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Abstract: Several hydraulic concrete structures suffer from severe tridimensional (3D) discrete
cracking, producing an assembly of concrete blocks resting one on top of the other. It is important
to consider the 3D particularities of the cracked surfaces in the nonlinear sliding safety evaluation
of these structures. A methodology to assess a sliding safety factor (SSF) and a sliding direction D
for any structure with an a priori known 3D discrete crack surface geometry using the quasi-static
explicit nonlinear finite elements method (QSE-FEM) is presented herein in the context of the
strength reduction approach. QSE-FEM is known for its efficiency in solving highly nonlinear
problems compared to implicit FEM. However, in QSE-FEM, the determination of the incipient
failure motion is challenging. In addition to the ratio of kinetic to internal strain energy, a new
criterion is proposed to identify sliding initiation based on absolute displacements of a control
point. As part of the proposed methodology, a complementary simple tool, 3D-LEM, has been
developed as a 3D extension of the classical limit equilibrium method (LEM). It is useful in
preliminary sliding analyses to estimate the critical friction coefficient inducing sliding and the
corresponding direction D. Three benchmark examples, of increasing complexities, are presented
to verify the performance of the proposed methodology. Finally, a case study is adapted from an
existing cracked hydraulic structure to evaluate its sliding stability using the QSE-FEM and 3D-
LEM approaches. In the three benchmark examples, the same results are found for SSF and D for
the two approaches. In the hydraulic structure example, SSF1eu, computed with 3D-LEM, is a
lower bound of SSFrem from QSE-FEM, and a strong correlation is found between the sliding
directions computed with the two approaches.

Keywords: Finite elements; quasi-static explicit analyses; limit equilibrium; three-dimensional

analyses; sliding safety assessment, concrete hydraulic structure
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1 Introduction

Several concrete gravity dams and spillways have been subjected to severe three-dimensional (3D)
discrete cracks induced, for example, by concrete expansion due to alkali aggregate reaction
(AAR), producing an assembly of unreinforced cracked mass concrete blocks resting one on top
of the other (Fig. 1). Discrete cracks of complex non-planar and irregular surface geometries tend
to occur and become localised in structures exhibiting geometrical and stiffness discontinuities
along their longitudinal axes. As typical examples, the following structures showing this type of
damage pattern have been reported in the literature: Beauharnois dam, Canada [1]; Fontana dam,
USA [2]; La Tuque dam, Canada [3]; Chambon dam, France [4] and Temple-sur-Lot spillway
piers [5, 6]. The definition of the crack surface topology (Figs. 1b and 1c) is possible through site
investigation using: (i) visual inspection of crack contour on the downstream face and the exposed
pier surfaces; (ii) inspection with a geo-camera installed on a submarine for the upstream face, and
(ii1) concrete vertical drilling from the dam crest. For this type of cracked concrete hydraulic
structure, it is important to consider the 3D particularities of the crack contacting surface
geometries in the presence of uplift pressures. The finite element (FE) solution to detect 3D relative
crack surface motions of arbitrary geometry, leading to sliding or rotational failure mechanisms,
is a highly nonlinear frictional contact problem that is difficult to solve using the classical nonlinear
implicit finite element method (FEM). For sliding stability, FEM using a Mohr-Coulomb frictional
model can be performed using the strength reduction method in which the friction coefficient is
progressively reduced to induce sliding displacements. Strength reduction method has been
successively applied in the field of geotechnical engineering for quantifying slope stability.
Recently, Tu et al. [7] used FLAC3D to study the stability of 2D and 3D slope problems. Energy

based criteria were developed to define the incipient slope failure. The criteria are based on
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detecting changes in kinetic, potential or strain energy of the model. The results were consistent
with the safety factors determined by conventional criteria based on changes in the stresses, strain
or displacement distributions in the slope. Though the results were satisfying using the energy
criteria, they were applied on simpler problems, if compared to the case study problem shown in
Fig. 1. The applicability of Tu et al. [7] methodology based on energy criteria is therefore
questionable for the general case where the geometry of the failure surface is arbitrary and where
the direction of the sliding is not easily predictable.

Constitutive laws for materials can also exhibit highly nonlinear softening behaviour due to alkali—
aggregate reaction (AAR) degradation or other structural effects. Convergence difficulties may
arise when using the conventional implicit FEM in the context of large concrete models, leading
to premature "numerical" failure [8]. Using the explicit FEM approach, the numerical problem is
solved dynamically using Newton’s second law of motion. This approach was found to be very
efficient for solving highly nonlinear problems such as impact and large displacement problems
[9]. The distinct element method (DEM), using an explicit solution algorithm, has been widely
used for stability assessment of jointed rock slopes, tunnels and dam foundations [10]. DEM
commercial software such as UDEC/3DEC recognize individual discontinuities by modelling
joints using appropriate distinct (discontinuous) constitutive models from models used for the bulk
material. This is in opposition to the classical continuum FEM where the presence of
discontinuities in the bulk material has to be represented indirectly in the average sense (i.e.
smeared crack models). Lisjack and Grasseli [11] presented a comprehensive review of DEM
techniques to assess fracturing of rock masses. Recently, Zhou et al. [12] used ABAQUS/Explicit
to develop a combined finite-discrete element method. In their work, a rock mass is idealised as

