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Abstract: Concrete dams are massive unreinforced quasi-brittle structures prone to cracking from
multiple causes. The structural safety assessment of cracked concrete dams is typically performed
using computational analysis through numerical methods, with adequate representation of the
material model. Advances in the last decades including computational processing power, novel
material, and numerical models have enabled remarkable progress in the analysis of concrete dams.
Nevertheless, classical benchmarks remain reliable references for the performance analysis of these
structures. This paper presents the main aspects of modeling and simulation of a concrete gravity dam
cracking response based on a broad literature survey. Emphasis is given to an in-depth review of the
benchmark problem analyzed by Carpinteri et al. (1992). We then use the Abaqus concrete damage
plasticity constitutive model to solve the benchmark problem and provide recommendations to obtain
accurate results with an optimal computational cost. The best practices of modeling, simulation,
verification, and validation are presented.
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1. Introduction

Concrete dams are massive unreinforced quasi-brittle structures prone to cracking
from multiple causes under normal and extreme operating conditions such as floods and
earthquakes [1–8]. The structural safety assessment of cracked concrete dams is typically
performed using finite element (FE) numerical modeling and simulation of crack initiation
and propagation to establish a critical crack pattern and quantify the associated residual
strength. A crack introduces a geometric discontinuity in the displacement field that alters
the stiffness and load-carrying capability of the dam. The stress singularity at the crack tip
leads to infinite stresses when using the elasticity theory. The definition of suitable concrete
FE constitutive models and numerical solution algorithms to quantify crack patterns and
circumvent the stress singularity problem, using fracture mechanics and nonlinear FE
solution algorithms, is still the subject of active research. Discrete crack models [9–13],
smeared crack continuum models [1,3,14–16] and boundary element techniques [5,8,17,18]
have been developed by various researchers with varying degrees of success. Commercial
FE software packages such as Abaqus, ANSYS, DIANA, VecTor, MIDAS, ATENA, and
LS-Dyna also offer some concrete cracking constitutive models that require an advanced
level of expertise to be used reliably.

The development, implementation, and confident use of FE concrete constitutive
models require rigorous verification and validation procedures. One must distinguish
between verification and validation. According to [19] verification is defined as “the pro-
cess of determining that a model implementation accurately represents the developer’s
conceptual description of the model and the solution to the model”. Verification deals
with mathematical issues (that is, “solving the equation right”), such as code verification
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(removing mistakes and errors) as well as the verification of the accuracy of the numerical
solution [20]. On the other hand, solution validation is defined as “the process of determin-
ing the degree to which a model is an accurate representation of the real world from the
perspective of the intended uses of the model”. Validation deals with the physics of the
problem, that is “solving the right equations” for an accurate solution to the engineering
problem considered. Validation also aims at improving the fundamental understanding
and mathematical models of the physics at hand (i) by characterizing and minimizing
uncertainties and possible limitations or errors in the computational model and experi-
mental data, and (ii) by increasing the confidence in the quantitative predictive ability of
the computational model. Validation usually follows a hierarchical methodology where
benchmarking against experimental data plays a fundamental role.

Obviously, one cannot test the failure of a full-scale dam-foundation-reservoir system
because of the scale at which physical phenomena are occurring and the nature of extreme
loadings such floods and earthquakes. Some laboratory tests on small-scale dams have been
published from time to time to validate concrete constitutive models. One of these tests,
shown in Figures 1 and 2, performed on a 1:40 scale-down model was published in [9] and
has been widely used as a benchmark problem for concrete constitutive model validation
by several researchers [1–8,10–18,21–29]. It is expected that this benchmark problem will
still be used in the future as new constitutive and numerical methods are developed.
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Figure 1. Experimental test performed in a 1:40 scaled-down model. From: Fracture Mechanics of
Concrete Structures: Proceedings, Carpinteri et al. [9], Copyright ©1992 and Imprint. Reproduced by
permission of Taylor & Francis Group.

In this paper we first critically review the benchmark problem presented in [9] with an
extensive literature review comparing results that were published using (i) FE discrete crack
models, (ii) FE continuum models with or without enhancement (XFEM), and (iii) boundary
elements, particle, and meshfree models. We then use the Abaqus [30] concrete damage
plasticity constitutive model to solve the benchmark problem and provide recommenda-
tions to obtain accurate results with an optimal computational cost, exploring the incidence
of (i) mesh size, (ii) type of elements, (iii) material properties, (iv) tensile softening behavior,
(v) solution algorithm, and (vi) local mesh refinement.
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Figure 2. Geometry, boundary conditions, coordinates, and details for the finite element simulation
(units: mm).

2. Carpinteri Gravity Dam Models—Literature Survey

The original investigation in [9] focused on the crack propagation behavior in con-
crete gravity dams using reduced-scale tests and cohesive crack numerical models. This
is probably one of the earliest research works developed at Politecnico di Torino for the
experimental analysis of cracking in concrete dams, as discussed in [13]. Although addi-
tional experimental results are available from other benchmarks, the following discussion
will focus on the model and results obtained from the former reference. The experimental
and numerical results of this research have been extensively analyzed by several authors,
providing key aspects that are presented in the subsequent sections.

