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Abstract: Shear keys provide interlocking mechanisms along the vertical contraction joints of 6 

many concrete gravity dams. The shear key ultimate shear capacity is typically estimated as a 7 

function of the friction and cohesion that could be mobilised across a 2D shear plane located at the 8 

base of the key when subjected to a normal confinement pressure, P. A two-dimensional response 9 

of dam monoliths and shear keys shearing-off at their bases, is assumed. However, evidence of 3D 10 

interlocking behaviour between dam monoliths and the possibility of different key failure 11 

mechanisms involving interacting axial, P, shear, V, moment, M, and torsion, T, indicates that 12 

typical empirical formulations could significantly overestimate the actual shear key capacity under 13 

floods and seismic loadings. This paper presents an evaluation of the load–displacement response 14 

of shear keys subjected to multiaxial loading via nonlinear finite element analyses. A concrete 15 

"Continuous Surface Cap Model" (CSCM), available in the computer program LS-Dyna, is first 16 

shown to best capture the experimental shear keys' ultimate and residual shear capacity responses 17 

among five constitutive models. The effects of the tensile strength, fracture energy, confinement 18 

pressure, friction coefficient, initial opening, and dilation conditions on the load–displacement 19 

response of keys are investigated. Failure envelopes considering the key multiaxial shear capacity 20 

with confinement pressure, P, moment, M, and torsion, T, are developed. The ratios between 21 

moment and shear, M/V, and torsion and shear, T/V, control the failure mechanism. Increasing 22 

these ratios significantly reduce the ultimate shear capacity. 23 

Keywords: Concrete gravity dams; Nonlinear FE Analysis; Shear keys; Multi-axial loading; 24 
Failure mechanisms; Failure Envelope 25 
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1. Introduction 26 

Existing concrete gravity dams, built several years ago with shear keys along the vertical 27 

contraction joints (Figs. 1a, b), were most often initially designed using a bidimensional (2D) 28 

structural analysis, with minimal consideration for seismic loads. These dams are periodically 29 

reassessed to evaluate their structural stability while being subjected to anticipated extreme 30 

earthquake and flood loads according to the latest state-of-the-art and practice. The presence of 31 

shear keys provides some load transfer between monoliths, promoting three-dimensional (3D) 32 

interlocking upon sliding initiation and therefore increasing the structural strength that can be 33 

mobilised [1-7]. Ageing concrete dams in need of rehabilitation can therefore benefit from the 34 

additional resistance provided by existing shear keys, reducing the costs of potential retrofitting. 35 

Including contraction joint shear keys in the structural analysis of concrete dams to assess the 36 

demand capacity ratios and related failure mechanisms can be carried out with different degrees 37 

of sophistication, using linear or nonlinear finite element (FE) analysis. Multiple empirical 38 

formulations have been developed to estimate the shear resistance of shear keys (Table 1). Many 39 

of these were developed in the context of concrete segmental bridges [8-13], and some were 40 

developed in the context of concrete dams [14]. These formulations estimate the shear resistance 41 

as a function of the frictional resistance and cohesion. The assumed failure mechanism is the 42 

shearing-off of the shear key at its base. However, shear keys can also fail by crushing the key 43 

edge and through dislocation mechanisms (Fig. 2a). In these cases, the shear strength may differ 44 

from that estimated from empirical formulations. In the shearing-off of the shear key base 45 

mechanism, first a single curvilinear crack is formed (S crack). Then, multiple diagonal cracks (M 46 

cracks) are formed along the base of the shear key, and the S crack increases in both length and 47 

width. Finally, the M cracks connect to one another, and the key base is sheared off, closing the S 48 
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crack at the same time (Fig. 2b). The magnitude of the confinement pressure also affects the 49 

cracking pattern, promoting greater variation in the failure mechanisms (Fig. 2c). 50 

 51 

Figure 1 – Overview of the problem studied: (a) profile of a gravity dam, (b) simplified 3D model 52 
of a dam with blocks of different heights, (c) simplified deformed shape of dam blocks assuming 53 
no interlocking, (d) multiaxial loading on simplified dam contraction joints assuming interlocking, 54 
(e) contact forces on a single shear key submodel, (f) contact forces on a three-key submodel, (g) 55 
elevation section of a spillway with shear key, (h) detailed submodel of a keyed contraction joint, 56 
(i) submodel of a contraction joint with a thin-layer joint element, (j) thin layer joint element 57 
formulation. 58 
 59 

If no interlocking is considered, taller dam monoliths deflect more under hydrostatic, flood, or 60 

seismic loads than shorter monoliths due to their stiffness differences (Fig. 1c). However, if 61 

interlocking is considered a torsional moment is developed along the joint. Moreover, interlocking 62 

generates bending moments due to differences in deflections along the cross-valley direction (Fig. 63 

1d). The bending moment induces normal and tangential contact forces on the key, contributing to 64 
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Mode I (tensile) and Mode II (shear) failures (Figs. 1e, f). In sections with multiple shear keys, 65 

this contribution can lead to sequential (domino) failure of the shear keys [15]. The number of 66 

shear keys in a cross-section varies along the height of the dam (Fig. 1g). Both the shear resistance 67 

[10] and the bending and torsional stiffness [16] were demonstrated to vary nonlinearly with the 68 

number of shear keys in a section. 69 

 70 

Figure 2 – Shear key failure mechanisms: (a) types of failure (adapted from [17]), (b) evolution of 71 
cracking on the shear-off of the base mechanism (adapted from [18]), (c) crack pattern for different 72 
confinement pressures (adapted from [19]). 73 
 74 

Because the scale of shear keys is much smaller than the scale of the dam, modelling the detailed 75 

key geometry in nonlinear FE to accurately capture nonlinear behaviour requires unrealistically 76 

fine meshes. Thus, numerical models of dams often simplify shear keys in contraction joints as 77 

high-stiffness linear springs that prevent slipping of the joint, thus ignoring possible failure of the 78 

shear keys [20-23]. Another approach is to attribute a cohesive strength to the shear keys. If the 79 

shear stress at the joint exceeds the cohesive strength, then the key is assumed to fail, and the 80 
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residual strength is frictional only [15, 24-27]. Qiu et al. [28] proposed a method to simplify the 81 

geometry of actual shear keys, replacing them by a few large keys. Du et al. [29] used a similar 82 

approach, simplifying all the small trapezoidal shear keys in a joint by a large trapezoidal key. 83 

Zhang et al. [30] proposed a multiscale model where the shear keys are modelled with a fine mesh, 84 

the dam body is modelled with a coarse mesh, and a glue mesh is used to transition between the 85 

two. However, these models did not account for the reduction in the strength of shear keys due to 86 

accumulated damage, an initial opening of the shear keys, or interactions with bending and torsion. 87 

Ignoring the nonlinear response of shear keys may lead into underestimating the relative 88 

displacements of a structure under earthquake loads, especially under low peak ground 89 

acceleration that may be able to damage particularly weak keys [15, 31]. 90 

The current literature presents knowledge gaps concerning the nonlinear 3D modelling and 91 

simulation of dam contraction joints with shear keys, especially on the following topics: (i) residual 92 

strength of the damaged keys; (ii) key strength considering interacting axial, shear, bending and 93 

torsional loads; (iii) effect of imperfections and the initial opening of the contraction joint; (iv) 94 

effect of lateral boundary conditions allowing or preventing dilation while shearing is taking place; 95 

(v) effects of spatial variation of strength and stiffness of shear keys. Moreover, there is also a 96 

fundamental difference between the global dam response to floods or earthquake loads. Flood 97 

loads are applied as external water pressure restricted to the dam upstream face, while earthquake- 98 

induced inertial loads are distributed all over the dam body. Herein, nonlinear FE analyses of shear 99 

keys are performed to study some of these topics. The focus is put on the response of single key 100 

specimens, loaded externally at the local level in accordance with typical experimental set-up 101 

found in the literature. First, an appropriate concrete constitutive model is selected and calibrated. 102 

Then, an appropriate range of values for the material parameters is defined. An analysis of two 103 
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dam monoliths, subjected to external upstream face pressure, with a contraction joint modelled 104 

with detailed shear keys is performed to study the global behaviour of the contraction joints. 105 

Subsequently, a submodel with one rectangular shear key is used for parametric analyses of the 106 

material parameters, boundary, contact, and initial conditions. Finally, failure envelopes for the 107 

interactions between the confinement pressure, shear, and moment (P-M-V) and between the 108 

confinement pressure, shear, and torsion (P-T-V) are developed. This work serves as a basis for 109 

understanding the detailed nonlinear behaviour of shear keys. Future studies in this research 110 

project will study shear keys of different shapes and sections with multiple keys. Once the 111 

behaviour of contraction joints submitted to 3D loading is clearly understood at the shear key level 112 