numerous elastic block elements interacting through cohesive joints modeled as contact elements
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located along their boundaries. Geomechanical problems have been solved at scales ranging from
concrete cylinders to slope stability using thousand of discrete elements. The limit equilibrium was
reached by increasing the gravitational "constant" (element self-weight) until sliding is detected.
The velocity field and the total kinetic energy were used as slope stability indicators. Lately,
Abaqus/Explicit models have been applied in the field of concrete hydraulic structures using the
quasi-static approach [13, 14]. The nonlinear quasi-static explicit finite element method (QSE-
FEM) is used in this work as an alternative to the classical implicit FEM. QSE-FEM requires the
definition and interpretation of criteria to detect the loss of static equilibrium leading to instability
with respect to the initial position. In addition to the kinetic energy criterion used in the previous
studies [8, 12, 13, 14], one additional criterion is proposed herein: the absolute crack surface
motions at particular degrees of freedom (DOF). In addition, simple tools, such as the classical
limit equilibrium method, should be used for verification purposes to bound the sliding safety
factors computed from QSE-FEM. For that purpose, a 3D extension of the 2D limit equilibrium
method [15], labelled as 3D-LEM, has been developed and implemented in a MATLAB® code as
a complementary tool to QSE-FEM. 3D-LEM uses a directional search algorithm to find the
minimum sliding safety factor (SSFLey) and related sliding direction. 3D-LEM is found to be a
lower bound solution compared to QSE-FEM. The proposed solution strategies are general and
could be applied to any concrete structure with discrete cracks.

This paper is organised as follows. First, the QSE-FEM tool is presented. The 3D extension of the
classical 2D limit equilibrium algorithm, 3D-LEM, is then developed. An analysis methodology
is proposed using QSE-FEM and 3D-LEM as complementary tools. Three validation examples of
increasing complexity are investigated to illustrate the particularities of the 3D stability problem.

Finally, a case study, adapted from an actual cracked hydraulic structure, as shown in Fig. 1, is
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analysed showing the performance of QSE-FEM and 3D-LEM. Though applied on an example of
hydraulic structure, the framework developed in this study can be applied to a wider range of civil

engineering problems where failure may occur through complex and arbitrary 3D surface.

\: | || |
. ! |
Problematic |
corner !

Figure 1: 3D discrete cracking due to AAR expansion: (a) 3D view of hydraulic facility; (b)

problematic corner showing 3D discrete cracking; (c) crack mapping on existing structure

2. Nonlinear quasi-static explicit FEM
The explicit dynamics approach was developed and successfully applied in the industrial field of
metal forming at the beginning of the nineties [16]. The explicit approach was implemented in

several commercial packages (e.g., ABAQUS-Explicit in ABAQUS [9], LS-DYNA [17]).
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Following an explicit formulation, the nonlinear problem is solved using dynamic equilibrium
equations. Conventional nodal forces are converted into inertia forces by assigning lumped masses
to nodal DOFs. The dynamic equilibrium equations are written in terms of inertia forces, where M
is the lumped mass matrix of the model, P is the external load vector, and I is the internal load

vector:

Mii=P—-1 (1

Compared to the conventional implicit approach, no iteration is performed. The transient solution
algorithm advances explicitly in time using a very small time increment to ensure stability. This
increment, At, depends on the smallest element of the mesh and can be as low as 10™ to 10”7
fraction of the total analysis time, t,y, (Fig. 2). The original nonlinear static problem is solved in
a quasi-static manner when the first term in Eq. (1) is negligible. This can be accomplished by
applying the loads "slowly enough" with respect to the fundamental period of vibration, T;, to
ensure that kinetic energy, Ej, is negligible compared to the internal strain energy, E;, [8,9]. As
shown in Fig. 2a, a smooth loading time, t;, is suggested for each load applied separately, such as
self-weight, hydrostatic thrusts and uplift pressures, using an established rule of thumb of 20 T; to
50 T, for the loading time ¢; [8]. This ensures an acceptable evolution of the energy ratio Ey /E;
over time as shown in Fig. 2b. Each peak (t;,1;),i > 1, in Fig. 2b represents a typical nonlinear
"major event" (e.g., macro-crack propagation in a reinforced concrete beam or local sliding of a
surface in a Mohr-Coulomb stability problem). Two important quasi-static criteria must be met
for the energy response: (1) considering an energetic criterion, Cgne = Ej /E;, the magnitude of
CEng at the peaks i for i > 1 should be less than 5% (CEqg <5%); (2) the behaviour of the model

shall remain linear elastic within the initial "acceleration" period between 0 and t, (Fig. 2b) to
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avoid a sudden (dynamic) release of stored elastic energy due to damage. By respecting these two
quasi-static criteria, the failure time t¢ of the model is defined as the time where Cgng irreversibly

exceeds a threshold value (e.g., Ceng > 5%).

