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Abstract
The construction of double-curvature arch dams is an attractive solution from an economic
viewpoint due to the reduced volume of concrete necessary for their construction as compared
to conventional gravity dams. Due to their complex geometry many criteria have aroused for
their design. However, the most widespread methods are based on recommendations of
traditional technical documents without taking into account the possibilities of computeraided design.
In this paper an innovative software tool to design FEM models of double-curvature arch
dams is presented. Several capabilities are allowed: simplified geometry creation (interesting
for academic purposes), preliminary geometrical design, high-detail model construction and
stochastic calculation performance (introducing uncertainty associated to material properties
and other parameters).
This paper specially focuses on geometrical issues describing the functionalities of the tool
and the fundamentals of the design procedure with regard the following aspects: topography,
reference cylinder, excavation depth, crown cantilever thickness and curvature, horizontal
arch curvature, excavation and concrete mass volume and additional elements such as joints
or spillways. Then, an example of application of two Spanish dams is presented and the
results obtained analyzed. The final section contains the summary and conclusions.
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1 Introduction
Double-curvature arch dams are specifically intended to transfer the hydrostatic load towards
the abutments in an efficient way, allowing a significant reduction of the total volume of
concrete, as compared to conventional gravity dams. This feature makes them an attractive
solution from an economic viewpoint. By contrast, they are only feasible in locations with
certain geometrical and geotechnical properties.
The most common geometry of this type of dams is based on a reference cylinder, which is
usually a conic or a circular arc of one, two or three centers. Based on this element, the curves
that determine the intrados and extrados are defined, which are in general different from each
other and at each elevation. Two families of curves are therefore required to define upstream
and downstream dam faces. The resulting dam body features varying thickness both along the
horizontal (arches) and vertical (cantilevers) sections. The particularities of each site also
contribute to the complexity of the design. They determine, for example, the depth and slope
of excavation.
Frequently, one of the key aspects in the goodness of a solution is the absence of relevant
tensile stress in the concrete mass. Its verification obviously requires performing a numerical
calculation, at least simplified, which is also part of the design procedure.
As a result of all the above-mentioned issues, the design process is cumbersome. It can be
summarized in the following steps:
1. Preliminary design.
2. Verification of the structural performance in simplified loading cases. If the result is
positive, go to next step. Otherwise, modify the design and repeat step 2.
3. Detailed design including spillway, joints and other features.
4. Performance assessment in the loading scenarios prescribed by the corresponding
regulations. If correct, the design is adopted as final. Otherwise, it is refined according to the
results.
Steps 1 and 2 are typically applied on several potential locations of the dam, among which the
most appropriate is selected by means of a comparative study. In this case, it is essential to
have an estimate of the cost of construction, which in turn requires an approximation of the
volumes of concrete and excavation.
Some publications include recommendations and design manuals for the design of arch dams
[1], [2], [3]. These documents are frequently used as technical reference by engineers and
practitioners in real projects. However, the described approaches do not take into account the
possibilities of computer-aided design.
In other relatively frequent cases, numerical models of existing dams need to be elaborated to
perform additional verifications (e. g. [4]). Only 2D drawings are typically available for such
dams, from which the geometry must be obtained in three dimensions prior to the generation
of the mesh and the calculation via the finite element method (FEM). This task is also
cumbersome and can be automated.
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This situation aroused interest in the development of tools that allow automating the design
process as much as possible. As an example, the United States Bureau of Reclamation –
USBR hereinafter – published a methodology to design arch dams, implemented in a
spreadsheet [5]. In its current version, it can only be applied to dams with circular arches in
plan view. Recently, Goulas [6] developed a procedure for the preliminary design of doublecurved arch dams, compatible with the DIANA software [7].
Arch dams have also been considered for shape optimization, as reflected in the existing
bibliography [8], [9], [10]. Particular emphasis has been placed in the search of optimal crown
cantilever shapes and horizontal arches curvature, through different mathematical problem
formulations. Nevertheless, these ideas are still far from being fully implemented in real
projects.
To solve the lack of connection between traditional geometrical-design methods and new
computational capabilities, an innovative software tool is presented. It covers the complete
design process of double-curvature-arch-dams FEM models: preliminary geometrical design,
assignation of FEM model parameters and boundary conditions, results analysis and design
improvement. This paper specially focuses on the first aspect – geometrical design –
describing the most relevant steps of the process. The subsequent FEM calculations are
performed by means of the Dam App, a specific application developed within the Kratos
environment [11] for thermo-mechanical analysis of concrete dams. Since it is integrated with
the pre and post process software GiD [12], the tool makes use of the functionalities of the
latter.
In addition, the tool allows considering the uncertainty in the knowledge of certain parameters
(mostly associated to material properties) by introducing random values based on probability
distributions rather than deterministic ones. This facilitates the possibility of performing
stochastic calculations that can be directly integrated into general risk analysis studies [13],
[14].
The rest of the article is organized as follows: the following section describes the
functionalities of the tool and the fundamentals of the design procedure. Then, an example of
application is presented and the results obtained analyzed. The final section contains the
summary and conclusions.