(Fig. 1h), a thin-layer joint element (Fig. 1j) with an equivalent response will be developed to 113 

substitute the detailed modelling of the shear keys (Fig. 1i) and applied to contraction joints of 114 

gravity dams modelled numerically. 115 

Table 1 - Formulations for the shear capacity of shear keys. 116 

Author Formulation 

Buyukozturk et al. [11] 𝑉𝑉𝑗𝑗 = 𝐴𝐴𝑗𝑗�0.65�𝑓𝑓𝑐𝑐′ + 1.36𝜎𝜎𝑛𝑛� 
AASHTO [8] 𝑉𝑉𝑗𝑗 = 𝐴𝐴𝑘𝑘�𝑓𝑓𝑐𝑐𝑘𝑘(0.2048 𝜎𝜎𝑛𝑛 + 0.9961) + 0.6 𝐴𝐴𝑠𝑠𝑠𝑠𝜎𝜎𝑛𝑛 

Romabch and Specker [12] 𝑉𝑉𝑗𝑗 = 0.14𝑓𝑓𝑐𝑐′𝐴𝐴𝑘𝑘 + 0.65𝜎𝜎𝑛𝑛𝐴𝐴𝑗𝑗 
Turmo et al. [13] 𝑉𝑉𝑗𝑗 = 𝐴𝐴𝑘𝑘 �𝑓𝑓𝑐𝑐𝑐𝑐23100 (7𝜎𝜎𝑛𝑛 + 33) + 0.6𝐴𝐴𝑠𝑠𝑠𝑠𝜎𝜎𝑛𝑛   if𝑓𝑓𝑐𝑐𝑘𝑘 ≤ 50 MPa 

Curtis and Lum [14] 𝑉𝑉𝑘𝑘 = �0.464𝑓𝑓𝑐𝑐′23 + 𝜎𝜎𝑛𝑛 tan𝜙𝜙�𝐴𝐴𝑘𝑘 

Alcalde et al. [10] 𝑉𝑉𝑗𝑗 = 7.118 𝐴𝐴𝑘𝑘(1 − 0.064 𝑁𝑁𝑘𝑘) + 2.436 𝐴𝐴𝑠𝑠𝑠𝑠𝜎𝜎𝑛𝑛 (1 + 0.127 𝑁𝑁𝑘𝑘) 

Ahmed and Aziz [9] 𝑉𝑉𝑗𝑗 = 0.6𝜎𝜎𝑛𝑛𝐴𝐴𝑠𝑠𝑠𝑠 + (1.06𝐴𝐴𝑘𝑘 + 2100𝜎𝜎𝑛𝑛)�𝑓𝑓𝑐𝑐′ 
Note: 𝑉𝑉𝑗𝑗 is the shear resistance of the joint (including the key sections and smooth sections), 𝑉𝑉𝑘𝑘 is the shear resistance of the key (not including 
the smooth sections) 𝐴𝐴𝑗𝑗 is the total area of joint surface, 𝐴𝐴𝑘𝑘 is the area of the base of the shear key, 𝐴𝐴𝑠𝑠𝑠𝑠 = 𝐴𝐴𝑗𝑗 − 𝐴𝐴𝑘𝑘 is the area of smooth surfaces 
of the joint, 𝑓𝑓𝑐𝑐′ is the uniaxial concrete compressive strength, 𝑓𝑓𝑐𝑐𝑘𝑘 is the concrete characteristic strength, 𝜎𝜎𝑛𝑛 is the confinement pressure, 𝜙𝜙 is the 
concrete friction angle, and 𝑁𝑁𝑘𝑘 is the number of keys in the joint. 
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 117 

2. Selecting the Concrete Constitutive Model 118 

Appropriately selecting a concrete constitutive model that can capture both the shear key peak 119 

shear capacity and its post-peak behaviour is essential for a reliable dam safety assessment under 120 

flood and earthquake loads. With this objective in mind, five concrete constitutive models were 121 

examined in a preliminary study: (i) Concrete Damage Plasticity (CDP/ABAQUS) [32], (ii) 122 

"Endommagement Progressif Multiaxial Tridimensionnel" (user-defined subroutine – 123 

EPM3D/ABAQUS) [33], (iii) Karagozian & Case Concrete (KCC/LS-Dyna) [34], (iv) 124 

Continuous Surface Cap Model (CSCM/LS-Dyna) [35], and (v) StahlBETonAnalyse 125 

(SBETA/ATENA) [36]. Among these models, the CSCM was found to best capture the post-peak 126 

behaviour of shear keys reported in experimental data from the literature, as shown later in section 127 

2.4. Moreover, the CSCM could be efficiently calibrated to closely fit the experimental data and 128 

match the reported peak shear capacity. 129 

In the following section, a brief description of the theoretical formulation of the CSCM is provided. 130 

Then, the procedure used to calibrate the CSCM is presented. A comparison between the 131 

experimental results and the five constitutive models studied is presented. The adopted selection 132 

procedure for the fracture energy of mass concrete, an important parameter to model the key post-133 

peak behaviour, is also discussed. 134 

2.1 Description of the CSCM 135 

The CSCM is a constitutive model initially designed to predict the dynamic response of concrete 136 

roadside safety structures subjected to collisions with motor vehicles. Despite being developed for 137 

roadside safety applications, this constitutive model has also been applied to many other static and 138 

dynamic structural concrete problems [37-40]. The CSCM is an elastoplastic damage model, with 139 

a smooth and continuous intersection between the shear failure surface and a hardening cap to 140 

simulate a plastic volume change as a function of the hardening rule described herein later. The 141 

cap can expand and contract to determine the shape of the pressure-volumetric strain curves. The 142 
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initial location of the cap determines the beginning of plastic behaviour in uniaxial compression 143 

[41]. This constitutive model presents (i) isotropic behaviour, (ii) a three stress-invariant shear 144 

surface with translation for pre-peak hardening, (iii) damage-based softening with an option for 145 

the erosion of elements, and (iv) strain rate effects (Fig. 3). 146 

 147 

Figure 3 – The CSCM: (a) failure surface, (b) compressive behaviour for confinement pressures 148 
of 0.0 MPa, 1.4 MPa and 2.8 MPa, (c) tensile behaviour (adapted from [35]). 149 
 150 
The theoretical formulation of the CSCM is described in [35] and briefly reviewed herein. The 151 

yield function 𝑓𝑓 is defined as a function of the stress invariants 𝐽𝐽1, 𝐽𝐽2′ , and 𝐽𝐽3′ , and the cap hardening 152 

parameter 𝜅𝜅 (Eq. 1). 153 

 𝑓𝑓(𝐽𝐽1, 𝐽𝐽2′ , 𝐽𝐽3′ , 𝜅𝜅) = 𝐽𝐽2′ −ℜ2𝐹𝐹𝑓𝑓2𝐹𝐹𝑐𝑐 (1) 

where 𝐹𝐹𝑓𝑓 is the shear failure surface, 𝐹𝐹𝑐𝑐 is the hardening cap, and ℜ is the Rubin three-invariant 154 

reduction factor. ℜ is a scaling function that changes the radius and shape of the yield surface in 155 

the deviatoric plane to account for the fact that concrete fails at lower values of 𝐽𝐽2′  in triaxial 156 

extension and torsion than in triaxial compression. For example, this shape can be a circle, as in 157 

the Drucker–Prager and von Mises models, a hexagon, as in the Mohr–Coulomb model, or an 158 

irregular hexagon, as in the William-Warnke model. The shear failure surface 𝐹𝐹𝑓𝑓 is a function of 159 
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𝐽𝐽1, and the model parameters 𝛼𝛼, 𝛽𝛽, 𝜆𝜆, and 𝜃𝜃 are used to fit the CSCM to triaxial compression tests 160 

(Eq. 2). 161 

 𝐹𝐹𝑓𝑓(𝐽𝐽1) = 𝛼𝛼 − 𝜆𝜆 exp(−𝛽𝛽 𝐽𝐽1) + 𝜃𝜃𝐽𝐽1 (2) 