100 %

Amplitude

0% - !
Ap——-
Loading time t;: 20to 50 T} Lexp
Time

(a)

>

Figure 2: QSE-FEM: (a) loading smooth amplitude; (b) typical curve for energy ratio versus time

In this work, the ABAQUS-Explicit framework is used within the commercial package ABAQUS
[9]. The General contact algorithm available in ABAQUS-Explicit is used. It is a robust automatic
contact algorithm able to solve complicated and very general 3D contact problems. This contact
algorithm has been used extensively in the industry to solve impact tests and automobile crash
tests [18]. Using a sophisticated tracking algorithm over the contact domain, the software identifies
all node-to-face and edge-to-edge penetrations at each explicit time increment and uses a penalty
enforcement of contact constraint in the normal direction. A large displacement sliding method is
used in tangential directions, which allows for arbitrary separation, sliding and rotation of surfaces
in contact. In the tangential (sliding) direction, displacement continuity is exactly enforced during
the stick condition. The sliding constitutive model in the tangential direction neglects the related

crack dilation motions in the normal direction due to the interface crack roughness. The dilation
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effect of concrete-concrete sliding interfaces is implicitly considered in the selected initial friction
coefficient according to test data [19] and dam safety guidelines. For the strength reduction method
used in this study, a user subroutine, called VFRIC, was programmed to model a user-defined
tangential strength, which allows for a progressive decrease in the friction coefficient over time
pi(t). The typical variation of ui(t) is shown in Fig. 3a. The t; and ,ui(tj) values are user inputs
to the subroutine required to compute a continuous curve with smooth interpolation (cubic
polynomial) between successive time points. The Mohr-Coulomb criterion is used for sliding with
zero cohesion. All computations are performed with static friction coefficients in contrast to using
static and dynamic friction coefficients. The first value ui, is the initial value of the friction
coefficient, constant for the first loading step, which is a local material property for the "it"
discretized FE contact surface. Of course, these friction coefficients must be larger than the critical

friction coefficient value that induce sliding.
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Figure 3: Procedure used in strength reduction method: (a) variable friction in the tracking
phase; (b) sliding interval tracking; (c) constant friction and variable friction analyses in the
verification/refinement phases (regular/bold lines); (d) energy ratio evolution in the tracking

phase; (€) energy ratio evolution in the verification/refinement phases (regular/bold lines)

In addition to the energy criterion, Ckxg, a displacement criterion, Cpisp, is defined herein. Cpisp 1s
related to the absolute displacement magnitude of a selected control point from the upper sliding
block. Due to the relatively large magnitude of the sliding displacement with respect to the elastic
displacement induced by the deformations of the upper and lower blocks and to the large sliding
velocity that is initiated by a sliding failure, it was found that using the absolute displacement is

precise enough to detect the onset of the instability (sliding) phase. The control point is a point

10
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belonging to the upper sliding surface. It is located at the extremity of the last resisting elements
with respect to the sliding direction, D. An example of a control point is presented in the third
example of section 5 (Fig. 9). In a more general 3D problem, the selection of the control point and
sliding direction is not easily predictable. 3D-LEM is thus introduced in section 3 as a preliminary
predictive tool to complement the QSE-FEM analysis. The strength reduction factor SRF(?) is
introduced as the ratio between initial and reduced friction coefficients: SRF'(t) = uio/ ui(t) (Fig.
3a). Using the Cg,ygand Cpigy criteria, the SRF that induces sliding is identified. SSFreu is defined

as the last value of SRF where a stable condition is maintained.

3 3D Extension of limit equilibrium method
3.1 2D limit equilibrium method
The bi-dimensional limit equilibrium method (2D-LEM) was documented by the US Army Corps

of Engineers in 1981 [20]. The method defines SSFyeum:
Ta
SSFrgm = T (2)
where 7, is the admissible shear stress, and 7 is the shear stress on the failure plane. The admissible

shear stress is ruled by the Mohr—Coulomb equation:

T, = ¢+ o *tan(¢) 3)

where c is the cohesion, o is the normal pressure to the failure plane, and ¢ is the friction angle.

SSFremin Eq. (2) can be applied only on a single wedge with a straight cracked plane. An algorithm
was thus developed to solve the multi-wedge problem associated with a segmented cracked surface
(Fig. 4a). Each segment of the cracked surface defines a wedge by vertical delimitation to each
extremity of the segment. Horizontal thrusts, Pi.; and P;, are introduced on the left and right sides

11



228  of each wedge to equilibrate the shear stress on its bottom segment (Fig. 4b). The force difference,

229  P;_4 — P;, is computed as follows:

c

(W,-+Vi)*sin(al-)+

tan(¢;)
SSFLEM

L;

tan(¢;) i
_ (WiHVscos(an-Uy SSFLEM 4)

SSFLEM_
Pi_y—P;=

cos(a;)+sin(a;)*

230  where W; is the weight of the wedge, V; is the weight of the water above, U; is the uplift, L; is the
231  length of the i segment, and q; is the angle between this segment and the horizontal. The SSF.zum
232 corresponding to the sliding limit equilibrium is computed such that the summation of all P;_; —
233 P;is nearly zero. Moment equilibrium is not satisfied. Therefore, only a global equilibrium of
234  driving versus resisting sliding forces is satisfied along a unique kinematic admissible sliding

235  direction, D, which is horizontal for the case in Fig. 4.

