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Abstract

Assessment and evaluation of dam structure are one of the essential components in sustainable hydraulic
engineering. Several countries all around the world have given essential attention to evaluating dam structures
due to seismic loading and earthquake vulnerability. Hence in the current study, gravity dam failure is studied
based on the possibility of overturning or sliding. For this purpose, the potential of the finite element (FE)
models is adopted for the analysis using the LUSAS modeler. The modeling procedure was adopted following
several protocols of dam design reported in the literature. The modeling procedure was established to have a
better understanding of the relationship of crown displacement against the water level concerning the No uplift,
uplift-drain effective, and uplift-drain ineffective. The research finding results showed that the maximum
deformation in the dam structure foundation with load case 1 at 100 m water level and the displacement in
structure foundation with load case 1 at 80 m water level.
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1. Introduction

The size of concrete dams can serve as a basis for distinguishing them from other structures; they are also
peculiar in terms of their bottom sediments, the foundation region, and their interactions with the reservoir water
[1], [2]. In the field of dam engineering, one of the most important aspects is the systematic identification of
concrete dams [3]. In most identification systems, the basic parameters are normally the measured structural
responses of the dam under dynamic excitation [4]. The major reason for dynamic testing is to aid the
identification of the major dynamic attributes of concrete dams that will facilitate the updating of their numerical
models [5]. These updated models are then used for the prediction of the system response under severe seismic
excitations. This involves the use of both ambient vibration and forced vibration tests [6]. Regarding the ambient
vibration tests, they rely on environmental excitations for the measurement of the mode shapes, natural
frequencies, & modal damping factors. Forced vibration test requires the use of mechanical exciters to generate
sinusoidal forces. Accurate control of the excitation force aids the determination of the force—response relations
that facilitate a better estimation of the modal properties. Other methods, such as moving mass exciters, and
explosions near a dam can also be used to perform forced vibration tests as they allow periodic excitation forces
in any direction.

It is worth surveying the established global research over the literature using the Scopus database. Figures
1a, b, and c reported the major keywords, countries, and the number of citations per region. The literature
indicated there were over 70 research articles were published on concrete dams using finite element methods.
The analysis was majorly adopted on the dam displacement, earthquake influence, hydrodynamic pressure,
stochastic dynamic, safety factor, and several others. Based on the region investigation, Turkey and Iran were
the major countries where the research was mainly conducted. This is due to the fact; those two countries
experience a high risk of earthquakes. The same reputation of citation was observed for Turkey and Iran. By
recalling the literature, the study by [7] reported a finite elemental analysis-based determination of the
characteristics of the Fei-Tsui arch dam based on the seismic response ambient vibration data with the
consideration of the reservoir water level effect. Furthermore, ambient vibration tests were used by [6] to
measure the modal properties of a concrete gravity dam for further usage in the validation of a finite element
model of the dam-reservoir—foundation system. Finite element analysis was also used by [8], [9] on the
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Mauvoisin arch dam to perform a continuous ambient vibration-recording program; the outcome of the study
showed a shift in the resonance frequencies with increases in the reservoir water level. The outcomes of finite
element models on two arch dams using the ambient vibration tests were verified by [10] through comparison
with the attributes of the actual as-built dams. The study by Alves & Hall relied on forced vibration tests to
evaluate the modal properties of the Pacoima arch dam; the study also captured the seismic record of the
structure based on finite element modelling [11]. Fedele et al [12] presented an overall inverse methodology for
the identification of the elastic moduli in concrete arch-gravity dams; the approach relied on the use of
hydrostatic loading, finite element model-trained neural networks, and measurements using conventional
monitoring instruments. The capacity of the integration of FEM with machine learning models was adopted for
dam displacement monitoring [13]. The research was established to use spatial and temporal datasets for the
simulation process. The proposed methodology gave a robust and reliable tool for concrete dam detection and
sustainability. For more information about the concrete dam and sustainability readers can refer to the recently
reported review research [14].
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Figure 1. The reported literature review in the Scopus database. a) the major keywords, b) the
global countries, c) the number of citations for the conducted research.

Among the factors that can affect the outcome of dynamic tests in dam engineering include the dam—
reservoir interaction (affects the modal characteristics), the effect of energy absorption on the dam sediments,
as well as dam—foundation interaction that can be characterized by inhomogeneity, anisotropy, etc. [15]-[18].
These factors are normally considered using either simple or complex numerical methods and the most popular
method for modelling dam structure is the finite element method (FEM) [19].