The hardening cap 𝐹𝐹𝑐𝑐 is a function of 𝐽𝐽1 and 𝜅𝜅 (Eq. 3). 162 

 𝐹𝐹𝑐𝑐(𝐽𝐽1, 𝜅𝜅) = �1 − (𝐽𝐽1 − 𝜅𝜅)2
(𝑋𝑋 − 𝜅𝜅)2 , 𝐽𝐽1 ≥ 𝜅𝜅

1, 𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (3) 

where X and 𝜅𝜅 control the contraction and expansion of the cap, simulating the plastic volume 163 

change. The intersection between the shear surface and the cap is at 𝐽𝐽1 = 𝜅𝜅, and 𝑋𝑋 is defined as 164 

 𝑋𝑋(𝜅𝜅) = 𝐿𝐿(𝜅𝜅) + 𝑅𝑅𝐹𝐹𝑓𝑓�𝐿𝐿(𝜅𝜅)� (4) 

where 𝐿𝐿(𝜅𝜅) is the maximum of the calculated value of 𝜅𝜅 and its initial value 𝜅𝜅0, and a model input 165 

parameter 𝑅𝑅 is another model input parameter representing the ellipticity ratio of the cap. The 166 

contraction and expansion of the cap are based on the hardening rule (Eq. 5). 167 

 𝜀𝜀𝜈𝜈𝑝𝑝 = 𝑊𝑊(1 − exp(−𝐷𝐷1(𝑋𝑋 − 𝑋𝑋0) − 𝐷𝐷2(𝑋𝑋 − 𝑋𝑋0)2)) (5) 

where 𝜀𝜀𝜈𝜈𝑝𝑝 is the plastic volume strain, 𝑊𝑊 is the maximum plastic volume strain, 𝑋𝑋0 is the initial 168 

location of the cap when 𝜅𝜅 = 𝜅𝜅0, and 𝐷𝐷1 and 𝐷𝐷2 are model input parameters. 169 

The CSCM can be used with minimal input parameters, providing only the compressive strength, 170 𝑓𝑓𝑐𝑐′, and maximum aggregate size, 𝑑𝑑𝑎𝑎. In this case, an initialization routine determines the 171 

remaining material properties, such as the bulk modulus, Poisson’s ratio, fracture energy, and 172 

strain rate parameters. The initialization routine was calibrated for concrete with a compressive 173 

strength between 28 MPa and 58 MPa [35]. 174 
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When used with minimal input, the CSCM assumes a Poisson’s ratio 𝜈𝜈 = 0.15 that is independent 175 

of the concrete strength. The modulus of elasticity 𝐸𝐸 is given by [42]: 176 

 𝐸𝐸 = 𝐸𝐸𝐶𝐶 �𝑓𝑓𝑐𝑐′
10
�1/3

 (6) 

where 𝑓𝑓𝑐𝑐′ is the compressive strength in MPa and 𝐸𝐸𝑐𝑐 = 18,275 MPa. The model parameters 𝛼𝛼, 𝛽𝛽, 177 𝜆𝜆, and 𝜃𝜃, used to relate the concrete strength to pressure in triaxial compression, as well as their 178 

equivalents for torsion and triaxial extension, are calibrated from experimental data on plain 179 

concrete cylinders and fitted with a quadratic equation. Likewise, the uniaxial tensile strength 𝑓𝑓𝑡𝑡 180 

is related to the compressive strength 𝑓𝑓𝑐𝑐′ using the quadratic relationship: 181 

 𝑓𝑓𝑡𝑡 =  −0.0018𝑓𝑓𝑐𝑐′2 + 0.185𝑓𝑓𝑐𝑐′ − 1.58 (𝑓𝑓𝑜𝑜𝑒𝑒 28 ≤ 𝑓𝑓𝑐𝑐′ ≤ 58 ) (7) 

The uniaxial tensile strength is not a direct input material parameter in the CSCM. Instead, the 182 

concrete strength must be adjusted following Eq. 7 to meet a target uniaxial tensile strength. The 183 

fracture energy 𝐺𝐺𝐹𝐹 is obtained as: 184 

 𝐺𝐺𝐹𝐹 =  𝐺𝐺𝐹𝐹0 �𝑓𝑓𝑐𝑐′
10
�0.7

 (8) 

where 𝐺𝐺𝐹𝐹0 is the fracture energy at 𝑓𝑓𝑐𝑐′ = 10 MPa, provided experimentally in [42]. However, these 185 

values of the fracture energy are not adequate for mass concrete, as shown herein later. The default 186 

values of 𝐺𝐺𝐹𝐹 are initially used in the calibration process (using structural concrete), but are replaced 187 

with more appropriate values when studying concrete dam shear keys (using mass concrete). 188 

Damage in the CSCM is defined as a function of the ratio between the damaged (𝐸𝐸𝑑𝑑) and 189 

undamaged modulus of elasticity (𝐸𝐸) (Fig. 3c). Thus, it varies from 0 to 1 and is calculated as: 190 



11 
2021-05-11 

 𝑑𝑑 = 1 − 𝐸𝐸𝑑𝑑𝐸𝐸  (9) 

2.2 Modelling of the Shear Key Concrete-Concrete Interface 191 

The contact between the male and female blocks of the shear key is modelled using an automatic 192 

surface-to-surface algorithm. This is a two-way contact algorithm, meaning that the nodes on both 193 

the master and slave surfaces are checked for penetration. The penetrations are treated with a 194 

contact formulation where penetrating nodes are pushed back in the normal direction with force 195 𝐹𝐹𝑛𝑛 (Eq. 10). 196 

 𝐹𝐹𝑛𝑛 =  𝑘𝑘𝐷𝐷𝑝𝑝 (10) 

 𝑘𝑘 =  
𝑓𝑓𝑠𝑠 ⋅ 𝐴𝐴𝑠𝑠2 ⋅ 𝐾𝐾�𝑉𝑉  (11) 

where 𝑘𝑘 is the stiffness of the contact, 𝐷𝐷𝑝𝑝 is the penetration depth, 𝑓𝑓𝑠𝑠 is the penalty factor, 𝐴𝐴𝑠𝑠 is 197 

the area of the contact segment, 𝐾𝐾� is the bulk modulus of the contacted element and 𝑉𝑉 is the volume 198 

of the contact element. The penalty factor 𝑓𝑓𝑠𝑠 is set to its default value of 1.0, and no significant 199 

interpenetration is observed in the simulations with these settings. 200 

In the tangential direction, a frictional force 𝐹𝐹𝑓𝑓 (Eq. 12) is applied to the contacting surface. 201 

 𝐹𝐹𝑓𝑓 = 𝜇𝜇𝐹𝐹𝑛𝑛 (12) 

where 𝜇𝜇 is the static friction coefficient. Additionally, the option to switch from node-to-segment 202 

formulation to segment-to-segment formulation (SOFT=2) is activated, as recommended for this 203 

type of contact [43]. 204 
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2.3 Calibration of the CSCM 205 

The CSCM presents five interesting features: 206 

• It can be used with a minimal input, where only the compressive strength and aggregate 207 

size are required as the input parameters.  208 

• The material parameters, which are generated automatically when using minimal input, can 209 

be recovered and modified by the user if needed be. A second run of the analysis with user-210 

defined parameters can be performed, allowing for efficient calibration.  211 

• The load–displacement response obtained with the CSCM captures the post-peak strength 212 

reduction and the residual capacity observed in experimental data from the literature as 213 

demonstrated herein later.  214 

• The model has the option to erode (delete) highly damaged and distorted elements, a feature 215 

that generally improves the numerical stability in the finite element simulations.  216 

• The CSCM can be used with an explicit solver with robust convergence properties for 217 

nonlinear contact problems and is suitable for dynamic applications. This is relevant for 218 

future stages of this project, where shear keys under cyclic and dynamic loads will be 219 

studied. 220 

Experimental data on the failure of trapezoidal shear keys from Jiang et al. [44] are used for the 221 

calibration of the CSCM, while experimental data from Zhou et al. [45] are used only for the 222 

validation of the model. Jiang et al. [44] tested a shear key that is 100 mm wide, 35 mm deep, and 223 

100 mm thick (Fig. 4c), and Zhou et al. [45] tested a shear key that is 100 mm wide, 50 mm deep, 224 

and 250 mm thick (Fig. 4a). They also tested specimens with 3 shear keys, where each key is 100 225 

mm wide, 50 mm deep, and spaced 50 mm apart from one another (Fig. 4b). Both authors [44, 45] 226 

use a 12 mm rebar to prevent premature cracking outside of the region of the shear keys and tested 227 
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multiple specimens with varying concrete strengths, confinement pressures, and numbers of shear 228 

keys. The specimens used for the performance assessment (and calibration) of CSCM are 229 

presented in Table 2. 230 

 231 

Figure 4 – Shear key models used for the performance assessment (dimensions in mm) – 232 
experimental tests and numerical models: (a) M1-D-K1, M2-D-K1 and M4.5-D-K1, (b) M1-D-233 
K3, (c) K1-01, K1-02. 234 