236
b, v l
1 wedge
/ Y
1 wedge i+1 wedge
‘ Pf-] IJ/! { Pj
«— -
— } 7___‘_:_’_-,—:::_,
\I\ TI Ll
segment cracked line
237

238  Figure 4: 2D limit equilibrium method; (a) three wedges example; (b) loads on a single wedge
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3.2 3D extension of limit equilibrium method

The 3D limit equilibrium method (3D-LEM) is defined as an extension of the classical 2D-LEM
presented in section 3.1. Fig. 5a presents part of a gravity dam (or an arbitrary concrete structure)
with a nonplanar crack pattern at its base. The complete cracked surface is discretized by several
elementary triangular surfaces. The volume of the complete structure is divided into adjacent
vertical elementary elements labelled as "columns" located between a particular triangle at the
cracked surface and the top of the structure. Each column denoted by the index "i", and its related
base triangular surface described by nodes 1-2-3, is subjected to several forces: the self-weight,
W the uplift pressures, Ui, an arbitrary resultant of external forces, F; and the forces P; and Pi.;
associated with the LEM, which equilibrate the shear strain on the base of the column (Fig. 5b).
The self-weight of a column, W;, is defined by the product of material density and the column
volume computed from the known geometry. Water pressures are associated with each corner of
the base triangle. The average value defines the elementary uplift pressure that is multiplied by the
base triangular surface to obtain the uplift force, U;. The external thrust Fj, could be null or could

be the resultant of hydrostatic pressure as an example.

13
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(b) \ <

Figure 5: Definition of 3D-LEM (a) cracked surface divided into triangles and concrete block
divided into columns; (b) loads applied on a column; (c) local axis definition for the triangular

base; (d) definition of 0 and the sliding direction D

The elementary unbalanced horizontal forces, P;_; — P; or AP, are to be computed for each

column, following a given direction D. The limit equilibrium condition of the surface along the

direction D gives the following equation:

A WrU+F+aP) e D pw o ap) -2
— . * = .
SSF Us " osE D[]

)
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where
DI =D — (u3.D)u3 (6)

(uq up u3) defines a local axis system linked to the triangular column base (Fig. 5c). The
parameter u4 is a normalised vector from node 1 to node 2 of the triangle, and u3 is normal to the
triangle and oriented such that the scalar product uz.Z > 0. The vector u, = uz™uq is
complementary and located in the plane of the triangle. The interface properties introduced in Egs.
(2) and (3) for failure planes in the conventional 2D-LEM are assumed constant for each triangular
element at the interface cracked surface and are defined as local material properties for the "i™""
discretized FE contact surface. The Mohr-Coulomb equation rules the contact between surfaces,
“ith”

such that a friction coefficient, pi 4 = tan(®) and a cohesion, ¢; are associated with the

contact surface.

P;_4 — P; is defined along this same direction D:
AP = P;— P, ,=P+*D (7

The direction Dis horizontal and is defined by the angle 0 (Fig. 5d). It is assumed that the strength
is developed in direction D such that the resisting forces associated with the cohesion and the
friction are also along this direction. A vector AP is computed for each column.

Similar to the 2D-LEM method, the SSF(D) is determined when };; AP; = 0. Newton’s method is
used to find the "zero" of the summation, which has the advantages of simplicity and quadratic
convergence. SSF(D) is computed for each direction D, and the minimum is identified as SSFrzm

related to the corresponding sliding direction, Drem.

15
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The convergence tolerance to satisfy the equation };; AP; =0 has a strong influence on the SSFey

results. Fig. 6 illustrates several curves drawn for different tolerances where ¥; AP; = 10" to 10™.

A "small" tolerance is required for smooth response curves. A real improvement occurs for

tolerances smaller than or equal than 107; a 1073 tolerance value is thus used later in the application

examples.

Figure 6: Influence of the tolerance on SSF(D) (example 2 considered); (a) tolerance=10""; (b)

tolerance=107; (c) tolerance=10>, Dren=D (0=30.67deg); (d) tolerance=10*
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Eq. (4) could become ill conditioned if the denominator is close to zero. Ebeling et al. [15]
suggested that the denominator in Eq. (4) should not be less than 0.2. In 3D-LEM, the ill condition
problem is solved by slightly modifying the inclination of the base triangle of problematic
columns. The inclination is reduced so that the normal to the base becomes closer to the vertical
axis Z. This operation locally modifies the geometry of the cracked surface, but it is acceptable in
practice for a structure such as that shown in Fig. 1 because uncertainty always remains on the
exact geometry of the crack surfaces.

4 Proposed methodology for sliding safety assessment

A progressive assessment methodology is suggested in this work, based on the experienced gained
through the several numerical studies conducted. 3D-LEM is found to be a simple tool compared
to QSE-FEM, giving a lower bound value of SSFrey. QSE-FEM is a sophisticated FE tool that
considers all types of potential unstable conditions by computation of the incipient kinematic
motions of all cracked components in the model. It is therefore relevant to any general 3D stability
problem: rigid/deformable bodies, linear/nonlinear constitutive material, small/large
displacements, imposed displacements/forces, sliding/overturning/uplifting or any combination of
these relative motions. As with any sophisticated tool, using QSE-FEM represents challenges in
terms of problem sensitivity and abundance of results. The analysis should thus be performed as
follows:

a) Discretization of the geometry: discretization into triangles of the 3D discrete cracked

surfaces in 3D-LEM and 3D discretization with solid elements in the FE model used in
QSE-FEM. For consistency, the discrete cracked surfaces are generated with ABAQUS

and used as input to MATLAB®.
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b)

d)

Selection of time integration parameters: Compute the stable time increment At for the

QSE-FEM generated mesh. Compute the modal frequencies of the FE model by imposing
the full compatibility condition in the interfaces between all cracked components (or
wedges) of the model (TIED condition) and fixity condition at the bottom face of the
foundation block. Define accordingly t,,, for the analysis duration and ¢, for each load
condition. Proceed with preliminary analyses using QSE-FEM (only with an initial loading
step, t;) to check the quasi-static criteria.