In civil engineering applications, safe and cost-effective materials are necessary for achieving competitive
and sustainable growth [20]. Some aspects of this research have been addressed by the thematic network on the
integrity assessment of large concrete dams (NW-1ALAD) by addressing various aspects of dam integrity, such
as a review of the performance and maintenance of dams, rehabilitation, and repair of dams, the current safety
assessment measures and dam-related computations in different European countries, as well as a
methodological comparison of improved numerical simulation models of the structural features of concrete
dams [12], [21]. The current research was established to have a better understanding of concrete dam sliding
possibility by the water pressure. The contribution of the study focused on the investigation of the different
cases of uplift pressure. For doing this, the assessment of the performance of LUSAS software was used for the
dam analysis.

2. Description of Finite Element Method (FEM)

Richard Courant developed the Finite Element Analysis in 1943 in furtherance of the Ritz method of numerical
analysis and vibrational calculus minimization for the calculation of the approximate solutions to vibration
systems. Later in 1956, the detailed approach to the numerical analysis was published [22], with a focus on the
"stiffness and deflection of complex structures”. The mainframe computers were the only available computer
systems in the early *70s for carrying out Finite Element Analysis and they were generally owned by the
aeronautics, nuclear, automotive, and defence industries. However, the recent advancements in technology have
crashed the cost of computer systems, thereby increasing their processing capability [23]-[25]. These days, the
capabilities of the FEM have advanced from what they used to be in the 70s as they can now perform accurate
structure analysis [26].

The interaction between the foundation and dam body has a potential effect on the dynamic response and
thus it shall be taken into the consideration. The concept of the finite element discretization that is based on the
differential formulation expressed the displacement of the dam structure using the following formula [27]:

Myii + Cgit + Kgu = F, + F, 1)

In which the mass presented by M, K, and C; are the stiffness and damping values, iz and u are the
acceleraion, velocity and displacement. This is presented for a nodal point of the finite element concept with
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the respect of time (t). On the other hand of the equation, F, and F, are presented the extra force
“hydrodynamic force” and force vectors. They can be calculated as:

F, = QP )

F, = —Mlii, (t) @)

The unit influence vector is defined as I, ii, is the acceleration of the seismic loading, P is the reservoir
water pressure, Q is the transformation matrix. Q is calculated based on the shape function of the pressure field
and nodal displacement.

3. Description of LUSAS

Among several well-established finite element software, LUSAS is the remarkable one has been recognized
over the literature in solving all kinds of linear and non-linear engineering problems such as stress, pressure,
velocity, thermal and others [28]. The main merit of the program is in its capacity to act as a modeler and solver.
The modeler LUSAS is a complete version of where an interactive graphical user can provide comprehensive
results for the simulation analysis [29]. Whereas, the solver phase is the potential of the finite element analysis
procedure that comprehends the conducted LUSAS modeler phase.

4. Dam analyses using LUSAS

LUSAS has long been well-known for its capabilities concerning the modelling of concrete. When modelling
using continuum elements total strain-based crack models (fixed, rotating, multi-orthogonal) is suitable for
modelling the tensile behaviour of concrete, coupled with a variety of choices of post-peak behaviour. Similarly,
interface elements may be used for discrete crack analyses when crack patterns are known a priori.

Interface elements can also be used for the modelling of material interfaces, for example, the interface
between founding soil and rock with a structure, coupled with a suitable constitutive model (Mohr-Coulomb,
Rankine, etc.) [30].

A finite element model for the analysis of dams must possess the capability to apply/calculate the initial
(stress) conditions within the dam and at the dam-foundation interface. The ability of a program to simulate
multiphase phenomena is becoming an ever more important consideration for analyses modelling all aspects of
a dam’s performance. For example, the ambient temperature may cause shrinkage of the dam concrete leading
to cracking. In such a scenario a heat flow analysis coupled to the structural response, would be required.
Similarly, seepage of water through the structure and founding soil and/or rock could be simulated using a
partially saturated flow analysis with corresponding water pressures coupled to the structural response [31].

5. Example Benchmark Test

The CIGB/ICOLD A2 benchmark problem was chosen as the concrete gravity dam model for the analysis [32].
Concrete dam failure may occur through sliding or overturning, and the assessment of the failure mode requires
consideration of the vertical uplift pressure and the horizontal hydrostatic pressure.

5.1 Finite Elements Method Analysis Process

5.1.1 Geometry
Figure 2 reports the geometric properties of the dam example in which (height = 80 m), (Width = 60 m).
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Figure 2. The dam geometry.
5.1.2 Meshing

For this study structural element type was used as plane strain, element shape is quadrilateral and interpolation

order as quadratic and then element size was used to mesh the whole dam, and foundation 2.1 element size was
used as shown in Figure 3.

.