2 Methodology
This section briefly describes the functionalities of the tool, including the design criteria used.
For that purpose, the most common case of pre-dimensioning of an arch dam is described
based on the topographic information of the site. The proposed methodology is summarized in
Figure 1.
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Figure 1. Flowchart of the design process

2.1 Design process for alternatives studies
2.1.1 Topography upload
The design process starts with the selection of the dam location within a predefined area,
whose topographical information is typically available. It can be uploaded either as a
computer-aided graphical design file (.dxf extension), or a 3-column structured text file with
the X/Y/Z coordinates information of each point. The tool makes use of the GiD’s
functionality to automatically generate the ground surface and the topographic contour lines,
with a user-defined equidistance (in m) in the vertical direction (Z-axis).
2.1.2 Reference cylinder
Once the ground surface is created, the dam axis can be defined by means of a reference
cylinder with vertical axis. Its cross section can be circular, as suggested by the USBR with
one, two or three arches [2], [5]. Two and three-centered lines are more common in the design
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of real dams, as they adapt better to different shapes of valleys and allow better load
distribution due to the resulting variable curvature [1], [3].
More complex curves as ellipses, parabolas, logarithmic spirals, and catenary curves are also
used [5]. Goulas [6] proposed a three-curved line compounded by three parabolas, one for the
center part and the other two for the left and right side banks, to achieve variable thickness
and curvature. Zingoni et al. [15] analyzed elliptic-paraboloid dams with parabolic reference
cylinder to compare the effect of buckling stresses and compare them to single-curvature
parabolic dams.
The presented tool allows selecting between elliptical and parabolic cylinders. The latter was
chosen for illustrating the design process, which is described in the following sections.
Parabolas are defined by means of the focus and vertex, which can be graphically set by the
user (Figure 1b). The only relevant difference for the case of elliptical cylinder is that the
length of the minor axis also needs to be defined.
It should be noted that most circular arcs can be approximated with ellipses with enough
accuracy, if necessary.
2.1.3 Foundation
Dam foundation is typically situated below the ground surface to reach a sound rock layer.
Weak areas must be removed to provide a firm foundation, without sharp breaks and
irregularities, capable of withstanding the applied loads, including hydrostatic and self-weight
[1]. To meet that requirement, the tool allows the user to define different excavation depth at
ten elevations in each margin. The intersection is computed between the reference cylinder
and correspondent copies of the ground surface, located at a vertical distance equal to the
excavation depth (Figure 1c). A default value of 7.5 m was set as recommended by the USBR
[5]. It can be used for preliminary design, in case there is no available information on the
foundation properties.
The complete definition of the excavation requires the selection of the appropriate slope
(Figure 1c). It should be determined taking into account the rock properties (both mechanical
and hydraulic) and the dam typology, which also condition the excavation technique [16].
Not infrequently, different rock formations are encountered along the dam foundation [17],
which results in different values of the excavation slope. To account for this issue, the
application allows defining different excavation slopes for each margin and for the riverbed
area.
2.1.4 Crown cantilever. Thickness
The load distribution in arch dams must be adequate between arches and crown cantilevers,
for which dam thickness is essential. It typically varies vertically along the dam body.
We implemented the method proposed by the USBR [2], where the central cantilever
thickness at the crest (Thcrest), the foundation (Thfound) and at a 45% of the height (Th0.45), is
computed according to the following expressions:
𝑇𝑇ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.01 · (𝐻𝐻 + 1.2 · 𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 )