Directional search.: Proceed with a directional search with 3D-LEM to find SSFLzyv and

Diem.

Initialisation of OSE-FEM: Use the results of step c) to select an initial value of the friction

coefficient ui, and a control point to monitor the onset of the sliding (criterion Cpisp).

Perform strength reduction: Move forward with a strength reduction step in QSE-FEM

within a first tracking phase (Figs 3a, b and d). Identify a sliding interval range using a
lower bound and an upper bound, [ui(tlow), ui(tup)], for picpie (criteria Ceng and Cpisp are
considered; only Cgyg 1s shown in Fig. 3d).

Verification and refinement to compute uicir: In this step, three different analyses are

considered as shown in Fig. 3¢c. For verification of the sliding interval range, two analyses
with constant friction coefficients are conducted. The values of the friction coefficients are
selected to be slightly outside the sliding interval range (an € value of 0.05 to 0.1 is to be
used). It may happen that, contrary to what is shown in Fig. 3e, the criterion Cgye for the
case yi(tup). (1 —€) decreases after #) and follows a tendency similar to the case
ui(t;ow)- (1 + €). The reason for this behaviour is the presence of residual inertia forces

for each smooth step delimited by ¢; and ¢t;,,. This behaviour is schematically shown in
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Fig. 3d at the end of the interval [t,, t;]. It is necessary for this particular case to return to
the tracking phase and set up new bounds of the sliding interval. The increase in the interval
length (e.g., the interval [t,, t,] for the case depicted in Fig. 3) was found to be an efficient
solution to reduce the magnitude of the inertia forces. The next step is the refinement of
the pi..;¢ interval range. An analysis with a variable friction coefficient is therefore used
(Figs. 3c and e). Similar to the tracking phase, a first initial loading step with constant
friction coefficient pui(t;,,) is followed by a strength reduction step with friction
coefficient smoothly decreasing from pi(t;o) to pi(tyy) (Figs. 3¢ and ).

g) Computation of SSFreym: Estimate the value of the critical friction coefficient, ui.,.;, the

corresponding SSFrpy = Blerack and the corresponding sliding direction, Drem.

Hicrit

Complementary analyses could be performed in step f) Verification and refinement to compute

Uicri: using implicit FEM on the two analyses with constant friction coefficients. If both analyses
with constant friction coefficients pi(t;o,) and wi(t,,) converge, the interval range
[ui(tlow), ui(tup)] is incorrect. The analysis using the coefficient value ui(t,;) should not lead to
an equilibrium state. The methodology then must be initiated again in step e). In any other case,
one analysis or both analyses fail such that no conclusion can be deduced due to the possibility of
a “numerical” failure of the implicit analyses.

5 Validation examples

Three validation examples are considered in this section. They represent important issues related
to the real case study problem introduced in Fig. 1b. Sliding on an arbitrary inclined plane and
tracking of the critical sliding direction are considered in example 1. The problem of locally large
uplift pressure with respect to gravity loads, which may occur in the downstream inclined face of

a dam (Fig. 1b), is considered in example 2. The multiple-wedge issue is considered in example 3,
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taken from [20]. In addition to [20], example 1 and example 2 can be considered as new benchmark
unit problems that can be used for the verification and validation purposes (V&V) of the stability

assessment tool of a general 3D problem.

e Example 1 — 3D sliding block on an inclined surface

This first example illustrates a 3D stability problem of a single massless block sliding on an
arbitrary inclined surface (Fig. 7a). Two external driving forces are applied, 5 kN along the Z-axis
and 1 kN along the X-axis (Fig. 7b). A sliding analysis direction is required to compute SSFLeu.
This direction is projected in the XY plane and is characterized by a directional angle 6 defined
from the X-axis (Fig. 7d). Sets of SSF(D(0)) results are computed for series friction coefficients,
u, and for a range of 0 (Fig. 7¢). The curve tangent to a SSF(D) = 1 defines the minimal friction
coefficient for limit equilibrium, which is equal to y; gy = 0.435. SSF(D) increases with increasing
friction coefficient x regardless of the potential sliding direction D. Minimum SSF(D), SFFtum, 18
always reached at the directional angle O.em = 30.67°, irrespective of the friction coefficient. The
red point in Fig. 7c¢ indicates ppgpy = 0.437 computed using QSE-FEM. The sliding motion
projected in the XY plane is shown in Fig. 7d. It is a rectilinear motion with a 29.33° directional
angle between the X-axis and the sliding direction. purgy = 0.437 develops the frictional strength
just able to maintain equilibrium (incipient sliding motion), which has less than 1% difference with
Urem- These nearly identical results between p; gy and pgpgy validate the two stability analysis
tools used to characterize the limit friction coefficient and the incipient sliding direction for this

basic 3D sliding problem.
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Figure 7: Example 1 of a sliding block on an inclined plane (a) geometry definition of the
inclined surface (b) geometry definition of the block, definition of the loads and ABAQUS
meshing; (¢) SSF computed for three friction coefficients from 3D-LEM and SSFrey from QSE-