2.1. The Experimental-Numerical Study Developed at Politecnico di Torino

This benchmark consists of a reduced-scale dam section (1:40) analyzed in [9], depicted
in Figure 1, using laboratory and numerical tests, where an imposed notch is located at the
upstream face. Two scenarios were analyzed, including notch-depth ratios of 0.1 and 0.2,
positioned at a quarter of the dam height. This experimental setup included self-weight
(by means of equivalent vertical forces distributed on the monolith plane), and equivalent
horizontal hydrostatic loads (by means of four actuators positioned at the upstream side).
Displacement control CMOD (Crack Mouth Open Displacement) was a key parameter in
this setup, acting as feedback for the servocontrolled actuators. A summary of the cases
described in the experimental setup is presented in Table 1.

Table 1. Description of experimental models analyzed by Carpinteri et al. [9].

Test Case Description

1

Notch-depth ratio = 0.1; this simulation was stopped at
peak load, as a result of a failure at the weakest section

of the dam foundation. Combined vertical and
horizontal loads were considered.

2

Notch-depth ratio = 0.1; this simulation is a continuation
of Test Case 1 model, which was reinitiated after the

reinforcement of the previous failure region. Self-weight
loads were removed from this case.

3 Notch-depth ratio = 0.2; this simulation considers only
horizontal loads provided by the actuators.
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The reference FE results were also presented by the authors. The numerical model
consisted of a bidimensional mesh of 6-node quadratic triangular elements. The material
nonlinearity was considered by means of a cohesive crack model. An interesting approach
was applied using automatic remeshing to consider the crack growth trajectory. This
strategy considered the crack tip advance based on the evaluation of the component of
displacement discontinuity normal to the crack surface. Because the initial crack trajectory
was not known a priori, a remeshing scheme was proposed, considering each crack growth
step. The threshold was set to the value of the displacement component associated with the
occurrence of normal cohesive stress equal to zero, and a linear constitutive law described
the behavior of tensioned concrete. The authors concluded that the proposed numerical
model was able to reproduce the results of the experimental setup with an acceptable
degree of accuracy. Results for crack trajectories were also retrieved from the numerical
models, including their association with the pattern observed in the reduced-scale model.

2.2. A Survey of Analyses Presented by Several Authors

Carpinteri et al.’s [9] studies were reproduced by several authors, using diverse
numerical methods. This section provides a survey of most of these contributions, including
a summary of the key findings of past research.

2.2.1. Analyses Considering Finite Elements with Discrete Crack Models

Valente and Barpi [10] investigated the cohesive crack model for the transition of
ductile to brittle behavior and analyzed the singularity of the stiffness matrix and the
stability of the crack trajectory. For these analyses the crack trajectory is generally not
known a priori and a remeshing scheme is required for each fictitious crack growth step.
Their results indicate that different options for the crack tip position provide distinct results
for crack trajectories and load-CMOD plots.

Barpi [11] presented a detailed discussion for Carpinteri et al.’s [9] experimental
analysis, including results which considered linear and bilinear concrete softening laws,
as well as comparison with different numerical methods. Investigations were performed
for the original two notch-depth ratios of 0.1 and 0.2. Load-CMOD results indicated that
peak loads for bilinear softening models are reduced when compared to linear models.
Conversely, crack trajectories are almost convergent, regardless of the softening model.

Barpi and Valente [12] analyzed three reduced-scale dam models (1:40, 1:100, 1:150),
considering the influence of two notch-depth ratios: 0.1 and 02. Load-CMOD curves and
crack trajectories are represented satisfactorily with numerical computations. Relevant
considerations are presented for the need for physical similarity in the experimental models,
including the scaling of fracture energy.

Carpinteri et al. [13] presented an extensive review of past research developed at
Politecnico di Torino. The authors provide a discussion of early studies involving the
cohesive crack model, which is based on the separation of adjacent nodes belonging to a
crack trajectory. Limitations involving the size scale and the need for special requirements
for the analysis of unnotched specimens are also verified.

Shi et al. [2] analyzed two different models including single and multiple-crack
propagation. These models are based on a bilinear strain softening relation defined by
Rokugo et al. [31], which is applied to the crack equations. An efficient remeshing scheme
is proposed with the use of triangular finite elements. Crack trajectories are mostly hor-
izontal under the mode-I hypothesis. A discussion is provided about limitations in the
experimental results.

Shi [21] presented an updated formulation considering a mixed-mode (mode-I and
mode-II) fracture. Crack trajectories are similar for mode-I and mixed-mode but differ
once the shear transfer mechanisms become relevant. Results for load-CMOD curves are
not provided.
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Lohrasbi and Attarnejad [22] presented results using both discrete and smeared crack
finite element models. The authors concluded that the latter is efficient in terms of compu-
tational cost but provides unreliable results.

Wu et al. [23] proposed a mixed-mode (mode-I and mode-II) method with comparisons
to experimental tests and past results by Barpi and Valente [12], including their study of
two different notch-depth ratios. The numerical results for crack trajectories agree with
the experimental observations. This method requires the definition of the initial cracking
toughness and provides an accurate estimate of the ultimate bearing capacity.

Table 2 presents a summary of relevant information for benchmark purposes consider-
ing the finite elements with discrete crack models.

Table 2. Benchmark information availability considering finite elements with discrete crack models.