(1)
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(2)

(3)

Where H is the dam height, and Lcrest and Lfound are the chordal lengths at crest and foundation,
respectively. With the purpose of increasing flexibility in the design process, the three values
can be modified by introducing a factor. Since it can be higher or lower than 1, the resulting
thickness can be greater or lower than the default one (Figure 1d).
These functionalities allow various possibilities: a) to reproduce the geometry of an existing
dam with variable thickness, b) to make a preliminary design of a dam based on the USBR
criterion, or c) to adapt such design according to the particularities of the case or the results of
numerical models.
The actual thickness at the top of the crown cantilever of 30 international arch dams was
compared to those obtained with eq. (1) (Figure 2). It can be seen that the default value is
around 5% higher than the average for this collection.

Figure 2. Comparison between USBR-suggested thickness and that used in real dams.

2.1.5 Crown cantilever. Curvature
The curvature of the central cantilever is set in three steps (Figure 3). Initially, Thcrest, Thfound
and Th0.45 are placed according to the USBR method [2].
In the second step, to ensure complete flexibility in the design process, the position of Thfound
and Th0.45 can be modified in order to revise the initial curvature. The relocation is handled by
means of the parameters α1 and α2, which define the percentage of Thfound and Th0.45 located
upstream and downstream the dam axis, respectively.
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Figure 3. Steps to define crown cantilever thickness and curvature. Left: default location [2]. Center:
user-defined location of Th0.45 and Thfound. Right: The faces of the central cantilever are defined by
circular arcs.

Finally, upstream and downstream ends of the three segments are joined by circular arcs that
define the correspondent faces of the central cantilever, as shown in Figure 3. Other criteria
can be adopted such as adjusting polynomials of second order as functions of the height [7],
[9], [10]. These approaches are related to theoretical optimization models and involve the use
of additional parameters.
2.1.6 Shape and location of arches
The lines of centers define the horizontal shape of the arches for each elevation, starting at the
crown cantilever and curving horizontally downstream toward the abutments. As conic curves are
used instead of circular arcs, these lines are defined by the focal points of the curves (Figure 4).
Some authors published methodologies to define the lines of centers. USBR [5] proposed several
options depending on whether uniform or varying thickness is selected – one, two or more lines,
respectively. For all cases, a straight line and a compound of straight plus a circular arch are
proposed, resulting in different rules of variation. Li et al. [9] calculated the optimal position of
the center at each elevation, obtaining an irregular line-of-centers compounded by several linear
segments. Goulas [6] suggested a polynomial of an order proportional to the number of arches
used to define the dam faces. In other studies, the horizontal arches are generated without prior
examination of the line of centers. Delgado and Márquez [18] suggested an algorithm to generate
constituent curves of a certain number of horizontal arches by polynomial interpolation methods.
Any of these procedures can be approximated with the tool. As the reference cylinders selected
are quadratic curves (either parabola or ellipse), the lines of centers are determined by the position
of the focuses of the parabola or the ellipse respectively. Two different lines of centers must be
introduced to define the intrados and extrados dam faces, in order to achieve varying thickness.
Users can define the position of each focus just entering its distance (di and de for intrados and
extrados respectively) to the correspondent dam face, and for each level z (see Figure 4).
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Figure 4. Definition of lines of centers (focuses in the case of parabolas) for both intrados and extrados
faces. The shape variation in the intrados is depicted for illustration purposes. The same effect can be
achieved for the upstream face. It should be noted that the crown cantilever is not modified in this
step.

2.1.7 Model fitting and volume calculation
Once the abovementioned steps have been completed, all the necessary information for defining
the dam body is available. Hence, it is generated, as well as the excavation. The volumes of
concrete mass and excavation can be directly obtained from the resulting 3D model. Figure 5
shows an example of the result.

Figure 5. Example views of dam body and excavation geometry

Before performing any numerical calculation, it is useful to visualize the shape of the dam and in
particular that of the vertical and horizontal sections, which define the arches and the cantilevers.
These sections are automatically generated and displayed on screen. If necessary, the user can
modify some of the parameters entered and generate a new geometry (Figure 6).

Figure 6. Display of cantilever sections (left) and horizontal arches (right).