FEM; (d) sliding trajectory in XY plan of the block with ABAQUS

e Example 2 — Column with locally large uplift pressures
The second example is used to illustrate the effect of vertical uplift pressures locally larger than

the self-weight of column B of the structure shown in Fig. 8a. Eq. (5) includes the friction force

tan(®

SSF) regardless of its sign. It is possible to obtain a

expression Fr= (W + U+ F + AP).uj *
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negative Fr value if there is a tensile normal force along uz. In this case, Fr has no physical
meaning. Considering a structure made of two tied columns A and B (Fig. 8a), the loads are the
self-weights W4 =8 kN and W =1 kN for A and B respectively; the uplift pressure U=1 kPa and
a horizontal external thrust F=1 kN. The friction coefficient p..qx €quals 0.84 between the
structure and the foundation. The uplifting force locally under B (2 kN), is larger than the self-
weight (Wg =1 kN), making this column intuitively “floating” if considered as a free-standing
element, even if the complete structure A-B is stable. In that case, using independent free-body

diagrams for A and B, no friction can occur between column B and the foundation because there

tan(®)
SSF

should be no contact. Thus, the expression Fr = (W + U + F + AP).u3 * equals 0 for

column B. To test whether we should neglect Fr in the case of “floating” columns, two analyses
were performed with 3D-LEM: The first with Eq. (5) and the second with a procedure added to
neglect Fr when its sign is negative. Fig. 8d illustrates the response obtained with Eq. (5) (lowest
curve) and the modified equation, which neglect Fr for column B (highest curve). The red point
in Fig. 8d represents the result computed from QSE-FEM. The correlation between the lowest
curve and the red point in Fig. 8d and the analytical solution, which is p;=0.2 (terie =F(1kN) /
[W4(8kN) + Wg (1kN) — U(4kN)] = 0.2), demonstrates that the analysis using Eq. (5) directly is
correct. Neglecting Fr for “floating” columns changes the quantity AP; = P; — P;_4. AP; that
symbolizes the available resistive strength of the i column. It is thus important to not modify Eq.
(5) because to neglect the negative value of F'r is similar to not considering “weak” columns (such

as column B) and overestimating SSFeu.
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Figure 8: Example 2 with locally large uplift pressures (a) loads applied; (b) geometry of the
problem and ABAQUS meshing; (c) criteria of QSE-FEM; (d) SSF(0) according to different

considerations on Fr value, and QSE-FEM result

e Example 3- Extruded 2D gravity dam — Multi-wedge analysis

The example seeks to compute the sliding safety factor (SSFrev; SSFrem ) of a 2D 12 m high
gravity dam resting on a rock foundation (Fig. 9). This problem has been solved, with detailed
calculations, by the standard 2D LEM using a multi-wedge analysis [15, 20, 21, 22]. A non-planar

failure surface is formed within the soil and rock foundation and along the dam-foundation
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424  interface. The dam-foundation system is divided into 5 adjacent wedges. There are two driving
425  soil wedges, one structural wedge, and two resisting soil wedges. The loads acting on each wedge
426 i are the wedge weight, Wi, uplift pressures U;, hydrostatic pressure H;, and vertical water weight
427 Vi As in the original reference [20], and to be able to draw meaningful comparisons, the uplift

428  pressures are kept constant during the strength reduction process.

Structural wedge

2 Driving wedges Datm

Resisting wedges

Control point for Cp,,
criterion

(a) (b)

120 (©) (@)
430  Figure 9: Example 3 of hydraulic structure presented in [20] (a) multi-wedge 2D problem; (b)
431  ABAQUS mesh; (c) wedge displacements of the contact problem (scale: 10/1); (d) wedge

432  displacements of the fied problem (scale: 10/1)

433
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Despite its apparent simplicity, this problem is particularly challenging due to the following issues:
(1) The presence of sharp contact edges at the intersection of the wedges and sensitivity of the
General contact algorithm to this condition; (2) The effect of shear and moment transfer along the
vertical interfaces between the wedges; (3) The driving force in the problem that is the hydrostatic
force H acting on the upstream face of the dam or wedge 3. This force is exerted on the third wedge
element (and not the first) in the wedge chain and results in tensile stresses between the second
and third wedges and an overturning tendency of the dam. (4) The abutment effect developed due

to resisting soil wedges.

Clearly, most of these issues are outside the 3D-LEM tool application range. QSE-FEM can be
used to study each issue separately, but this is also outside the scope of this paper. The effect of
sharp contact edges has been studied, and no significant effect was found in SSFreaor in the final
instability mechanism. The effect of vertical interfaces between wedges was tested using two
conditions: a contact condition with no friction and a full compatibility (or tied) condition. The
results of the QSE-FEM are dependent on these conditions and are listed in Table 1 by QSE-FEM-

contact and QSE-FEM-tied for contact and tied conditions, respectively.