Source Test Case Load-CMOD Crack Trajectories

Valente and Barpi [10] 2 • •
Barpi [11]; Barpi and Valente [12];

Shi et al. [2]; Wu et al. [23] 2, 3 • •

Shi [21] 3 •
Lohrasbi and Attarnejad [22] 2 •

2.2.2. Continuum Models Considering Smeared Crack and Enhanced Finite Elements

Bhattacharjee and Léger [1] proposed a numerical implementation of smeared crack
models in 4-node isoparametric finite elements by means of two constitutive frameworks:
coaxial rotating crack model (CRCM) and fixed crack model with a variable shear resistance
factor (FCM-VSRF). The authors concluded that the procedure is an efficient strategy in
terms of computational cost, avoiding remeshing steps. However, a stiffer post-peak
response is observed.

Ghrib and Tinawi [14] proposed a finite element method implementation defined as
DAM-MEC (damage mechanics analysis of concrete dams) using three different damage
models, with isotropic and anisotropic behavior. Isotropic models provide horizontal crack
trajectories. Stress locking is overcome using a fixed angle of damage direction in the
anisotropic model. Localized damage is observed at the dam’s heel.

Oliver et al. [24] presented the theoretical aspects and a series of applications con-
cerning a finite element implementation of a fracture mechanics model. This concept is
defined as a strong discontinuity approach (SDA), without the necessity of any remeshing
procedure and avoiding mesh bias drawbacks.

Mirzabozorg and Ghaemian [3] studied a smeared crack model for 3D static and
dynamic behavior of mass concrete. A finite element implementation is performed using
a 20-node isoparametric element with a coaxial rotating crack model. Stress locking is
observed for load-CMOD curves. Crack trajectories are mostly horizontal. It also verified
the presence of a plastic region at the dam’s heel.

Cai [15] proposed a finite element implementation using a smeared crack approach.
Analysis results are limited to the peak value of the load-CMOD plot and stress locking
limitations are also discussed.

Hariri-Ardebili et al. [4] investigated a coaxial rotating smeared crack model in 3D.
Load-CMOD curve presents a reliable approximation to the reference results, but crack
trajectories are not analyzed.

Roth et al. [25] and Wang et al. [6] applied a novel technique considering the continuum
approach for the first stages of cracking and the discrete nature of the Extend Finite Element
Method (XFEM) for macroscopic cracks. Load-CMOD and crack trajectory results are
presented and compared to reference data provided by Carpinteri et al. [9].

Dias et al. [7] proposed a procedure defined as crack-path-field and strain injection,
where finite elements are enhanced in a similar fashion to XFEM, avoiding mesh bias
presented in standard displacement-based formulations. This technique provides specific
strain fields within the elements for capturing and propagating strain localization. The
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position of this injection is determined by a crack-path-field algorithm. Results for the
load-CMOD curve are in excellent agreement with Carpinteri et al.’s [9] data.

Durieux and Rensburg [16] discussed the use of nonlinear FEM analyses based on
the Drucker-Prager material model to overcome the problem of stress peaks at singularity
points and to produce a more realistic stress distribution in concrete dams. A simulation
was performed for Carpinteri et al.’s [9] benchmark. The load-CMOD analysis is limited to
the peak load and no post-peak information is provided. Nevertheless, peak load values
are consistent with the reference results. The development of plastic strains at the model’s
base is noticeable.

Sha and Zang [26] presented analyses dedicated to the problem hydraulic fracture
in concrete dams by means of damage mechanics models. Some benchmark results are
presented for uncoupled models, consisting of crack trajectory and load-CMOD curve. The
latter is in excellent agreement with the experimental data but presents a stiffer pre-peak
response when compared to Barpi and Valente’s [12] data.

Table 3 presents a summary of past research data for benchmark [9] considering the
finite elements with continuum models.

Table 3. Benchmark information considering smeared crack and enhanced finite elements.

Source Test Case Load-CMOD Crack Trajectories

Bhattacharjee and Léger [1]; Ghrib and
Tinawi [14]; Oliver et al. [24];

Mirzabozorg and Ghaemian [3];
Cai [15]; Hariri-Ardebili et al. [4];

Roth et al. [25]; Wang et al. [6];
Durieux and Rensburg [16];

Sha and Zang [26]

3 • •

Dias et al. [7] 2 • •

2.2.3. Analyses Considering Conventional and Enhanced Boundary Elements

Chahrour and Ohtsu [17] studied a Boundary Element Method (BEM) approach with
the notch being defined by a stitching interface which follows the expected crack trajectory.
Four linear elastic fracture mechanics criteria were applied for different simulations. The
crack trajectories predicted by the BEM are acceptable when compared to experimental
results. However, an uncommon behavior is shown by the load-CMOD curve, which
displays a series of snapbacks in the early stages of crack propagation.

Shi et al. [5] presented an investigation of crack propagation by means of boundary
polygons, which model the linear elastic bulk concrete. These regions are coupled with
interface elements, which model the fracture zone between crack faces. This strategy
consists of applying the Scaled Boundary Finite Element Method (SBFEM). A detailed
discussion is presented for the theoretical background of this method, and its integration
with a cohesive crack model. Results for coarse, medium, and fine meshes are almost
identical when analyzing the load-CMOD curves and the crack trajectories. The latter
are mostly straight lines, while the experimental results presented paths directed to the
dam’s toe.

Yao et al. [8] applied the SBFEM including hydraulic fracture aspects for the crack
propagation in concrete dams. The results for zero water pressure at the crack were also
presented and compared to the reference results provided by Carpinteri et al. [9], as well as
those obtained by Barpi and Valente [12] and Shi et al. [5]. The load-CMOD curves agree
with past analyses. However, crack trajectories are mostly horizontal and deviate from the
experimental observations at about half length of the dam’s section.