Once the geometry obtained is considered adequate, further details can be added to be accounted
for in the calculation. In particular, joints between blocks, and the spillway can be defined (see
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Figure 7). In the first case, the width of each block must be entered, and in the second, the
position of each bay of the spillway. This results in the geometric definition of the dam, ready for
the FEM analysis.

Figure 7. Complete geometry including joints and spillway.

2.2 Additional functionalities
Although the tool was mostly designed for automatizing the design process, it can also be
useful for other types of analysis, which are briefly described in this section.
2.2.1 Simplified geometries
Simplified models can be generated based on a limited number of geometrical parameters:
dam height, crest and foundation chord-lengths, plan view angles and thickness widening at
abutments. This functionality can be applied when detailed topographic information is not
available or required for the objectives of the study (e.g. academic or scientific purposes).
Initially, crest and foundation thicknesses, and crown cantilever curvature are calculated
according to USBR method [2]. The user can later modify the resulting values by entering
specific parameters to change thicknesses and cross-section curvature.
Material properties are divided in two groups: concrete mass and foundation. External loads
are also limited to a certain number of relevant cases. Self-weight load is always considered
while hydrostatic and thermal loads are optional. Hydrostatic load is defined by adding water
level in percentage units of the total height of the dam. For thermal loads, a sinusoidal
function is created to represent ambient temperature through the introduction of three
parameters: mean temperature, amplitude and phase of the function. Water temperature can be
defined either uniform for the whole water mass or time-and-depth dependent, according to an
empirical distributed law proposed by Bofang [19].
These simplified geometries are currently being employed for a sensitivity analysis on the
effect of geometrical and material parameters on dam behavior. One of the main objectives of
this study is to analyze the performance of arch dams located in valleys of different shape:
narrow-V, wide-V, narrow-U, or wide-U [1]. Figure 8 shows some examples of models
generated with this level of detail.
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(a)

(b)

(c)

Figure 8. Examples of three dam models with different site shapes: (a) narrow-U, (b) narrow-V and (c)
wide-U valleys.

Such studies require a high amount of cases to be computed, hence the parametric generation
of FEM models and their automatic calculation was imperative. Similar tools were developed
for rock-fill dams [20].
2.2.2 Consideration of uncertainty on model parameters
In recent years, there has been a tendency towards performing probabilistic rather than
deterministic calculations [21], [22]. This approach allows considering the uncertainty
associated to the value of certain parameters, such as the strength of the concrete or
foundation. Hence, the results can be integrated in an overall risk analysis associated with a
given mode of failure [13].
In this framework, the developed tool allows following any of both approaches (deterministic
and probabilistic), since each parameter can be defined either as a fixed value or as a random
variable following a given probability distribution law: uniform, normal, and lognormal,
among others. This functionality allows the integration of the calculations in the framework of
risk analysis [14].
2.2.3 Detailed models
The same procedure can be used in the case of existing dams with no numerical models
available. This is a relatively frequent situation (e.g. [4]), which requires to draw each cross
section, locate them in their correspondent position in 3D, join them to create surfaces and
volumes, generate the ground geometry and then create the mesh.
With the new tool, this process can be automatized and simplified. The procedure is
essentially the same as described in sections 2.1.1-2.1.7, though much simpler, because the
actual information of the dam (which is usually available) can be introduced: reference
cylinder, thickness, crown cantilever curvature, arches location, excavation depth, foundation
geometry, etc. As a result, there is no need to iterate back and forth to refine the design.

3 Example of application
La Baells dam is a doubled-curvature arch dam located on the Llobregat River in the
Catalonian region of Spain. It was taken as principal benchmark in this study to show
different capabilities of the developed tool.
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Geometric information was facilitated by the Catalan Water Agency, and used in previous
studies related to the analysis of its behavior [23], [24], [25]. The same applies to the
properties of the materials, which are included in Table 1.
Table 1. Material properties considered in the FEM model

Property
Young Modulus
Poisson ratio
Density
Thermal conductivity
Thermal expansion coeff.
Specific heat

Units
Dam Foundation
-2
N·m
4.76·1010 3.10·1010
0.25
0.25
-3
kg·m
2400
3000
-2
-1
W·K ·m
2.4
2.2
-1
-5
K
10
10-5
J·kg-1·K-1
982
950

