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Abstract 

Nonlinear behaviour of contraction joints in arch dams, such as joint opening and sliding caused by hydrostatic 

pressure and temperature variations can affect the dam’s serviceability. Furthermore, strong seismic events can 

additionally alter the response in dynamic conditions, impacting the natural period and stress redistribution in the 

arches and cantilevers. In order to enhance structural integrity with additional shear strength, shear key elements 

are usually installed along these joints. However, traditional modeling with the actual shear key geometry results 

in complex analyses. This paper presents a novel approach for simulating shear key behaviour by modifying the 

flat joint concept in ADAD-IZIIS software. The method introduces additional tangential stiffness to the flat joint's 

stiffness matrix to simulate shear resistance derived from the key geometry. The model uses a uniaxial constitutive 

law for nonlinear behaviour in normal and Coulomb's friction law in the tangential direction. This paper presents 

the first part of a comprehensive study examining the influence of the key shape and angle through numerical 

experiments using refined FE models of flat, bevelled, and unbevelled shear key joints. The additional shear 

resistance Fτ,add is calculated by increasing the initial modulus of elasticity En,τ in the local shear direction as 

Enτ,add=kad*En,τ, applying the additional tangential stiffness coefficient kad, derived from the experimental analyses. 

Results indicate that the shape and angle of the key greatly influence the element's shear resistance. Unbevelled 

shear key joint increases tangential stiffness by approximately 60%, while the bevelled joint by 23% compared to 

the flat joint. Although tangential stiffness minimally affects the extreme joint openings at the top edge, the 

unbevelled joint significantly reduces openings along the joint length. The research confirms the efficiency of the 

proposed approach in simulation of the complex nonlinear behavior of an arch dam constructed with shear key 

joints. 

Keywords: contraction joint, nonlinear behaviour, shear key, numerical experiment. 

1. Introduction 

Arch dams are highly efficient structures that transfer large compressive stresses to the supports through 

their curved arch geometry [1]. In order to control tensile stresses development caused by expansion 

and contraction during concreting, temperature variations, as well as seismic activity, arch dams are 

constructed in monolithic blocks separated by vertical joints [2]. These joints, however, are potential 

weak points due to imperfections in the grouting process, making them susceptible to initial damage 

from temperature variations and strong earthquakes [3]. During strong earthquakes, the monoliths 

undergo relative displacements, resulting in joint opening and shear sliding, causing significant 

redistribution of internal forces both during the seismic action and afterward due to residual joint 

openness. Several studies [4][5][6][7][8] have demonstrated that the nonlinear behaviour of these joints 

in arch dams, including their opening and shear sliding increases the natural period of the dam and leads 

to a significant redistribution of stresses in the arches and cantilevers. Therefore, accurate numerical 

simulation of these behaviours is critical for evaluating the static and seismic stability of arch dams. 

To improve the compactness, shear strength and enhance the overall integrity of arch dams, shear key 

elements are often incorporated along the joints in the radial and/or longitudinal directions. These 

elements are designed to provide additional shear resistance when joints experience normal 
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displacements, i.e. opening in the normal direction [9]. While shear keys offer significant advantages, 

including improved monolithic integrity particularly in thinner arch dams, their analytical modeling 

remains challenging. Despite advancements over the last four decades, comprehensive analysis of arch 

dams with shear key joints remains limited. Namely, over the past four decades, number of different 

constitutive models have been applied for joint behaviour simulation, progressing from models that 

include only the normal displacement of joints, to models that include the relationship between the 

opening and shear sliding in the contact.  

Early modeling efforts include contact elements derived from rock mechanics, such as finite elements 

for soft material contacts that do not work in tension [10][11][12]. Beer, 1985 [13] developed a contact 

element using special quasi-continuum finite elements with a small thickness and a prescribed reduced 

stiffness. However, further studies are needed to extend the applicability of this method for simulation 

of dynamic behaviour. Further developments introduced nonlinear spring models [14], which also failed 

to incorporate the most important mechanical properties of the shear key elements, including initial 

tensile stresses from grouting and shear strength loss due to dilation. Later studies incorporating 3D 

contact elements were limited to simulating the behaviour of the joint in the normal direction only, 

neglecting the interaction effects between normal and tangential displacements [4]. The first FE models 

with a discrete crack in the joint were developed for tensile failure for a prescribed lower limit only for 

static load [15] or not considering all physical properties of the joint [16].  