Table 1: Example 3: Extruded 2D Gravity Dam

USACE 2005 3D-LEM  QSE-FEM-contact QSE-FEM-tied

SSFreM SSFrEM SSFreMm SSFrem

2.0 1.96 2.1 > 8.0
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One of the advantages of the explicit solution tool in ABAQUS compared to the standard implicit
resolution is the way contacts on interfaces are managed, especially how contact between two
coincident nodes from a wedge and the foundation is modelled. In the standard implicit tool, the
tangential contact before sliding is represented by a penalty coefficient. This allows displacements
named “elastic slip”, even if the shear stress is below the allowable frictional shear strength
described by Mohr—Coulomb equation. Another alternative for the implicit solution (ABAQUS-
Standard) is to use the Lagrange multiplier method to enforce exactly the kinematic tangential
sticking constraints of the potentially sliding interfaces. This solution tends however to increase
the complexity of the problem and convergence issues may arise ([9]). Fig. 10 represents several
displacement responses in the tied conditions for constant friction coefficients reduced by a factor
of 2 from the initial values. In the implicit analyses, the tangential penalty coefficient is increased
systematically to study convergence properties. The implicit solutions are converging to the
explicit solution while the penalty coefficient is increasing. QSE-FEM uses the equivalent of an
infinite tangential penalty coefficient, which reduces the “elastic slip” to zero. This makes the

explicit solution much more efficient than the standard implicit one to detect sliding motions.
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Figure 10: Absolute displacements of the control point. Convergence of the standard implicit
solutions towards the explicit solution when stiffness is increasing. Computed on tied example 3

SSF=2

A good correlation is found for SSF, between [20], 3D-LEM and QSE-FEM-contact conditions.
QSE-FEM-tied resulted in a large value of SSFrem, which can be attributed to the abutment effect
of resisting soil wedges. Fig. 11 presents the evolution of the computed SSFreym versus the
horizontal displacement of the control point. A similar tendency has been reported by Wei et al.
[23] and demonstrates the obvious dependency of SSF on the displacement of the control point
(equal to sliding for infinitely rigid blocks). The problem therefore becomes an engineering
problem to decide on the threshold displacement (or sliding) value and compute the corresponding
SSF according to Fig. 11.
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Figure 11: Horizontal displacements of the control point for untied example 3

6 Spillway analysed

This section presents the sliding stability analysis of a concrete hydraulic structure adapted from
an existing spillway suffering from AAR as shown in Fig. 1.

6.1  Description

The AAR swelling displacements induced severe cracking at the base end of the gravity dam and
the spillway pier adjacent to it (Fig. 1b). The crack and the top of the hydraulic structure separate
the extremities of the concrete block. Water flow is visible on the downstream face of the gravity
dam (Fig. 1c). The crack is thus going from the upstream to the downstream face. The upper block
is considered independent of the rest of the structure and is free to move in any direction. In the
existing structure, passive steel anchors have been added to improve the sliding safety. These
anchors have not been considered in this application.

The material and crack interface properties of this block are displayed in Table 2. Four load

conditions are considered: the weight due to gravity (G), the horizontal hydrostatic pressure (H),
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the horizontal gate thrust (V) on the left of the pier and the uplift pressures (U). Thus, we define

one load combination including all load conditions: GHVU. In the context of this application

example, we exclude any consideration of AAR effects.

Table 2: Material Properties

Material properties
p (kg/m?) Density 2 400
E (MPa) Young modulus 25000
A% Poisson coefficient 0.2
Werack Friction coefficient 1.13
C (kN/m?) cohesion 0.0

The hydrostatic loads and uplift pressures are defined according to the following outlines: (1) the

hydrostatic pressure is maximal upstream of the gate and (2) it linearly decreases downstream of

the gate until reaching atmospheric pressure at the downstream face of the gravity dam (Fig. 12).

The maximal pressure is defined as the water column height from the crest of the pier and the dam.

For simplicity, the uplift pressure diagram was kept constant during the strength reduction process.

The gate thrust is produced by the horizontal hydrostatic pressure acting on the gate adjacent to

the pier. The gate is 15 m long, and the half-force resultant of this pressure is transmitted to the

pier.
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515  Figure 12: Load conditions on the concrete wedge: H Hydrostatic pressure, U Uplift and V Gate
516  thrust: (a) elevation view; (b) plan view

517

518 6.2  Stability assessment

519  The friction coefficient of the concrete/concrete cracked interface is perqer = 1.13. Table 3
520  displays SSFrem and SSFrey and the related sliding directions D for the load combination GHVU.

521  Table 3: Comparative results for the GHVU load combination

3D-LEM QSE-FEM

Diem SSFrem SSFrem Drem
SSF1LEM
0 (deg) Criterion Cg,e  Criterion Cpi, 0 (deg)

1.66 106 1.94 1.78 105

522

30



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

In the load combination GHVU, SSFzym = 1.66 is the lower bound in regard to SSFrey computed
with the criteria Cgng (SSFrem = 1.94) and Cpisp (SSFrem = 1.78). The sliding direction O.em = 106
deg is very close to Orem = 105 deg.