Li et al. [18] proposed a novel model using the Extended Scale Boundary Finite
Element Method (XSBFEM) with the incorporation of the cohesive fracture behavior of
concrete. In this case, the discontinuous behavior at the crack is captured by means of
Heaviside enrichment functions, avoiding the need for new nodes at the crack face, which
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is a requirement for the SBFEM. The load-CMOD curve results agree with those presented
by Barpi and Valente [12], and Shi et al. [5]. The crack trajectories follow the expected
20 degrees pattern observed in the experimental setup of Carpinteri et al. [9] and present a
higher fidelity when compared to past research results.

Table 4 presents a summary of relevant information for benchmark purposes consider-
ing conventional and enhanced boundary elements.

Table 4. Benchmark information availability considering conventional and enhanced boundary elements.

Source Test Case Load-CMOD Crack Trajectories

Chahrour and Ohtsu [17]; Shi et al. [5];
Yao et al. [8]; Li et al. [18] 2 • •

2.2.4. Analyses Considering Particle or Meshfree Methods

Attard and Tin-Loi [27] presented a new method for the analysis of concrete fracture,
with a technique defined as particle/interface type models. The proposal comprised discrete
units formed by an assembly of nine constant strain triangles. Cracking is represented by
the opening or closing across the interfaces of these discrete units. The analysis results
presented a good agreement for both the crack trajectory and load-CMOD curve, when
compared to Carpinteri et al.’s [9] data.

Su et al. [28] developed a hybrid finite element-meshfree approach for the study of
crack propagation in concrete dams. In this case, 3D fractured elements are enriched by a
planar crack surface that is not restricted to the element faces. Analyses were performed
using tridimensional models, which is quite a unique aspect in the literature survey. Load-
CMOD curves are not presented, but an extensive comparison is provided for the crack
trajectories, including the data provided by Carpinteri et al. [9] and Shi et al. [2]. The
simulation results follow the expected 20 degrees path toward the dam’s toe.

Yang et al. [29] applied the Ordinary State Base Peridynamics (OSBPD) model for the
analysis of cohesive crack growth. In this case, the Classic Continuum Mechanics (CCM) is
substituted by an integral form, and the assumption of continuous displacement field in
CCM is not required by the peridynamics approach. The equations are based on a model
which treats the internal forces within a body as a network of interactions in the same
fashion as molecular dynamics. Results for the crack trajectory and load-CMOD curve are
presented and agree with the reference data presented by Carpinteri et al. [9].

Table 5 presents a summary of past research data for benchmark purposes considering
conventional and enhanced boundary elements.

Table 5. Benchmark information considering particle or meshfree methods.

Source Test Case Load-CMOD Crack Trajectories

Attard and Tin-Loi [27] 3 • •
Su et al. [28] 2, 3 •

Yang et al. [29] 2 • •

3. Modeling and Simulation of Carpinteri Gravity Dam Using the Abaqus CDP Model

The present section is focused on the modeling details and simulation of the experimen-
tal setup provided by Carpinteri et al. [9]. The finite element models were established using
commercial software Abaqus v. 6.14-1 [30] with the so-called concrete damage plasticity
model (CDP). Information related to geometry, material model, mesh, boundary conditions,
interactions, and solver options is detailed in the following sections. Subsequently, the
simulation results are presented and discussed.

3.1. Geometry Definition

The geometry is defined as a bidimensional dam, following the same reasoning of
Carpinteri et al.’s [9] numerical model. However, it should be noted that limitations arise
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when comparing the 2D approach with the experimental setup, which is a 3D reduced-
scale gravity dam section. This experimental setup includes thickness transition at different
elevations (see Figure 1), which cannot be represented in a 2D fashion. Nevertheless, the 2D
approach has been extensively applied for this benchmark, and the literature survey indicates
few papers using 3D models, such as Mirzabozorg and Ghaemian [3], Hariri-Ardebili et al. [4],
and Su et al. [28].

The main characteristics of the geometric domain are presented in Figure 2. This ideal-
ized 2D geometry is simplified considering the removal of the first and second segments of
the lower portion of the dam, with corresponding heights equal to 250 mm and 150 mm,
respectively. Past research indicates that the inclusion of the first segments is seldom used,
and even the numerical model presented by Carpinteri et al. [9] considers a simplified
geometry which neglects this part. The inclusion of the second segment is prevalent in
past research, but this part presents a variable thickness and details about the uniform
thickness for the 2D representation of this segment were not found in the literature survey.
It will be shown later that this is not a major concern for the finite element simulations,
because the nonlinear response is highly dependent on the notch behavior, regardless of
any considerations provided for the inclusion of the first and second segments.

A relevant aspect involves the inclusion of four rigid plates for load application at the
dam’s upstream face. These are defined using 2D discrete rigid parts, which are coupled to
the main geometry by means of tie constraints. These parts will provide a distributed load
transfer region, avoiding localized stress effects.

The notch is defined by a separate part in the model and a Boolean subtraction
operation is performed for the removal of the corresponding region in the dam domain.
Following Carpinteri et al.’s [9] prescriptions, only the first notch-depth ratio is employed:
0.1 W, with W defining the dam width at the notch location [28]. This corresponds to
Test Case 2.