 235 

The finite element models built to replicate these experiments (Fig. 4) are 3D models with a single 236 

finite element in the thickness direction. The concrete blocks are modelled with the CSCM using 237 

minimal input with the same concrete strength as the experimental tests (Table 2) and 𝑑𝑑𝑎𝑎 equal to 238 

19 mm. The steel support plates are modelled using a linear elastic material with a modulus of 239 

elasticity of 200 GPa and a Poisson’s coefficient of 0.3. The reinforcing steel bars (rebars) are 240 

modelled as elastoplastic truss elements embedded in the concrete elements. The rebars are fully 241 

bonded to concrete elements. No relative sliding between rebars and concrete is permitted. For the 242 



14 
2021-05-11 

boundary conditions, the bottom support plate is fixed in the vertical direction, the side of the 243 

female block is fixed in the horizontal direction, and the back face of the entire model is fixed in 244 

the out-of-plane direction. Poisson’s effect is not restricted in the out-of-plane direction. The 245 

confinement pressure is then applied on the male side of the key. The shearing load is applied as 246 

an imposed displacement of the middle nodes of the top support plate (Fig. 4). 247 

Table 2 – Experimental tests on the shear keys 248 

Author 
Specimen Name 𝒇𝒇𝒄𝒄′  (MPa) 

Confining Stress 

(MPa) 
Number of Keys 

Shear Capacity 

(kN) 

Jiang et al. [44] 
K1-01 41.5 1.0 1 89.7 

K1-02 41.5 2.0 1 113.9 

Zhou et al. [45] 

M1-D-K1 38.7 1.0 1 193.0 

M2-D-K1 56.2 2.0 1 335.0 

M4.5-D-K1 37.1 4.5 1 375.0 

M1-D-K3 35.7 1.0 3 446.0 

The CSCM requires a total of 46 parameters. Thus, choosing each parameter individually is very 249 

challenging. To perform the calibration, a minimal input model with concrete compressive 250 

strength, 𝑓𝑓𝑐𝑐′, and maximum aggregate size, 𝑑𝑑𝑎𝑎,was first used to recover the 46 model parameters. 251 

The resulting “default” normalized shear stress-displacement responses overestimate the peak 252 

strength by an average of 17% (Fig. 5). The peak response is also generally overestimated and, in 253 

some cases, presents a brittle behaviour (Figs. 5a, b). To improve the correlation between the 254 

predictions and the experimental results, the following four main parameters were modified one at 255 

a time: (i) the flag enabling cap retraction (IRETRC), which controls the shape of the load–256 

displacement response but also reduces the bearing capacity; (ii) the aspect ratio of the cap surface 257 

(𝑅𝑅), which controls the displacement at ultimate capacity; (iii) the maximum plastic volume 258 

compaction (𝑊𝑊), which controls the shear capacity; and (iv) the parameter controlling element 259 
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erosion (ERODE), which affects the stability of the numerical solution. These parameters were 260 

chosen because they most significantly affect the computed load–displacement responses. 261 

Specimens K1-01 and K1-02 (Table 2) are used for the calibration. Parameter optimization is 262 

performed using LS-OPT [46], which is an optimization tool that interfaces with LS-Dyna [47]. 263 

The load–displacement curves obtained from the numerical models are fitted against the 264 

experimental curves through a curve mapping algorithm. The flag IRETRC is set to a discrete 265 

sampling with values of 0 or 1. The aspect ratio 𝑅𝑅 is set to a starting value of 5, a minimum of 1, 266 

and a maximum of 10. The variable 𝑊𝑊 is set to a starting value of 0.05 with a minimum of 0.01 267 

and a maximum of 0.2. The ERODE parameter is set to a starting value of 1.1 with a minimum of 268 

1.0 (to erode an element when d in Eq. 9 reaches 0.99) and a maximum of 1.1 (to erode an element, 269 

d has to reach 0.99 and a strain of 10%). The random point selection for each of those parameters 270 

is performed with the D-optimal algorithm [48]. The simulations are performed taking 16 points 271 

for each parameter for 3 iterations, reducing the domain at each iteration. After performing this 272 

optimization, the parameters that best fit the experimental curves are 𝑅𝑅 =  9.023, 𝑊𝑊 =  0.105, 273 𝐸𝐸𝑅𝑅𝐸𝐸𝐷𝐷𝐸𝐸 =  1.067, and cap retraction activated.  274 

The responses for the calibrated CSCM and default CSCM (using minimal input) are compared 275 

against the experimental data from [44, 45] (Fig. 5). The structural responses are presented in the 276 

normalized shear stress-displacement curves. The normalized shear stress (𝜏𝜏/�𝑓𝑓𝑐𝑐′) is the ratio 277 

between the shear stress at the base of the shear key and the square root of the concrete strength. 278 

The shear stress at the base of the shear key is considered to be uniform and equal to the total shear 279 

force (vertical force) applied divided by the area of the base of the key. The displacement in the 280 

response curves refers to the imposed displacement at the top support plate. Compared to the 281 

experimental results by Zhou et al. [45], the calibrated model overestimates the peak shear capacity 282 
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by an average of 6%, as opposed to 19% for the default parameters. The calibrated post-peak 283 

response is also similar to the experimental response, both in terms of the shape of the softening 284 

branch and in the residual capacity value. The calibrated model yields a good agreement with the 285 

experimental results for models with one and three shear keys. For high confinement pressures, 286 

the calibrated model yields a good estimate of the shear capacity but underestimates the residual 287 

capacity, while the default model overestimates the shear capacity but provides a good estimate of 288 

the residual capacity (Fig. 5e). 289 
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 290 

Figure 5 – Validation of CSCM against experimental data: (a) K1-01, (b) K1-02, (c) M1-D-K1, 291 
(d) M2-D-K1, (e) M4.5-D-K1, (f) M1-D-K3. 292 

 293 

2.4 Comparison with Other Constitutive Models 294 

The results obtained with the calibrated CSCM were compared with other constitutive models for 295 

specimen K1-01 (Table 2, Fig. 6). The other constitutive models were also calibrated according to 296 

their peak strength, and the results presented are the best attempts for each model. KCC yielded 297 
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the best results with its default parameters. CDP is calibrated using linear softening in tension and 298 

the Hognestad model in compression, as well as the recommended model parameters [32]. EMP3D 299 

is calibrated with the recommended failure surface and material parameters [33]. SBETA is 300 

calibrated with exponential tension softening, a rotated crack model, and default parameters [36]. 301 

The CSCM is the model that best captures the ultimate shear capacity (∼7% difference from 302 

experimental values), the displacement at peak response, and the post-peak softening. Other 303 

models, except for CDP, provided good estimates of the ultimate shear capacity. However, all 304 

other models had a very brittle post-peak response, which was not observed experimentally [44, 305 

45]. Differences in response obtained from each constitutive model as compared to experimental 306 

results are expected because of a number of factors, including, among others: (i) different mode I 307 

continuum cracking formulation (isotropic in CDP, CSCM and KCC, anisotropic in SBETA and 308 

EPM3D), (ii) different concrete shear damage formulations, (iii) different solution algorithms 309 

(implicit in ATENA, explicit in ABAQUS and LS-Dyna), (iv) different handling of severely 310 

damaged elements (with options of erosion in CSCM and EPM3D, but not in others). Hence the 311 

importance of evaluating and validating each constitutive model. 312 

 313 
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Figure 6 – Comparison of the shear response of shear key K1-01 [44] using different constitutive 314 

models. 315 

2.5 Fracture Energy for Mass Concrete Models 316 

The fracture energy is a material parameter commonly used to model the tensile softening of 317 

concrete. It can be characterised by the parameter 𝐺𝐺𝐹𝐹, which accounts for the total energy in the 318 

cracking process, or 𝐺𝐺𝑓𝑓, which accounts for the energy relative to the initial portion of the softening 319 

curve. The maximum load supported by a structure is controlled by 𝐺𝐺𝑓𝑓, while the post-peak 320 

behaviour is more dependent on 𝐺𝐺𝐹𝐹 [49]. 321 

Several authors developed different empirical equations to estimate the values of 𝐺𝐺𝑓𝑓 and 𝐺𝐺𝐹𝐹 using 322 

a combination of the following parameters: compressive strength 𝑓𝑓𝑐𝑐′, tensile strength 𝑓𝑓𝑡𝑡, maximum 323 

aggregate size 𝑑𝑑𝑎𝑎, water-cement ratio 𝑒𝑒/𝑐𝑐, and parameters for the shape of the aggregate 𝛼𝛼0 and 324 𝛾𝛾0 (Table 3). 325 