Several functionalities of the tool are presented for illustration purposes:
1. The numerical model and the mesh were generated based on the cross-section, plan and
front view drawings, and from the geometric definition of the arches in the intrados and
extrados. As a result, a detailed 3D geometry was obtained that was then used to perform a
thermo-mechanical calculation. The results were compared to the available data of pendulum
displacements in terms of the maximum range of variation.
2. The necessary information was extracted for the generation of a simplified geometry
according to the procedure described in section 2.2.1, mainly the dam height, the width of the
valley at foundation and crest, and the thicknesses and curvature (both in plan and crosssection views).
Both models (simplified and detailed) were calculated in two loading scenarios: with and
without hydrostatic load. In both cases, a simulation period of 4 years was considered, during
which the ambient temperature was varied according to the air temperature data also available
(sinusoidal variation of average 13ºC and range between 2 and 24ºC). Water temperature was
estimated according to Bofang’s law.
3. A probabilistic analysis was also performed taking into account the uncertainty of three of
the most relevant material properties (modulus of elasticity of concrete and foundation and
thermal expansion coefficient of concrete). A total of 1,000 calculations were performed, with
all three values randomly selected from gaussian distributions, whose parameters are included
Table 2.
Table 2. Density functions for the parameters considered as random variables

Parameter
Elastic modulus (dam)
Elastic modulus (foundation)
Thermal exp. coeff. (dam)

Units

Mean

N·m-2 4.76·1010
N·m-2 3.10·1010
K-1 9.45·10-6

Coefficient
Variation (%)
11.0
11.0
16.7

Range (95%)
[3.71·1010 – 5.81·1010]
[4.9·109 – 3.43·1010]
[6.3·10-6 – 1.26·10-5]

Mean values of modulus of elasticity for both concrete and foundation are those included in
Table 1. The coefficient of variation of concrete was extracted from Vilardell et al. [26] who
suggested different values for dam concrete according to its age. Since the present analysis
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focused on an existing dam, a value associated to 180 days was considered. The same value is
assumed for the coefficient of variation of the foundation. In the case of the thermal
expansion coefficient, mean and standard deviation were fitted to obtain the range proposed
by FERC [27], with a 95% probability of occurrence. Figure 9 shows the probability
distribution functions defined – in the frequency domain – and the random values generated.

Figure 9. Histograms of automatically obtained values and probability distribution functions (Gaussian
normal)

Finally, the 3D FEM model of Baserca dam was generated from the plan and cross-section
views. It is another double-curvature arch dam, located in Huesca (Spain), with 87 m
maximum height above foundation and 300 m chord length at crest [4].

4 Results and discussion
4.1 3D model generation
Upstream and downstream views of the 3D detailed models generated for La Baells and
Baserca dams are included in Figure 10 and Figure 11, respectively. The dam body,
excavation and spillways can be observed. We made use of GiD’s rendering capabilities to
yield realistic images, with shadows and appropriate colors for the dam body, ground and
water.

Figure 10. La Baells Dam model. View from downstream (left), from the left abutment (center) and
crown cantilever section (right).
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Figure 11. Baserca Dam model. View from downstream (left), from the left abutment (center) and
crown cantilever section (right).

The dam body volume was computed from the FEM model and compared to that reported by
SPANCOLD [28] (Table 3). For both dams, the model featured lower volume, because the
reference value considered all the concrete employed in the construction, including for
instance the spillway chute for La Baells Dam, as well as other auxiliary works. By contrast,
the model volume strictly corresponds to the dam body.
Table 3. Comparison between calculated parameters and real ones
La Baells

Baserca
Difference
Difference
Calculated Real
Calculated
Real
(%)
(%)
3
Dam volume (m ) 324,816 382,000
15
197,829 230,000
14

The simplified model for La Baells Dam is depicted in Figure 12. The ground geometry is
also simple, though its influence is minor in the results.

Figure 12. Left: view from downstream of the simplified model for La Baells Dam. Right: comparison
between the detailed and the simplified model.
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4.2 Thermo-mechanical analysis
Figure 13 shows the maximum and minimum displacements at the crown cantilever for the
simplified and detailed models for La Baells Dam. They correspond to the expected load
combinations:
1. The maximum displacement towards downstream is registered for temperature
decrease combined with the maximum hydrostatic load (full reservoir)
2. The maximum displacement towards upstream was obtained with no hydrostatic load
(empty reservoir) in combination with temperature increase.