Surface Mesh @
Surface Mesh ]
Structural l
* Elemert description * Regular mesh
Structural element type ¥ Allow transition pattem
- v Alow imegular mesh
|Plane strain j
— ™ Automatic
ement shape
¥ Element si 21
|Ouadrilatem| j S size
Interpolation order Local x divisions |4
|Quad|atic j Local y divisions |4
" Element name " Imegular mesh
QFNE I 10
Attibute [APNE ~l |
| | Help |

Figure 3. The surface meshing for the investigated dam.
5.1.3 Material

There are two types of material, concrete for the dam and rock for the foundation. Table 1 was presented the
properties for each material.

Table 1: The concrete and rocks material properties used for the molded concrete dam.

Material parameters Concrete Rock
Young’s Modulus (N/m?) 24.0e9 41.0e9
Poisson’s Ratio 0.15 0.1
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Mass Density (kg/m?%) 2400 2200

Interface models are used to model the soil-structure interface and to reduce deformation before initiation
of slipping behaviour, there is a need to define the relatively high dummy elastic properties. The modelling of
the concrete-rock foundation interface is done using a Coulomb friction law, with the basic model input
parameters being the cohesion, the friction tangent angle, and the tangent of the dilatancy angle. A gap criterion
was also introduced, with the normal traction being considered zero the value of the tensile traction normal to
the interface is above a specified critical value. Table 2 provides the properties of the material for the soil-
structure interface.

Table 2: The soil-structure interface material properties.

Material parameters Coulomb Interface
Dummy elastic stiffness 20e12 Nm?
Cohesion 0.7e6 N/m?
Friction angle 30°
Dilatancy angle 10°
Gap strength 0.35e6 N/m?

5.1.3 Boundary Conditions

Another essential step of the FEM is setting the geometric boundary conditions. The modeling computations
simplicity and efficiency for the materials belong to the foundation subjected with 120 m on the horizontal axis
for both upstream and downstream. Whereas, vertically 80 m below the base foundation of the dam. Finally,
the whole dam structure was fully fixed concerning the degree of freedom (see Figure 4).
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Figure 4. The assumption and location of the structural boundary conditions.

5.1.3 Loading Cases

Three load cases are considered in the analysis: case 1: no uplift, case 2: uplift with effective drain, and 3: uplift
with ineffective drain (see Figure 5).
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Figure 5. The diagram of the loading cases.

6. Modeling results and analysis

As per previous researchers, the Imminent Flood Failure Level (IFF) has been estimated for the case without

uplift pressures and found to be about 100 m hydrostatic pressure and at this value, the slippage value of 27 m
was recorded along with the dam-foundation interface from the dam heel, and additional 3m at the toe of the
dam [33]. A fully effective drain is expected to have an IFF value of around 80 m. IFF value of around 80 m is
also expected in cases where the uplift pressures are considered with an ineffective drain. The result of model
analysis from LUSAS shows the relationship of crown displacement versus water level as in Figures 6, 7, 8 for
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Figure 6. Case 1: No uplift: The crown displacement versus the water level.
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Case 2:Uplift, Drain Effective
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Figure 7. Case 2: Uplift, Drain Effective: The crown displacement versus the water level.

Case 3: Uplift, Drain Ineffective
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Figure 8. Case 3: Uplift, Drain Ineffective: The crown displacement versus the water level.

Figure 9 shows the maximum deformation in structure- foundation at load case 1 at 100 m water level.
Whereas, Figure 10 shows the displacement in structure- foundation at load case 1 at 80 m water level. The
current research was primarily established on the inspection of the uplift pressure with different cases and the
investigation of the crown displacement versus the water level was reported. For future research, more insights
can be further inspected that contribute to the dam practicality and sustainability.
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Figure 9. The maximum deformation in structure- foundation at load case 1 at 100 m water level.
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Figure 10. The displacement in structure- foundation at load case 1 at 80 m water level.

7. Conclusion

In this research, gravity dam failure was inspected based on the possibility of overturning or sliding. The
feasibility of the finite element method was adopted for the analysis using the LUSAS modeler. Based on the
attained modeling results, it was evidenced the capability of the finite element method to be applied to calculate
the complex dam structure. The modeling procedure was established by segregating the structure into certain
elements. It can be concluded that different types of load cases will cause different types of displacement. The
Imminent Flood Failure (IFF) water levels for all the examined cases of the loading where no-uplift and non-
effective drain, the results performed excellently as per the validations against the reported results by Linsbauer
and Bhattacharjee. Nevertheless, it was observed the drain effectiveness could not perform sufficiently on the
Imminent Flood Failure. The good comparison of the performance of LUSAS compared to other studies shows
that, along with the comprehensive availability of material models and element types, LUSAS is ideally suited
to the analysis of large dam problems.
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