It is also important to distinguish between the experimentally measured fracture energy and the 326 

asymptotic fracture energy 𝐺𝐺𝐹𝐹∞. For a given concrete mix, the ratio ℎ2/𝑑𝑑𝑎𝑎 between the concrete 327 

ligament length, ℎ2, and maximum aggregate size, 𝑑𝑑𝑎𝑎, controls the fracture energy measured 328 

experimentally. Most wedge splitting experimental setups use a ratio of ℎ2/𝑑𝑑𝑎𝑎 = 3. However, a 329 

ratio of ℎ2/𝑑𝑑𝑎𝑎 = 10 is required to obtain fracture energy values within 10% of 𝐺𝐺𝐹𝐹∞ [50]. In a dam 330 

block, a crack propagating within the bulk material could have the potential to approach 𝐺𝐺𝐹𝐹∞. On 331 

the other hand, a crack that propagates at the base of a shear key could be limited to the size of the 332 

key, reflecting values of 𝐺𝐺𝐹𝐹 that are more akin to lower ℎ2/𝑑𝑑𝑎𝑎 ratios.  333 

A set of 30 experimental specimens with large aggregate sizes (typically present in concrete dams) 334 

tested for fracture energy was tabulated from the literature (Table A.1). These data were used to 335 
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test the accuracy of the empirical equations to estimate 𝐺𝐺𝐹𝐹 in Table 3. It is found that the equation 336 

proposed by Guan et al. [51] gives an upper bound estimate of the fracture energy, while the 337 

modified equation by Bazant and Becq-Giraudon [52] yields a lower bound estimate. This reflects 338 

the fact that Guan et al. [51] derives their equations from wedge splitting tests with ℎ2/𝑑𝑑𝑎𝑎 > 6 339 

while Bazant and Becq-Giraudon [52] derives their equations from wedge splitting tests with 340 ℎ2/𝑑𝑑𝑎𝑎 = 3. 341 

Table 3 – Fracture Energy Equations 342 

Author Equation 

Bazant and Oh [53]1 �𝐺𝐺𝑓𝑓 = (2.72 + 0.0214𝑓𝑓𝑡𝑡′)𝑓𝑓𝑡𝑡′2 �𝑑𝑑𝑎𝑎𝐸𝐸 �𝑐𝑐𝑓𝑓 = 1.811 + 0.0143𝑓𝑓𝑡𝑡′  

Wittman et al. [54]  𝐺𝐺𝐹𝐹 = 0.97𝑓𝑓𝑐𝑐′ + 41.8 

CEB-FIP [42]  𝐺𝐺𝐹𝐹 = (0.0469𝑑𝑑𝑎𝑎2 − 0.5𝑑𝑑𝑎𝑎 + 26) �𝑓𝑓𝑐𝑐′
10
�0.7

 

CEB-FIP [56] – Structural Concrete 
𝐺𝐺𝐹𝐹 = 73𝑓𝑓𝑐𝑐𝑠𝑠0.18 𝑓𝑓𝑐𝑐𝑠𝑠 = 𝑓𝑓𝑐𝑐𝑘𝑘 + Δ𝑓𝑓 Δ𝑓𝑓 = 8 𝑀𝑀𝑀𝑀𝑀𝑀 

Kim et al. [57] 
𝐺𝐺𝐹𝐹 = 1041�1 − 𝑒𝑒−0.07𝑓𝑓𝑐𝑐′� 𝐿𝐿𝑐𝑐ℎ = 4.94(fc′)−0.87 

Bazant and Becq-Giraudon [52]2 

𝐺𝐺𝐹𝐹 = 2.5𝐺𝐺𝑓𝑓 𝐺𝐺𝑓𝑓 = 𝛼𝛼0 � 𝑓𝑓𝑐𝑐′
0.051

�0.46 �1 +
𝑑𝑑𝑎𝑎

11.27
�0.22 �𝑒𝑒𝑐𝑐 �−0.30

 𝑐𝑐𝑓𝑓 = exp �𝛾𝛾0 � 𝑓𝑓𝑐𝑐′
0.022

�−0.019 �1 +
𝑑𝑑𝑎𝑎

15.05
�0.72 �𝑒𝑒𝑐𝑐 �0.2� 

Bazant and Becq-Giraudon [52] – Modified3 𝐺𝐺𝐹𝐹 = 2.5𝛼𝛼0 � 𝑓𝑓𝑐𝑐′
0.062

�0.43 �1 +
𝑑𝑑𝑎𝑎

3.95
�0.97 �𝑒𝑒𝑐𝑐 �−0.2

 

Beygi et al. [58] - Self Compacting Concrete 
𝐺𝐺𝐹𝐹 = 37.3𝑓𝑓𝑐𝑐′0.29 𝐺𝐺𝑓𝑓 = 5.39𝑓𝑓𝑐𝑐′0.516 𝐿𝐿𝑐𝑐ℎ = 2.253𝑓𝑓𝑐𝑐′−0.49 

Beygi et al. [59] – Self Compacting Concrete 
𝐺𝐺𝐹𝐹 = 37.2𝑑𝑑𝑎𝑎0.401 �𝑓𝑓𝑐𝑐′

10
�0.107

 𝐺𝐺𝑓𝑓 = 9.26𝑑𝑑𝑎𝑎0.31 �𝑓𝑓𝑐𝑐′
10
�0.42

 

Guan et al. [51] 𝐺𝐺𝐹𝐹 = (0.1616𝑑𝑑𝑎𝑎 + 1.0263)𝑓𝑓𝑐𝑐′ 
1The value of 𝐺𝐺𝐹𝐹 is estimated as𝐺𝐺𝐹𝐹 = 2.5𝐺𝐺𝑓𝑓 
2 For rounded aggregates, 𝛼𝛼0 = 𝛾𝛾0 = 1 and for crushed or angular aggregates 𝛼𝛼0 = 1.44 and 𝛾𝛾0 = 1.12. 
3The modified version was obtained by redoing the statistical analysis by Bazant and Becq with a restricted dataset to obtain an equation that is 
more fit to mass concrete. 

3. Global behaviour of monolith joints with multiple keys 343 

An analysis of a 78 m dam model with 3 monoliths was performed to study the global behaviour 344 

of the shear keys and the effects of dilation. Given the large scale of the model, a coarse mesh is 345 

used. Therefore, the local behaviour of shear keys is not captured accurately, hence the need of 346 
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local analyses using a submodel presented hereafter. The middle monolith is subjected to a uniform 347 

load to shear the keys, and each dam monolith is 15 m wide. However, a symmetry boundary 348 

condition is used, and only one and a half monoliths are used (Fig. 7a). The dam is modelled under 349 

both free and restrained dilation conditions. Under restrained dilation, the lateral displacement of 350 

the side face of both monoliths is restricted, while under free dilation, only the half-width monolith 351 

has the lateral displacement restricted to impose the symmetry condition. For both models, the 352 

damage patterns and displacements of the keys and monoliths are studied at a mid-height cross-353 

section (at an elevation of 39 m). When dilation is not restrained, the upstream shear keys are 354 

sheared at their base (Fig. 7b). In addition, the joint tends to open downstream. When the dilation 355 

is restrained, the joint remains closed, and the damage level at this cross-section is much smaller 356 

(Fig. 7c). This shows that the shear key load bearing capacity is dependent on the boundary 357 

conditions of the monoliths. Moreover, the opening of the joints observed when dilation is 358 

permitted introduces a bending moment in the joint that interacts with the shear load and reduces 359 

the ultimate capacity of the keys. 360 
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 361 

Figure 7 – Two monoliths with shear keys: (a) the finite element model, (b) damage and opening 362 
of shear keys under free dilation, (c) damage of shear keys under restrained dilation. 363 

4. Parametric Analysis of a Rectangular Shear Key 364 

A parametric analysis of rectangular shear keys is performed to assess the influence of (i) material 365 

parameters, (ii) contact parameters, (iii) lateral boundary conditions, and (iv) initial opening on the 366 

shear capacity and load–displacement responses. The analyses are performed on contraction joint 367 

submodels containing a single shear key. The submodels (geometry and material parameters) are 368 

based on an existing 58 m concrete gravity dam with 𝑓𝑓𝑐𝑐′ = 29 MPa and a maximum aggregate size 369 

of 150 mm [60]. By default, the compressive strength 𝑓𝑓𝑐𝑐′ is set to 29 MPa, the fracture energy 𝐺𝐺𝐹𝐹 370 

is set to 250 N/m, the friction coefficient 𝜇𝜇 is set to 1.0, and the confinement pressure 𝑀𝑀 is set to 371 