3.2. Material Properties

Data of the experimental program investigated by Carpinteri et al. [9] is given in
Table 6, including the elastic modulus (E), Poisson’s ratio (v), the tensile strength (ft), and
the fracture energy (Gf). Additional information includes a maximum aggregate size of
25 mm. No details are given for the compressive behavior of the concrete.

Table 6. Concrete material properties.

E (Gpa) v ft (MPa) Gf (N/mm)

35.70 0.10 3.60 0.184

In Abaqus, the material nonlinear behavior is defined by the CDP. The main character-
istics of the CDP model are the representation of concrete as a continuum, plasticity-based,
damage model with major failure mechanisms described in accordance with tensile cracking
and compressive crushing. By means of the flowchart presented by Ghrib and Tinawi [14], it
is reasonable to assume that this strategy falls into the fixed mesh approach using isotropic
damage mechanics. Therefore, no remeshing is required (positioning this analysis in the
category of continuum models with finite elements, as defined in the literature survey). The
microcracking under uniaxial tension is represented macroscopically by a softening portion
of the stress-strain curve that initiates after the onset of the tensile failure stress, which is
preceded by an initial elastic stage. For uniaxial compression, the main features of the stress-
strain curve are given by an initial linear response, followed by a stress hardening stage,
and finally, a softening phase that starts after the onset of the ultimate compressive stress.

For the current simulations emphasis is given only to the tensile behavior, and three
different models are investigated for the stress-crack opening for uniaxial tension. These are
shown in Figure 3. The first is given by a linear model, which represents a straightforward
representation of the tension softening. The remaining are represented by bilinear models



Infrastructures 2023, 8, 50 9 of 20

following the fib model code 2010 [32] and Rokugo et al.’s [31] recommendations. Those
different representations share a similar aspect: the area under the softening curves is the
same, preserving the fracture energy regardless of the model choice.
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The damage parameter plays an important role in the CDP model and defines the
degradation of the concrete elastic stiffness under an unloading scenario. This variable
assumes a zero value, which represents undamaged material prior to the start of the
softening stage. From that point and beyond, damage increases gradually, following stress
reduction. A complete degradation is represented by Value 1.

The CDP model is also represented by a non-associated plastic flow rule that follows
the Drucker-Prager hyperbolic function and a yield function defined by Lubliner et al. [33],
with the modifications proposed by Lee and Fenves [34]. For the plastic flow rule, two
key parameters are required by Abaqus: ψ, the dilation angle; and ε, the eccentricity. For
the yield function, two key variables are necessary: σb0/σc0, the ratio of initial equibiaxial
compressive yield stress to initial uniaxial compressive yield stress; and Kc, the ratio of
the second stress invariant on the tensile meridian with that on the compressive meridian.
Table 7 presents the details about the parameters selected for the numerical models. The
dilation angle is set to 40 degrees, following typical values of past research in concrete
dams [35,36]. Abaqus default values are selected for the remaining variables. The last
column is related to an additional parameter available for viscoplastic regularization of the
constitutive equations, which improves convergence rate in the softening regime. However,
this feature was not applied in the numerical models.

Table 7. Plasticity parameters adopted in Abaqus for the numerical models.

ψ ε σb0/σc0 Kc
Viscosity
Parameter

400 0.10 1.20 0.67 0

The compressive behavior is defined as elastic, with a yield stress of 30 Mpa and an
inelastic strain of zero value. For the tensile post-cracking behavior, Abaqus provides three
different options: strain, displacement, and the mode-I fracture energy (GFI). The second is
selected for the subsequent simulations, and the required stress-crack values are dependent
on the tension softening model, as described previously.

3.3. Mesh, Boundary Conditions, Interactions, and Solver Options

Analyses were defined by four different levels of refinement, which comprise unstruc-
tured meshes in the notch domain strip, and structured refinement for the remaining parts.
Details are given in Figure 4. These meshes are composed of the following total number of
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elements: 3081 (mesh 1), 4239 (mesh 2), 5388 (mesh 3) and 5111 (mesh 4). Most of these
elements are defined by CPS4R, which are 4-node, bilinear, plane stress elements with
reduced integration. Some very specific regions required elements of type CPS3, which
are 3-node, linear, plane stress elements. These comprise less than 2% of the total of mesh
elements, independently of the refinement level. Rigid elements of type R2D2 are also
present, defining the four regions for load application (as stated in the geometry definition).
The first three meshes are defined by a uniform element density at the notch strip region.
An exception is given by mesh 4, which is based on a progressive level of refinement,
with a higher concentration of elements at the notch region, but with a reduction in the
refinement level toward the downstream face. In this case, the progressive refinement is
composed of three different regions, and only the vicinity of the notch is discretized with
small-sized elements.
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The refinement strategy was defined using a horizontal edge that starts at the midpoint
of the vertical dimension of the notch and extends to the downstream face of the dam.
This procedure enables an efficient refinement of the notch strip region, since the element
size is defined along this edge, and automatic mesh transition is performed to the upper
and lower parts of the geometry (beyond the notch strip region). Meshes 1, 2 and 3 were
developed using a uniform refinement along this boundary (using Abaqus seed command),
with approximate element edge sizes of 30, 15 and 10 mm, respectively. A nonuniform
refinement is applied for mesh 4. For this case, the horizontal edge was divided into three
different segments of approximately 14%, 32% and 54% of the total length. Progressive
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element sizes of 5, 10 and 20 mm were assigned to each of these segments. This enables a
fine-coarse mesh transition, while still providing a fine mesh at the vicinity of the notch.

