure 19. A close view of Pir-Ahmad Fault in the northern side of Kuh-e Reshteh anticline.
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placed. The Lahbari active fault passes along the contact between this outcrop and south-
ern plain (Figure 18) and defines the mountain-plain boundary in the Dezful Embayment 
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foundation contains three main joint sets. One set is parallel to the bedding plane. Severe 
change of joint dips is most probably due to tight folding of the layers and faulting along the 
river course. The joint surfaces are mostly smooth, polished, and slicken-sided with varying 
dip angles.

As mentioned above, one of the challenges at Gotvand dam is instability of the dam abut-
ments [42] and its reservoir banks [44]. The dam abutments include considerable volumes of 
dislocated rock mass of Bakhtyari formation. This is more critical in the right abutment as the 
rock mass is highly disturbed and deformed (DRM) and apparently illustrates a rock topple 
(Figures 17 and 20). On the other hand, the rock mass in the left abutment shows evidence of 
a rock slide. The DRM area is specified by extensive development of joints and cracks and its 

Figure 19. A close view of Pir-Ahmad Fault in the northern side of Kuh-e Reshteh anticline.
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extent along the dam axis was estimated between 150 and 200 m [45]. Consequently, water 
seepage was considered as an extra problem in the right abutment. Lugeon tests in this zone 
indicated values more than 60 due to the extent of fracturing. The prevailing hydromechani-
cal behavior of the rocks at this abutment was dilatation and washout based on geotechnical 
investigations [44, 45].

The second problem expected for the Gotvand dam site, is leakage through its foundation 
via Agha-Jari layers [46]. These layers contain veins of gypsum usually associated with 
claystone beds. They appear as thin films on the beddings and along joint surfaces with 
a maximum thickness of 2 cm. The action of Lahbari and Pir-Ahmad thrust faults in the 

Figure 21. Simplified geological cross section along the dam axis [44].

Figure 20. An upstream view of the displaced rock mass (DRM) on the right abutment [42].
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south and north of the dam site, respectively, caused severe compression resulted in tight 
folding of the Agha-Jari layers (Figure 21). Subsequently, simultaneous compression of the 
competent sandstone layers and incompetent siltstone and mudstone layers in the Agha-Jari 
formation resulted in flexural-slip along the bedding planes, accompanied by shearing and 
jointing of rocks.

Continual development of forced-folding widens joint apertures that make them favorable 
for gypsum precipitation. Results of Lugeon test for Agha-Jari rocks at the dam foundation 
show an average value of 6 up to a maximum of 30 LU. Laboratory experiments estimated 
the solution rate for the core-drilled gypsum of the dam foundation as 2.49 cm/year. As the 
number of fractures in gypsum layers increases, solution processes progress. It is calculated 
that the dissolution of gypsum veins increase the mass equivalent permeability up to 75–300 
times depending on aperture width and spacing. The availability of fractures and fissures 
are primary and main factors for solution progress. In this regard, gypsum veins observed in 
Agha-Jari formation at the dam foundation could be threats to safety and proper performance 
of the dam.

7. Conclusions

The knowledge of geological structures gives a reasonable in-sight in to dam construction 
studies. Site geology and availability of various geologic data obtained from site investiga-
tion is a key point in dam construction. It is also clear that the geological nature of different 
sites is not the same and depends on local and regional geology. Existing experience in 
dam construction projects shows that geological structure plays an important role in dam 
site geology and imposes major limitations on dam behavior during and after construc-
tion stages. In Karun-1 dam, for example, seepage through two springs downstream the 
right abutment are related most probably to existing shear zone at that abutment. Besides, 
rock falling and sliding on the dam abutments due to the downslope dip of bedding is 
another structure-related problem at the dam site. In Karun-3 dam, almost similar prob-
lems are observed but here, the presence of two sub-parallel thrust faults with opposite 
dip direction resulted in high stresses in the rock that intensified fracturing and subse-
quent permeability. Variability and complexity of geological structures regarding their 
tectonic situation result in different scenarios regarding dam’s behavior. In this regard, the 
intersection of longitudinal and transverse faults in the vicinity of Marun dam caused the 
development of well and highly densed joint systems in the dam abutments that facilitated 
karstification. This in turn increased permeability of the rocks that was followed by exten-
sive seepage during the dam construction. The role of geologic structure on geotechnical 
properties of dam sites is clearly seen in cases such as Gotvand Dam. Here, high fracturing 
and instability in the right abutment caused costly treatments including various stabiliz-
ing works such as grouting, geomembrane, and shotcrete. Finally, all the abovementioned 
examples indicate the impact of geological structure on various procedures either during 
constructing a dam or after its completion and close relation between structural geology 
and rock behavior.
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a maximum thickness of 2 cm. The action of Lahbari and Pir-Ahmad thrust faults in the 

Figure 21. Simplified geological cross section along the dam axis [44].

Figure 20. An upstream view of the displaced rock mass (DRM) on the right abutment [42].
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south and north of the dam site, respectively, caused severe compression resulted in tight 
folding of the Agha-Jari layers (Figure 21). Subsequently, simultaneous compression of the 
competent sandstone layers and incompetent siltstone and mudstone layers in the Agha-Jari 
formation resulted in flexural-slip along the bedding planes, accompanied by shearing and 
jointing of rocks.

Continual development of forced-folding widens joint apertures that make them favorable 
for gypsum precipitation. Results of Lugeon test for Agha-Jari rocks at the dam foundation 
show an average value of 6 up to a maximum of 30 LU. Laboratory experiments estimated 
the solution rate for the core-drilled gypsum of the dam foundation as 2.49 cm/year. As the 
number of fractures in gypsum layers increases, solution processes progress. It is calculated 
that the dissolution of gypsum veins increase the mass equivalent permeability up to 75–300 
times depending on aperture width and spacing. The availability of fractures and fissures 
are primary and main factors for solution progress. In this regard, gypsum veins observed in 
Agha-Jari formation at the dam foundation could be threats to safety and proper performance 
of the dam.

7. Conclusions

The knowledge of geological structures gives a reasonable in-sight in to dam construction 
studies. Site geology and availability of various geologic data obtained from site investiga-
tion is a key point in dam construction. It is also clear that the geological nature of different 
sites is not the same and depends on local and regional geology. Existing experience in 
dam construction projects shows that geological structure plays an important role in dam 
site geology and imposes major limitations on dam behavior during and after construc-
tion stages. In Karun-1 dam, for example, seepage through two springs downstream the 
right abutment are related most probably to existing shear zone at that abutment. Besides, 
rock falling and sliding on the dam abutments due to the downslope dip of bedding is 
another structure-related problem at the dam site. In Karun-3 dam, almost similar prob-
lems are observed but here, the presence of two sub-parallel thrust faults with opposite 
dip direction resulted in high stresses in the rock that intensified fracturing and subse-
quent permeability. Variability and complexity of geological structures regarding their 
tectonic situation result in different scenarios regarding dam’s behavior. In this regard, the 
intersection of longitudinal and transverse faults in the vicinity of Marun dam caused the 
development of well and highly densed joint systems in the dam abutments that facilitated 
karstification. This in turn increased permeability of the rocks that was followed by exten-
sive seepage during the dam construction. The role of geologic structure on geotechnical 
properties of dam sites is clearly seen in cases such as Gotvand Dam. Here, high fracturing 
and instability in the right abutment caused costly treatments including various stabiliz-
ing works such as grouting, geomembrane, and shotcrete. Finally, all the abovementioned 
examples indicate the impact of geological structure on various procedures either during 
constructing a dam or after its completion and close relation between structural geology 
and rock behavior.
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