1.0 MPa, allowing for free dilation. In the parametric analyses, only one parameter is modified at 372 
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a time. Unless explicitly mentioned, the remaining parameters use their default values. The shear 373 

key studied is 1.6 m wide and 0.3 m deep (Fig. 8a). The models used to study the interaction 374 

between torsional and shear loads are 8 m thick to allow for better distribution of torsion (Fig. 8c). 375 

The numerical models use the calibrated CSCM presented herein for concrete near the shear keys. 376 

Outside of the region where damage is expected, an elastic constitutive model is used (Fig. 8). The 377 

confinement pressure 𝑀𝑀 and bending moment 𝑀𝑀 are applied as pressure loads on the side of the 378 

shear key block, the torsion 𝑇𝑇 is applied as a pressure load in the middle section of the shear key, 379 

and the shearing load 𝑉𝑉 is applied through an imposed displacement of the top nodes of the male 380 

shear key block. 381 

 382 

Figure 8 – Finite element models used for the parametric analysis: (a) default model geometry, 383 
(b) boundary conditions, (c) torsional model geometry 384 
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4.1 Tensile Strength and Fracture Energy 385 

The strength of concrete dam shear keys is usually estimated as a function of the joint’s friction 386 

and cohesion, following the Mohr–Coulomb criterion. The frictional force developed on the joint 387 

is the product of the normal load and the concrete-concrete friction coefficient. The cohesion can 388 

be estimated as twice the direct tensile strength based on Griffith’s failure criterion [61]. 389 

Accordingly, Curtis and Lum [14] provided an estimate of the shear strength of dam shear keys 390 

(Table 1). Hereafter, a parametric analysis of the shear keys is conducted considering uniaxial 391 

tensile strengths of the bulk material of 1.42 MPa, 1.97 MPa, 2.29 MPa, 2.96 MPa, and 3.16 MPa. 392 

These values correspond to compressive strengths 𝑓𝑓𝑐𝑐′ of 20 MPa, 25 MPa, 29 MPa, 40 MPa, and 393 

50 MPa, respectively (Eq. 7). With 𝑓𝑓𝑡𝑡 = 1.42 MPa, the shear key reaches an ultimate normalised 394 

shear stress of 0.52, and then the base of the key is sheared off. For higher concrete strengths, the 395 

failure mechanism observed is the formation of a diagonal crack followed by crushing of the key 396 

edge. (Fig. 9a), where the higher the tensile strength is, the higher the ultimate normalised shear 397 

stress and the longer the diagonal crack observed at the peak response. 398 

The second material parameter studied was the fracture energy 𝐺𝐺𝐹𝐹 , with values of 100 N/m, 250 399 

N/m, 400 N/m, 550 N/m, and 700 N/m. The fracture energy does not affect the ultimate shear 400 

capacity; however, the higher 𝐺𝐺𝐹𝐹 is, the higher the post-peak residual shear capacity is, and less 401 

damage that is observed at the peak response (Fig. 9b). 402 
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 403 

Figure 9 – Parametric variation of the material properties: (a) tensile strength 𝑓𝑓𝑡𝑡, (b) fracture 404 
energy 𝐺𝐺𝐹𝐹. 405 

 406 

4.2 Confinement Pressure and Friction Coefficient 407 

The contact forces transferred between the male and female blocks depend on the confinement 408 

pressure 𝑀𝑀 and the friction coefficient 𝜇𝜇. The grouting of the contraction joints, if applicable, and 409 

the seasonal temperature variations introduce confinement pressure on the contraction joints. 410 

Under normal circumstances, the dam monoliths are presumed to be interlocked and in contact 411 

with one another. Thus, when the keys are being sheared, the effect of dilation is restrained by the 412 

adjacent dam blocks. However, if there is an initial opening or if the contraction joints open during 413 

an earthquake, then the shear keys may be free to dilate. Herein, the restrained dilation condition 414 

is achieved by restricting the lateral movement of the nodes on the side of the male key block after 415 

applying the confinement pressure. 416 

In this section, a parametric variation of the confinement pressure 𝑀𝑀 and friction coefficient 𝜇𝜇 is 417 

performed for cases with free and restrained dilation. Under a condition of no confinement pressure 418 

(𝑀𝑀 = 0 MPa) and free dilation, an ultimate normalised shear stress of 0.3 is obtained irrespective 419 

of the value of the friction coefficient 𝜇𝜇. This is because no frictional force is developed on the 420 
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contraction joint in the shearing direction. Because of the free dilation condition, the male block 421 

moves away from the female block, and a diagonal crack is formed from the edge of the key (Fig. 422 

10a). 423 

When dilation is restrained, an additional confinement pressure is applied to the contraction joint 424 

as the key is sheared. Therefore, more frictional force is developed along the contact interface, and 425 

the ultimate shear capacity increases. The restrained dilation condition also changes the failure 426 

mechanism for 𝑀𝑀 = 0.0 MPa. A diagonal crack is initially developed, but the ultimate shear 427 

capacity is reached immediately before the lower-left edge of the male shear key is crushed under 428 

compression (Fig. 10a). This failure mechanism is also observed for 𝑀𝑀 =  1.0 MPa and 𝑀𝑀 = 2.0 429 

MPa whether dilation is permitted or restrained (Figs. 10b, c). The additional confinement pressure 430 

introduced by restraining dilation is also observed for 𝑀𝑀 =  1.0 MPa and 𝑀𝑀 = 2.0 𝑀𝑀𝑀𝑀𝑀𝑀. 431 

Higher confinement pressure increases the ultimate shear capacity as well as the residual capacity. 432 

It also reduces the length of the diagonal crack formed before reaching the peak response, 433 

especially under the free dilation condition (Fig. 10b, c). Increasing the friction coefficient 434 

increases the ultimate shear capacity for any condition other than 𝑀𝑀 = 0.0 with free dilation (Fig. 435 

11a). It also changes the path, angle, and length of the diagonal crack. The larger the friction 436 

coefficient is, the smaller and more vertical the diagonal crack. Fig. 11b shows the crack patterns 437 

developed for 𝑀𝑀 = 1.0 MPa with free dilation. Similar behaviour is observed for 𝑀𝑀 = 1.0 MPa 438 

with restrained dilation, as well as 𝑀𝑀 = 0.0 MPa and 𝑀𝑀 = 2.0 MPa with both free and restrained 439 

dilation. 440 
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 441 

Figure 10 – Parametric analysis of the confinement pressure and friction coefficient: (a) P = 0.0 442 
MPa, (b) P = 1.0 MPa, (c) P = 2.0 MPa 443 

 444 

 445 

Figure 11 – Interaction P-V-𝜇𝜇: (a) normalised shear capacity response, (b) diagonal crack path 446 
for P = 1.0 MPa and 𝜇𝜇 from 0.0 to 1.5. 447 

 448 

The empirical formulations for estimating the shear key capacity presented in Table 1 generally 449 

assume a friction coefficient of 0.6 for structural concrete. Then, a comparison between the 450 

analytical results and the numerical predictions with 𝜇𝜇 = 0.6 (free dilation and restrained dilation) 451 

is presented in Table 4. The Buyukozturk et al. [11], AASHTO [8], Alcalde et al. [10], and Curtis 452 

and Lum [14] formulations better match the restrained dilation cases. The AASHTO [8] 453 



28 
2021-05-11 

formulation provides the best performance for restrained dilation, underestimating the shear 454 

capacity by an average of 10% compared with the numerical results. Ahmed and Aziz [9], 455 

Rombach and Specker [12], and Turmo et al. [13] better match the free dilation cases. The 456 

Rombach and Specker [12] formulation provides the best performance for free dilation, 457 

overestimating the shear capacity by 4% on average. The Curtis and Lum [14] formulation, with 458 𝜇𝜇 = 0.6, is typically used for shear keys in dams, but it overestimates the shear capacity by 28% 459 

in restrained dilation and by 100% in free dilation for this particular key configuration. 460 

Table 4 – Comparison of the shear stress capacity between the numerical and analytical 461 
results. 462 

Confinement Pressure 0.0 MPa 1.0 MPa 2.0 MPa 

Numerical (CSCM)/Free Dilation 1.56 MPa 3.02 MPa 3.61 MPa 

Numerical (CSCM)/Restrained Dilation 3.44 MPa 3.83 MPa 4.36 MPa 

Buyukozturk et al. [11] 3.50 MPa (2.24/1.02) 4.86 MPa (1.61/1.27) 6.22 MPa (1.72/1.43) 

AASHTO [8] 2.68 MPa (1.72/0.78) 3.53 MPa (1.17/0.92) 4.38 MPa (1.21/1.01) 

Rombach and Specker [12] 2.03 MPa (1.30/0.59) 2.68 MPa (0.89/0.70) 3.33 MPa (0.92/0.76) 

Turmo et al. [13] 1.56 MPa (1.00/0.45) 2.19 MPa (0.72/0.57) 2.82 MPa (0.78/0.65) 

Alcalde et al. [10] 3.33 MPa (2.14/0.97) 4.70 MPa (1.56/1.23) 6.08 MPa (1.68/1.39) 

Curtis and Lum [14]* 4.38 MPa (2.81/1.27) 4.98 MPa (1.65/1.30) 5.58 MPa (1.55/1.28) 

Ahmed and Aziz [9] 2.85 MPa (1.83/0.83) 3.17 MPa (1.05/0.83) 3.48 MPa (0.96/0.80) 

Note: Values in the parenthesis are ratios between the empirical estimation and the numerical results obtained with free dilation and with 
restrained dilation, respectively. 