In practical terms, the notch strip region with unstructured mesh is composed of the
following number of elements: 626 (coarse), 1784 (mesh 2), 2933 (mesh 3), and 2656 (mesh 4).
For this specific region, the number of elements of mesh 4 is reduced when compared to
mesh 3. However, the former presents a larger element concentration at the vicinity of the
notch. It will be shown later that these different refinement levels enable a progressive
interpretation of the cracking response, with an optimal use of the computational resources.
They also enable the analysis of a possible mesh bias in each configuration.

Boundary conditions are given by nodes with restrained in-plane displacements at the
foundation level, and point loads applied in the horizontal direction at the center of each
corresponding rigid plate. The latter is an idealized representation of the experimental
setup, which consists of the combination of a major beam that is connected to the hydraulic
actuator, supported by two additional beams, that provide reactions at the upstream face
of the dam (as shown in Figure 1). A more feasible approach is proposed using the arc-
length method (static Riks), and the direct application of the point loads to rigid plates,
providing a uniform stress distribution to the corresponding locations. These loads follow
Carpinteri et al.’s [9] experimental setup, given by the following percentages of the total
load, measured from bottom to top: 43.75, 31.25, 18.75 and 6.25 (as presented in Figure 2).
The interaction between the rigid plates and the dam body is defined by means of tie
constraints. This modeling strategy using point loads and the arc-length method is effective
for the evaluation of the post-peak behavior, as will be shown in the subsequent sections.
The parameters applied for the arc-length method are presented in Table 8. These analyses
consider the default option for automatic time incrementation.

Table 8. Solver parameters for the arc-length method.

Parameter Value

Initial increment 0.01
Minimum increment 1 × 10−15

Maximum increment 0.2

3.4. Simulation Results and Discussion

The results for the load-CMOD curves are presented in Figure 5 considering material
models with linear and bilinear softening laws, as described in Section 3.2. These curves
are also compared to Carpinteri et al.’s [9] experimental and numerical data. An expres-
sive difference occurs between the peak loads provided by the linear softening model
when compared to the reference results, with the exception of mesh 1. However, further
refinement of the notch region (as shown for the more refined meshes) provides a conver-
gence behavior for the peak load, which is 18% greater than the reference experimental
value. This inconsistency is overcome with the use of the bilinear softening models. Using
Rokugo et al.’s [31] softening curve, this difference is reduced to 4%, with the finite element
models predicting a marginally lower peak load. Results provided by meshes 3 and 4 are
almost identical, with negligible differences for a practical scope. An upper-bound result
is achieved with the use of the fib model code 2010 [32] softening model. In this case, the
peak load is 3% greater than the reference value. For the linear and bilinear models, the
post-peak results are positioned between the experimental and numerical data provided by
Carpinteri et al. [9], which is a common behavior for all the analyzed meshes. Results for
mesh 1 using Rokugo et al.’s [31] bilinear softening are not available, because convergence
was not achieved using this model. Conversely, results for this mesh are available using the
fib model code 2010 [32], with a peak load that is 15% inferior to the reference results. When
the bilinear models are compared, the softening curve provided by the fib model code
2010 [32] produces a more reliable approximation of the numerical results presented by
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Carpinteri et al. [9], specially at the first stages of the descending portion of the load-CMOD
curve. Thereafter a convergence pattern is observed.
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Further analyses are presented for comparison of the finite element results with the
data retrieved in the literature survey. For the current observations, only the results for mesh
4 with bilinear softening model provided by fib model code 2010 [32] are selected. This
analysis is depicted in Figure 6. The current results follow a similar pattern to Wang et al. [6].
Conversely, most past research data indicates a numerical behavior that follows Carpin-
teri et al.’s [9] numerical curve. Common aspects between the current simulations and past
research include: (i) identical initial elastic behavior; and (ii) similar peak load values, with
relative differences in the range of 10% when compared to the reference results.
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An investigation is also performed for the analysis of crack trajectories. These results are
presented in Figure 7, where the crack path is defined in terms of the concrete tensile damage
variable (DAMAGET). For the sake of simplicity, these plots consider only two contour
intervals, with the maximum threshold value set to 1 and using the default option of average
element output at the nodes.
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Figure 7. Crack trajectories for different refinement levels using fib model code 2010 [32] bilinear
softening model: (a) mesh 1, (b) mesh 2, (c) mesh 3, (d) mesh 4.

The level of refinement in the vicinity of the notch directly affects the trajectory
behavior. For mesh 1, a refinement bias is noticeable, with crack trajectories following a
horizontal path. For mesh 2, the first stages of cracking are mostly horizontal, aligned
with the notch. Studies including further refinement, as those provided by meshes 3 and
4, lead to a 20 degrees path, without the delayed behavior presented by mesh 2. These
analyses enable a better comprehension of the motivation behind the progressive refinement
provided by mesh 4, which is effective in the representation of the crack trajectory and the
load-CMOD curve, while using an inferior number of elements when compared to mesh 3.