The ABAQUS mesh is used for QSE-FEM analyses, and the two convergence criteria for a friction
coefficient interval range of [1.13; 0.2] are shown in Fig. 13. According to Fig. 13b, p.pi¢, the
critical friction coefficient inducing sliding, lies between 0.7 and 0.4. The methodology described
in section 4 was thus applied to reduce uncertainty on p.,-;;. The main observations led to steps a)
to g) as follows. Step a: the crack surface geometry was modelled in ABAQUS only according to
the onsite measurement of the crack rim, so uncertainty remains in the exact crack surface
geometry. Linear tetrahedral FEs were used. Different mesh sizes were tested during the analyses,
and no significant influence on SSFrey or SSFLem was found. Step d: based on OLem = 106 deg
computed in step ¢, the monitoring node was defined as shown in Fig. 13a. SSFrem equals 1.66,
corresponding to p; gy = 0.683. Thus, the initial value of the friction coefficient for QSE-FEM was
set up to uy=0.7. Step e: the first interval range computed for p.,.; was [,u(tlow) = 0.7, u(tup) =
0.45]. The two verification analyses were performed with € = 5% and validated the interval range.
Another analysis with the reduced interval range [,u(tlow) = 0.65, ,u(tup) = 0.5] was then
performed, and two new verification analyses (¢ = 5%) validated the new interval. Step g: using

the two criteria Cpigp and Cyg, the friction coefficients were found: perir(Cpisp) = 0.637 and

Hcerack

ucrit(CEng) = 0.585. The corresponding SSFrgy = —— values are shown in Table 3.

Herit
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Figure 13: Quasi-static explicit FE method (QSE-FEM) analysis with ABAQUS; (a) the
monitoring displacements node is selected according to the sliding kinematic motion; (b) Cg,e and

Chisp criteria response for the GHVU load combination

7 Conclusions

A methodology to study the sliding safety of hydraulic structures with an a priori known 3D
discrete cracked surface geometry has been presented. This methodology is based on two
complementary tools using a shear strength reduction method: (1) the Quasi-Static Explicit Finite
Element Method (QSE-FEM) exhibiting robust convergence properties for highly nonlinear
problems and (2) the tridimensional limit equilibrium method (3D-LEM). 3D-LEM developed in
this work is an extension of the classical 2D limit equilibrium [20] considering force equilibrium
in the sliding direction but neglecting moment equilibrium. 3D-LEM computes sliding safety
factors (SSF) along any potential sliding direction D for arbitrary cracked surface geometry. Three

benchmark examples were studied to verify and validate the proposed methodology. A case study,

32



558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

adapted from an existing cracked hydraulic structure, was then presented. Though applied on an

example of hydraulic structure, the framework developed in this study can be applied to a wider

range of civil engineering problems where failure may occur through complex and arbitrary 3D

surface.

The following conclusions were drawn while developing and applying the proposed methodology:

1.

The 3D-LEM tool is simple to implement and to interpret in regards to tridimensional QSE-
FEM analyses, which require significant resources and expertise. 3D-LEM should be used
in complement to QSE-FEM to estimate the critical friction coefficient and sliding
direction, Drem. Strong correlation was found for SSF and sliding direction D between
QSE-FEM and 3D-LEM for pure translational kinematic motion problems without any
rotation (crack opening). For more complex problems, such as the hydraulic cracked
structure (Fig. 1), 3D-LEM was found to be a lower bound to estimate . and related

SSFrem in regard to QSE-FEM, SSFreum.

One major difficulty with explicit finite element analyses is to identify sliding initiation. A
criterion based on the ratio of kinetic energy to internal strain energy has been shown to be
insufficient. A new criterion based on absolute displacements of a control point, located at
the extremity of the sliding crack surface, was found to be effective to detect incipient

sliding failure.

While using the strength reduction method, it was shown that the friction coefficient ¢ must

be reduced in a series of “smooth steps” including two stages: (1) cubic polynomial
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decrease of wu(?); (2) nearly constant value of w(z). This procedure allows accurate
monitoring of the control point displacements and determination of the critical friction

coefficient u.ri: to initiate sliding motions.

111 conditioning is possible in 3D-LEM for complex geometries. Because the exact crack
surface geometry remains uncertain in most cases, the geometry is locally adjusted in 3D-

LEM to ensure convergence [15].

The third benchmark example (multiple wedges problem [20]) revealed to be a challenging
problem to solve with QSE-FEM. The geometry of the cracked surfaces with sharp concave
angles, and the importance of the overturning moment induced by the applied loads favour
a rotational motion in addition to sliding, which could not be accounted for in 3D-LEM.
Two versions of this problem were studied: the contact and untied problems. The untied
problem gave results close to the limit equilibrium method (LEM) and to 3D-LEM. The

tied problem requires more studies, which are outside the scope of this paper.

Following this research work, some further developments are underway:

1.

Structural modelling using QSE-FEM has been undertaken to consider a highly nonlinear
concrete material constitutive model, including strength and stiffness degradation due to
alkali—aggregate reaction. QSE-FEM is expected to allow modelling, in a robust way, of
hydraulic structures with complex multi-crack patterns.

The modelling of the effect of rehabilitation work using passive or post-tensioned steel

anchor bars has been initiated.
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