* Using tan(𝜙𝜙) = 0.6 

4.3 Initial Opening and Imperfections 463 

A shear key initial opening may be caused by imperfections in the moulding of keys during 464 

construction or the sequential grouting process, seasonal temperature variations, or pre-existing 465 

damage to the dam. A parametric analysis including the variation of the initial openings of 0%, 466 

10%, 20%, 50%, and 75% of the depth of the key (30 cm) is performed. The case with a 0% initial 467 
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opening is equivalent to the case with a confinement pressure of 𝑀𝑀 = 0.0 MPa. Increasing the 468 

initial opening reduces the ultimate shear capacity but does not modify the failure mechanism. In 469 

fact, in this parametric analysis the failure mechanism is dependent on the dilation condition (Fig. 470 

12). 471 

An initial opening of 10% reduces the shear capacity by 7% for the case with free dilation. 472 

However, when dilation is restrained, the shear capacity is reduced by 39% (Fig. 13). This 473 

difference in behaviour can be explained as follows. If the joint is initially closed, a restrained 474 

dilation induces an additional confinement pressure on the contraction joint, thus increasing the 475 

shear capacity. However, if the joint is initially open, then the dilation does not affect the 476 

confinement pressure on the joint. Nevertheless, the ultimate shear capacity considering a small 477 

initial opening and restrained dilation is still larger than when considering free dilation because of 478 

the different failure mechanisms (Fig. 13). 479 

 480 

Figure 12 – Parametric analysis of the initial opening: (a) free dilation, (b) free and restrained 481 
dilation. 482 
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 483 

Figure 13 – Interaction between the initial opening and normalised shear capacity. 484 

5. Multiaxial Failure Envelope for a Rectangular Shear Key 485 

The 3D nature of stresses in dam contraction joints (Fig. 1) and the possible opening of the 486 

contraction joints (Fig. 7) show that shear keys could be subjected to a significant bending moment 487 

and torsion. In this section, we study the interactions between the confinement pressure, bending 488 

moment and shear (P-M-V), as well as the interactions between confinement pressure, torsion, and 489 

shear (P-T-V) and how it affects the shear key load carrying capacity. 490 

5.1 Confinement Pressure and Bending Moment 491 

The interaction between the bending moment and shear is studied by applying the confinement 492 

pressure first and then simultaneously applying the shear and bending moment. Shear is introduced 493 

as an imposed displacement, and the bending moment is introduced as a triangular pressure load 494 

(Fig. 8b). The load combinations are labelled Px-Vyy-Mzz, where x is the input confinement 495 

pressure in MPa, yy is the target imposed displacement in mm, and zz is the target bending moment 496 

in MN.m. The normalised shear stress-displacement response is obtained for varying ratios of the 497 

applied bending moment and shear (Fig. 14). All load cases are considered with free dilation. Only 498 
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positive bending moment cases are presented because these are the most critical cases. The applied 499 

shear causes compression at the bottom edge of the key, while on the other hand a negative bending 500 

moment relieves the compression at the bottom edge of the key, increasing the load capacity. Thus, 501 

having no bending moment is a more critical case than having a negative bending moment. 502 

 503 

Figure 14 – Parametric analysis of confinement pressure (P), shear (V) and bending moment (M): 504 
(a) P = 0.0 MPa, (b) P = 1.0 MPa, (c) P = 2.0 MPa. 505 
 506 

The combinations of the bending moment and shear that are applied to the key at a peak response 507 

are plotted in Fig. 15. The shear is measured in MN per m of thickness of the male block, and the 508 

bending moment is measured in MN.m per m of thickness. The applied shear is then calculated by 509 

subtracting the vertical load imposed by the bending moment only at the point of peak response 510 

from the total vertical load. The applied bending moment is then calculated by recovering the input 511 

bending moment at the point of peak response. The interaction between the bending moment and 512 

shear follows a bilinear behaviour for 𝑀𝑀 = 1.0 MPa and 𝑀𝑀 = 2.0 MPa. For a ratio of the applied 513 

moment divided by the applied shear 𝑀𝑀/𝑉𝑉 > 0.7, the observed failure mechanism is an unstable 514 

propagation of the diagonal crack, where the crack propagates in a brittle manner all the way to 515 

the boundary of the model when a certain damage threshold is exceeded (Fig. 15d). For 𝑀𝑀/𝑉𝑉 <516 
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0.7, the observed failure mechanism is crushing of the shear key edge (Fig. 15b). For 𝑀𝑀/𝑉𝑉 ≅  0.7; 517 

both mechanisms are observed almost simultaneously (Fig. 15c). The change in the failure 518 

mechanism from crushing of the shear key edge to unstable propagation of the diagonal crack 519 

significantly reduces the ultimate shear capacity (Figs. 14, 15a). 520 

 521 

Figure 15 – Interaction between the confinement pressure, shear, and bending moment: (a) P-V-522 
M failure envelope, (b) crushing of the edge failure mechanism, (c) mixed failure mechanism, (d) 523 
unstable propagation of diagonal crack failure mechanism (displacements are magnified by 100 524 
times in deformed shapes). 525 
 526 
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For 𝑀𝑀 = 0.0 MPa, only the unstable propagation of the diagonal crack failure mechanism is 527 

observed. This is consistent with the results obtained for 𝑀𝑀 = 0.0 MPa without a bending moment 528 

and with free dilation. Because the case without a bending moment also fails by unstable 529 

propagation of a diagonal crack, applying the bending moment does not affect the failure 530 

mechanism. However, the bending moment reduces the ultimate shear capacity in a nearly linear 531 

manner (Fig. 15a). 532 

5.2 Confinement Pressure and Torsional Moment 533 

The interaction between torsion and shear is studied using the same methodology applied for the 534 

interaction with the bending moment. Only positive torsion is presented because the results are 535 

symmetrical for negative torsion. The P-V-T interaction is nonlinear (Fig. 16a). For 𝑀𝑀 = 1.0 MPa 536 

and 𝑀𝑀 = 2.0 MPa, with a ratio of torsion to shear 𝑇𝑇/𝑉𝑉 < 27, the shear key fails by crushing of 537 

the key edge at the top, immediately followed by shearing-off of the base at the bottom (Fig. 16b). 538 

For 𝑀𝑀 = 0.0 MPa, a diagonal crack is formed, and the base of the key is sheared from the top to 539 

the bottom section (Fig. 16c). However, for 𝑀𝑀 = 1.0 MPa and 𝑀𝑀 = 2.0 MPa, with 𝑇𝑇/𝑉𝑉 > 27 the 540 

shear key fails in tension due to the significant concentrated load at the middle section where the 541 

torsion is applied (Fig. 16d). This type of failure is a consequence of the boundary condition used 542 

to introduce torsion; the actual shear capacity in those cases might be higher. 543 
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 544 

Figure 16 –Interaction between the confinement pressure, shear, and torsion: (a) P-V-T failure 545 
envelope, (b) crushing of the key edged at the top and shearing of the base at the bottom, (c) 546 
shearing of the base for 𝑀𝑀 = 0 MPa, (d) local failure on the plane of application of torsion. 547 
 548 

6. Conclusions 549 

The failure mechanism and related shear strength of shear keys along contraction joints in concrete 550 

dams has been traditionally estimated using a one-dimensional failure mechanism with empirical 551 

formulas. However, 3D multiaxial loading conditions reduce the shear strength that could be 552 

mobilized. The objective of this study was to quantify the peak and residual strength of shear keys 553 

considering multiaxial loading interactions. A numerical model using the LS-Dyna Continuous 554 