Further studies are performed with the use of quadratic quadrilateral elements of
types CPS8 and CPS8R, corresponding to full and reduced integration, respectively. For
this investigation the original CPS4R elements of mesh 1 are replaced by CPS8 or CPS8R.
These results are presented in Figure 8 and indicate that mesh bias can be circumvented
to a certain extent with the use of higher-order elements using full integration. Load-
CMOD results using CPS8 elements are in better agreement with Carpinteri et al.’s [9]
numerical results, with the numerical model predicting a peak load that is only 6% inferior
to the reference value. Results using CPS8R elements present just minor differences when
compared to the CPS4R solution and follow the same limitations of the latter, indicating
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that reduced integration presents deficient performance for this analysis. The initial part of
the crack trajectory is mostly horizontal and remains independent of the element choice.
Despite that, slightly better behavior is perceived with a final 20 degrees-oriented segment,
which was not observed using the original CPS4R elements.
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Figure 8. (a) Load-CMOD curve for mesh 1 using linear and quadratic finite elements, and the
corresponding crack trajectory for the higher-order mesh using (b) CPS8R and (c) CPS8 elements.

A comparison of the mesh 4 results with crack trajectories recovered from past research
is depicted in Figure 9. In parts “a” and “b”, a set of past results is juxtaposed to the
experimental and numerical data presented by Carpinteri et al. [9], alongside with the
results for mesh 4 using lower-order CPS4R with the fib model code 2010 [32] bilinear
softening model. An initial agreement is verified for the first stages of crack propagation,
regardless of the survey data source. However, a noticeable divergence is observed for
the last stages, with Shi et al. [2] and Shi et al. [5] following a horizontal direction, while
Wang et al. [6] and Yang et al. [29] trajectories are inclined toward the lower portion of
the dam. The simulation results presented in this paper are in line with the latter. In a
view of the load-CMOD curve results (shown in Figure 6), it can be seen that the apparent
agreement of these curves with the reference data is not a guarantee that crack trajectories
will follow a single expected behavior. Therefore, caution is advised when predicting
reliable crack propagation using only load-CMOD results. Part “c” presents the results
achieved in the current simulation using different refinement levels. Except for mesh 1, no
expressive difference is perceived by means of a higher element concentration at the notch
strip region. These results are satisfactory when compared to reference data provide by
Carpinteri et al. [9].

Finally, performance information for processing each of the refinement levels, mea-
sured using the wallclock time available at the *.msg file is provided in Table 9. This
information shows the total simulation time that elapsed while running Abaqus using the
default job parameters which include the absence of CPU and GPGPU parallelization, and
single nodal output precision. The current simulation results are based on a computational
setup using an Intel® Core i7 1185G7 processor, with 32 GB DDR4 ram, 1TB NVMe SSD
(maximum read transfer rate, 2100 MB/s, maximum write transfer rate, 1700 MB/s), run-
ning Windows 10 Pro. Furthermore, simulation data is limited to the numerical models
using the fib model code 2010 [32] softening curve. The results indicate a progressive
increment of processing time following the refinement level. Conversely, mesh 4 results are
inferior to mesh 3. This leads to the conclusion that an adequate refinement, with a higher
element concentration at the vicinity of the notch, enables an optimal use of computational
resources, while producing results of the same quality as mesh 3. For this specific case with
a wallclock time there is a reduction of 20%.
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(c) evolution of crack trajectories in the current simulation using different refinement levels.

Table 9. Performance information in terms of wallclock time for the different refinement levels using
the fib model code 2010 [32] softening curve.

Mesh 1 2 3 4

Wallclock time (s) 91 131 290 232

A more detailed analysis of the processing time of mesh 2 is possible from the evaluation
of a combined plot where the increment of the arc length required for convergence is juxta-
posed with the elapsed time for a given number of simulation increments (Figure 10a). These
values were retrieved using the Abaqus *.msg file analyzer developed by Osterwisch [37].
In practical terms, this figure allows the identification of the minimum convergence cri-
terion (step size) for a given increment, as well as the respective processing time. This
analysis is even more interesting when associated with the horizontal load related to a
given increment (Figure 10b). Additional information is also given with an analysis of the
Load Pass Factor (LPF), as shown in Figure 10c. In Abaqus, the LPF is defined as the ratio
between the load applied at the current increment and the load prescribed at the start of
the analysis. Computations for the vertical axis of Figure 10c consider the ratio between the
current value of the LPF and the maximum observed value of this variable in the previous
increments. Due to the ascending nature of the LPF, this ratio is always equal to one until
the peak load is achieved (which is computed automatically).
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Figure 10. Combined results for mesh 02 including: (a) convergence requirements and elapsed
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Finally, the results for the crack trajectories for increments 47 and 190 are presented
(Figure 11). This set of images indicate that an abbreviated, but still satisfactory cracking
response can be obtained in inferior time than that shown in Table 8. This occurs both for
the load-CMOD curve and for the crack trajectory.
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It is evident that some sort of criteria need to be defined for the total number of
increments to be simulated. In this case, a Python script was developed, where an OS shell
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communication is established with the Abaqus executable and the *.sta file read at certain
time intervals (as shown in Algorithm 1). This reading allows the calculation of the ratio
shown in Figure 10c. The script interrupts the analysis at a certain threshold ratio prescribed
by the user. For the results of Figure 11a a target ratio of 0.70 was used (and communication
delay leads to a slightly inferior ratio, 0.68). This strategy enables the interruption of the
analysis using a criterion which is not native to Abaqus and allows a practical analysis
in inferior time than would be obtained with the criterion of the minimum arc-length
size adopted in previous simulations (1 × 10−15), which leads to 226 increments (and a
processing time of 131 s). The control through minimum arc-length size, although common
is, in the authors’ opinion, less attractive than the restriction to a certain load ratio, which
has the advantage of being a number with physical meaning for engineers. Obviously, the
choice of this ratio influences both the load-CMOD curve and the crack trajectory. Once this
value is established, analyses can be performed avoiding excessive computational costs.
For the current simulation, the processing time was only 20 s, advancing to 47 increments,
and the results allow an acceptable observation of the onset of crack propagation.