Figure 13. Displacements in the crown cantilever of La Baells Dam as computed with the simplified
and detailed models.

The displacement fields are similar for the correspondent load combinations in both models,
though the simplified one is more rigid (lower displacements) due to its higher average
thickness (Figure 13)
The same result can be observed in the overall view from downstream (Figure 14). The
abovementioned higher thickness makes the displacements to be more concentrated in the
vicinity of the crown cantilever. The different level of detail is also reflected in the asymmetry
of the displacement field of the detailed model.
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Figure 14. Displacement field for La Baells Dam.

The range of variation at the location of one of the pendulums was extracted and compared to
monitoring data. In particular, we focused on the radial displacement at 610 m.a.s.l. in one of
the central cantilevers (see the location of the monitoring devices in [24]). The results were
30.6 mm for the detailed model and 18.6 mm for the simplified one.
The recorded monitoring data showed a range of variation of 24 mm in the blocks located
near to the central cantilever [23]. It should be noted that while the minimum hydrostatic load
for the available measurement period was 62%, the model was computed for 0%. It is thus
logical that the range of displacement is lower for the real dam. Taking that difference into
account, the result of the detailed model is a useful estimate to the observed behavior.
The difference between the two numerical models is mostly due to the higher thickness of the
simplified one.

4.3 Probabilistic analysis
The results of the probabilistic analysis can be presented as empirical density functions, where
the effect of the considered uncertainty is reflected. For demonstration purposes, we focused
on a) the displacement at the top of the crown cantilever, b) the compression stress at the base
of the central cantilever and c) the tensile stress at the upstream toe.
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Figure 15. Displacements at the top of the crown cantilever.

The results of this type of analysis could be employed to define warning thresholds for key
performance indicators in the first filling and subsequent months. Since not enough
monitoring data are available for that period, they must be based on numerical models, and
stochastic results provide more useful information for that purpose.
For instance, a deterministic analysis would yield a single result for the maximum
displacement towards downstream, close to the mean of the empirical distribution (0.02 m;
Figure 15). Any observed higher value could be considered as anomalous. However, if it
actually fell in the central area of the empirical distribution of the results, it should be
attributed to the uncertainty in the parameter values, hence normal.
Results correspondent to stresses (Figure 16 and Figure 17) can be useful to estimate the
probability of exceedance of the compression and tensile strength of the concrete, or to
prescribe them during the design stage.

Figure 16. Compression stress. Left: at the downstream toe (full reservoir – temperature decrease).
Right: at the upstream toe (empty reservoir – temperature increase).
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Figure 17. Tensile stress at the upstream toe.

5 Summary and Conclusions
An innovative tool for computer-aided design of arch dams was presented. It allows
automatizing the design process, taking into account the key parameters: shape of arches and
cantilevers, excavation depth and slope, and additional details such as spillway and joints. The
reference cylinder can be elliptical or parabolic, which allows for adapting to any valley
shape, including those asymmetrical.
The USBR methodology is followed by default [5], though the resulting geometry can be
modified by the user with a high degree of flexibility.
The design procedure is integrated into a FEM code developed in the Kratos environment
[11], so that the mesh and boundary conditions can be directly defined to calculate typical
load scenarios.
The tool is also integrated with the pre and post process software GiD [12], which allows
taking advantage of its functionalities both for pre and post process. This widens the
possibilities for extracting detailed results. Nonetheless, the tool allows automatically
computing the volume of concrete and excavation for each of the designs considered in an
alternatives study.
Although the tool was mainly designed for automatizing the design process of new dams, it
can also be useful for other types of analysis. Simplified geometries can be suitable for
academic or scientific purposes, or when certain information is not available (e.g. topographic
information).
Probabilistic analysis can be carried out considering random values for certain parameters,
instead of deterministic ones, through the introduction of probability distributions laws. This
allows taking into account the uncertainty associated to certain material properties and
conducting stochastic calculations to be used in risk analysis.
The results show that the tool can be useful for researchers and practitioners in various fields
related to the design and performance assessment of arch dams: preliminary design,
alternatives study, safety assessment, probabilistic and sensitivity analysis, among others.
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