Surface Cap Model (CSCM) was calibrated against experimental data available in the literature 555 

and adapted to study concrete dam shear keys. A preliminary analysis of two adjacent gravity dam 556 

monoliths (78 m high) with shear keys in the contraction joints showed that the upstream shear 557 

keys fail by shearing of the base, while the opening of the keys increases downstream at a 39 m 558 
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high section. A submodel with a single shear key based on an existing 58 m gravity dam was 559 

modelled to study the influences of the material parameters, boundary conditions, initial opening, 560 

and the interactions between the normal forces, bending moment, torsion, and shear on the load–561 

displacement response and failure mechanism of shear keys. 562 

The following conclusions are drawn from the case studies presented: 563 

• From a comparison among five concrete constitutive models, it was determined that the 564 

CSCM provided the most satisfactory agreement with the experimental load–displacement 565 

response of concrete shear keys, especially at the post-peak range. 566 

• In a dam section with multiple shear keys, the openings of the keys, due to an external 567 

pressure applied at the upstream face, increase from upstream to downstream when the 568 

keys are free to dilate. This indicates that shear keys are subjected to a bending moment 569 

that affects the failure load and failure mechanism of the keys. 570 

• An increase in the concrete tensile strength from 1.42 MPa to 3.16 MPa causes an increase 571 

in the normalised shear capacity (𝜏𝜏/�𝑓𝑓′𝑐𝑐) of the keys from 0.52 to 0.64 and the maximum 572 

displacement of the key at a peak load from 3.24 mm to 7.32 mm. 573 

• An extensive study was done to determine the upper bound and lower bound of fracture 574 

energy. An increase in the fracture energy from 250 N/m to 700 N/m causes an increase in 575 

the post-peak shear capacity of approximately 15%. The ultimate shear capacity and 576 

displacement at failure are not significantly modified by an increase in the fracture energy. 577 

• The dilation condition of the shear key greatly influences its shear capacity. Restrained 578 

boundary dilation of the shear key increases its shear capacity by an average of 133% for 579 

a confinement pressure of 𝑀𝑀 = 0 MPa, compared to a free dilation condition.  580 
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• The shear capacity estimated using the analytical formulation by Curtis and Lum [14] 581 

(using tan(𝜙𝜙) = 0.6) overestimates the numerical results by 28% considering restrained 582 

dilation, and 80% considering free dilation. 583 

• With free dilation, for 𝑀𝑀 = 2.0 MPa, increasing the friction coefficient at the joint from 584 𝜇𝜇 = 0.0 (𝜙𝜙 = 0°) to 𝜇𝜇 = 1.5 (𝜙𝜙 = 56°) reduces the length of the diagonal crack, increases 585 

the crack angle, and increases the normalised shear capacity from 0.5 to 0.78. When 586 

considering restrained dilation, the increase in normalised shear capacity goes from 0.5 (for 587 𝜇𝜇 = 0.0) to 1.07 (for 𝜇𝜇 = 1.5). 588 

• An initial joint opening of 20% of the shear key depth decreases the shear capacity by 14% 589 

with free dilation and 45% with restrained dilation. The case with restrained dilation 590 

presents a much greater reduction in shear capacity because the initial opening prevents the 591 

increase in confinement pressure due to dilation that would otherwise contribute towards a 592 

higher shear capacity. 593 

• For the rectangular shear key model studied, when simultaneously applying a bending 594 

moment and shear, two different failure mechanisms are possible: (i) a diagonal crack 595 

propagates from the edge of the shear key into the bulk material for 𝑀𝑀/𝑉𝑉 > 0.7  (ratio 596 

between the bending moment and shear), or (ii) the shear key fails by crushing the edge of 597 

the shear key for 𝑀𝑀/𝑉𝑉 < 0.7. The failure envelope for 𝑀𝑀 = 1.0 MPa and 𝑀𝑀 = 2.0 MPa 598 

presents a bilinear diagram where the intersection between the two lines is approximately 599 

at 𝑀𝑀/𝑉𝑉 = 0.7. For 𝑀𝑀 = 0.0 MPa, the only the diagonal crack mechanism is observed and 600 

the failure envelope is linear. 601 

• Three failure mechanisms were observed in the parametric analyses: (i)  shearing-off of the 602 

key base for low values of the concrete strength (𝑓𝑓𝑐𝑐′ ≤ 20 MPa), (ii) crushing of the key 603 
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edge for 𝑀𝑀 > 0 MPa and for 𝑀𝑀 = 0 with a restrained dilation, and (iii) unstable propagation 604 

of a diagonal crack for 𝑀𝑀 = 0 with free dilation and for ratios of 𝑀𝑀/𝑉𝑉 > 0.7. 605 

The conclusions above were obtained for rectangular shear key submodels subjected to quasi-static 606 

monotonic loads. Moreover, the lateral boundary conditions are either free or completely 607 

restrained. The other boundary conditions are a simplification of the actual conditions in a 608 

complete dam. Future research will focus on a study of multiple shear keys of different geometries, 609 

the possibility of sequential failure, and the extension to cyclic and earthquake loadings. 610 
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Appendix Table A.1 – Experimental Data on GF 766 

Source Specimen fc (MPa) ft (MPa) 𝒅𝒅𝒂𝒂 (mm) 
𝒉𝒉𝟐𝟐 

(mm) 

𝒉𝒉𝟐𝟐
/𝒅𝒅𝒂𝒂  

E (GPa) w/c GF (N/m) 

Bruhwiler [62] 

Arch Dam A 48* 2.4 80 - - 36 0.5* 230.0 

Arch Dam B 46* 2.3 120 - - 27 0.5* 310.0 

Arch Dam C 40* 2 120 - - 29 0.5* 270.0 

Structural 
Concrete 

68* 3.4 32 - - 36 0.5* 140.0 

Bruhwiler et al. [63] 

Medium 45.4* 2.27 38 610 16.1 17.2 0.5* 222.0 

Medium 41* 2.05 76 610 8.0 17.3 0.5* 226.0 

Large 45.4* 2.27 38 1081 28.5 16.7 0.5* 259.0 

Large 41* 2.05 76 1081 14.2 14.1 0.5* 236.0 

Saouma et al. [64] 
Small 24.8 2.67 38 200 5.3 16.9 0.55 240.0 

Medium 36.6 3.96 38 610 16.1 23.2 0.55 227.0 

Large 18.9 2.41 76 1070 14.1 16.5 0.55 230.0 

Li et al. [65] 

D800-28 26.64 2.7 150 480 3.2 23 0.41 520.0 

D800-90 30.5 3.21 150 480 3.2 25 0.41 600.2 

D800-180 30.75 3.24 150 480 3.2 26.2 0.41 631.8 

D1000-180 30.75 3.24 150 600 4.0 26.2 0.41 850.0 

D1200-180 30.75 3.24 150 720 4.8 26.2 0.41 579.9 

Guan et al. [51] 

FG800 29.37 3.04 150 480 3.2 26.12 0.41 504.9 

FG1000 29.37 3.04 150 600 4.0 26.12 0.41 567.2 

FG1200 29.37 3.04 150 720 4.8 26.12 0.41 643.8 

FG1500  29.37 3.04 150 900 6.0 26.12 0.41 754.6 

FG2250 29.37 3.04 150 1350 9.0 26.12 0.41 759.7 

Ben Ftima and Lemery [50] 

A38 20.3 2 38 179 4.7 25 0.58 449.0 

A76 25.4 2 76 405 5.3 25 0.58 646.0 

B76 (with 
NaOH) 

23.7 2 76 423 5.6 25 0.58 589.0 

Bakour and Ben Ftima [66] 

WS-700-2 Exp. 34.8 2.088* 100 528 5.3 29.4 0.55 386.0 

WS-700-5 Exp. 34.8 2.088* 100 330 3.3 29.4 0.55 288.0 

WS-700-2 DFPZ 34.8 2.088* 100 528 5.3 29.4 0.55 459.0 

WS-700-2 SBEM 34.8 2.088* 100 528 5.3 29.4 0.55 550.0 

WS-2440-05 C1 34.8 2.088* 100 1170 11.7 29.4 0.55 335.0 

WS-2440-05 C2 34.8 2.088* 100 1170 11.7 29.4 0.55 458.0 

*Estimated values that are not specified in the source 

Note: values of ℎ2 are not reported in Bruhwiler [62] 
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