Algorithm 1. Python script that establishes OS shell communication with Abaqus and terminates
the analysis if a prescribed load ratio is achieved.
“““
Python script that executes Abaqus and terminates the analysis if a prescribed ratio of the current
load and the peak load is achieved. This enables the following features:
1. Interruption of the analysis for the peak load (ratio = 1);
2. or for a given user-defined ratio (ratio < 1).

MS-Windows versionos, numpy and time libraries are required
“““

import os
import numpy
import time
os.chdir(‘C:\\Users\\Polytechnique\\...)
jobname = ‘job-1’
os.system(‘abaqus job = ‘+jobname)

# desired target ratio of last LPF and max LPF
target = 0.70
# number of read file verifications
nreads = 12
# flag that indicates if target is achieved
flag = False

# result output function
def output(flag,count,jobname):
if flag:
txt = ‘ ‘
else:
txt = ‘ not ‘
print()
print(‘——————————–’)
print(‘ analysis summary ‘)
print(‘——————————–’)
print(‘# target rate’ + txt +’achieved after ‘ + str(count) + ’ verifications’)
print(‘# job terminated’)
os.system(‘abaqus terminate job = ‘+jobname)
sta_file.close()
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Algorithm 1. Cont.
# read file verifications (main code)
time.sleep(10) # 10s delay before first file reading

for count in list(numpy.arange(1.0,nreads + 1,1.0)):
time.sleep(5) # at 5s interval
print(‘———————————-’)
print(‘ verification # ‘+ str(count))
print(‘———————————-’)

# opens the *.sta file
sta_file = open(jobname + ’.sta’, ‘r’)

# reads the LPF columns of the *.sta file using numpy
LPF = numpy.loadtxt(sta_file,usecols = (6),skiprows = 5)
print()
print(‘LPF vector’)
print(LPF)

# computes the ratio
ratio = LPF[−1]/max(LPF)
print()
print(‘ratio of last LPF and max LPF: ‘, str(ratio))

if ratio <= target:
flag = True
sta_file.close()
break
else:
print()
print(‘# target rate not achieved’)
print()

# output function call
output(flag,count,jobname)

4. Concluding Remarks

This paper discussed the main aspects of the modeling and simulation of a concrete
gravity dam cracking response based on a broad literature survey. The material and
numerical models have evolved over the years. Nevertheless, classical benchmarks remain
reliable references for the performance analysis of this progress. The best practices of
modeling, simulation, verification, and validation were presented. Carpinteri et al.’s [9]
pre-notched dam was selected to demonstrate the authors’ recommendations. A finite
element model was defined using Abaqus for a series of refinement levels, including the use
of linear and bilinear tensile softening models, as well as an investigation of higher-order
elements with full and reduced integration. Final investigations, including a Python script,
were also presented for the optimal analysis of the nonlinear model. The following key
observations emerged from the current study:

1. The steps involved in modeling concrete gravity dam cracking are not obvious. A
linear elastic simulation is achievable for any engineer who has some familiarity with
commercial finite element software. However, the learning curve is considerable
for adequate representation of the nonlinear concrete behavior. This is due to the
requirement of multiple parameters that exert direct influence on the nonlinear re-
sponse; such as element type, mesh refinement, material properties, solver options,
proper boundary conditions, and finally, the proper comprehension of the scope and
limitations of a nonlinear analysis.
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2. For the selected benchmark, a linear softening model overestimates the load-CMOD
curve, and a bilinear softening model provides a better estimate, with an accurate
prediction of the peak load value.

3. The apparent agreement between load-CMOD curves is not converted to similar crack
trajectories. Results provided by the coarser mesh using the fib model code 2010 [32]
diverge from the expected numerical and experimental data. In this case, a horizontal
path is observed. The remaining meshes present a mostly 20 degrees orientation that
follows the reference data.

4. Distinct cracking behavior is observed when the literature survey results are analyzed.
However, crack trajectories are similar for at least the first 40% of the predicted crack
length, regardless of the data source.

5. There is only a marginal gain with refinements advancing from mesh 2 toward mesh
4, as this can be observed in both load-CMOD and crack trajectory results. Therefore,
the refinement with an element edge size of approximately 15 mm along the notch
strip region provides satisfactory results, with a processing time of about 2 min.

6. The use of computational resources in an efficient manner is always desirable for
the solution of nonlinear problems. Consequently, good judgment is expected in the
need for mesh refinement at regions where crack propagation is likely to occur. The
temptation of a uniform refinement at the notch strip region should be avoided, as
this leads to inefficient computations.

7. The proposed Python script emerges as a valuable tool for time-demanding analyses in
Abaqus, enabling solution control for a given target ratio, and avoiding computation
of load increments that are beyond the practical engineer’s expectations, while still
providing meaningful results.
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