A gap element introduced into the ADINA software assumed identical movement of contact element 

points in the vertical and radial directions, an assumption that does not align with the observed 

behaviour of shear key joints [17]. Similarly, a nonlinear contact element incorporated in the ADAP-

88 software considered both normal and tangential displacements but didn’t consider the geometric 

characteristics of the shear key elements [18]. Another approach employed a zero-thickness contact 

element to model structural joints, considering opening, closing, and shear effects, as well as limiting 

relative tangential displacements based on a predefined slip limit specified according to the joint's 

geometry [5]. While this method achieves satisfactory accuracy for prevented slip in the contact, under 

conditions of partial slip with partial joint openness its efficiency needs to be improved. 

The discrete crack contact model proposed by Ahmadi et al., 2001 [3] was used to capture the nonlinear 

interaction between shear and tension behavior, making it an important advancement in understanding 

the key mechanical properties of joints. This model incorporates partial tangential sliding that depends 

on normal displacements, assuming elastic behavior for closed joints and fully plastic behavior when 

the shear strength is exceeded. Additional efforts to model contact elements include elements with zero 

thickness [19] as well as linear springs [20], both of which ignore the most important shear key effects. 

More precise joint configurations have been adopted in numerical simulations to achieve realistic 

representations of shear key joint behaviour [21]. However, analyses’ results show significant stress 

concentrations at sharp contact angles, that highlights the need for further model refinements. 

Additional developments, such as the introduction of additional tangential nonlinear spring elements 

with enhanced stiffness to simulate shear key effects address some of these challenges [22]. Still, further 

improvements remain necessary, as current models lack comprehensive consideration of different shear 

key geometries.  

Simulating the nonlinear behavior of joints presents a significant challenge, particularly in accounting 

for all influencing factors and addressing computational limitations. A major difficulty is accurately 

modeling of the complex shear key geometry, as the dense finite element mesh required for precise 

representation often leads to computational impracticalities. To address this, it is necessary to develop 

a constitutive law that will integrate the effect of material nonlinearity of the grouting mass with the 

restrictive shear effect of the shear key geometry. In this study, a nonlinear constitutive model for 

simulating the behavior of shear key joints is developed. The model integrates existing research insights 

and introduces modifications based on numerical experiments to accurately replicate shear key 

behavior. The model is based on a 3D flat joint contact element previously integrated into the ADAD-

IZIIS software [23]. This paper presents the first part of a comprehensive study, focusing on results of 
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numerical experiments that investigate the influence of the key shape and angle on the behaviour of 

shear key joints in arch dams. 

2. 3D flat contact element implemented in the ADAD-IZIIS software 

The flat joint behaviour in the software [23] is simulated using a 3D contact element positioned between 

two adjacent finite elements (representing concrete monoliths) with different mechanical properties. 

The finite elements can be modelled with 6, 8, 15 or 20 points, while the contact elements with 6, 8, 12 

or 16 points. Each pair of nodes has identical global coordinates, with one node on the lower contact 

surface (П1) and the corresponding node on the upper contact surface (П2). Fig. 1 illustrates these 

contact surfaces, representing the faces of two different finite elements in the contact, each defined by 

eight points. 

 

Figure 1. Schematic representation of the 8-point contact element 

The contact element follows a uniaxial constitutive law for the nonlinear behaviour in the normal 

direction (Fig. 2a) and Coulomb's law of friction for the two tangential directions (Fig. 2b), capturing a 

coupled effect of the stresses in all three directions of the contact. The mechanical properties of the 

grouting mass are adopted with slightly lower values than the concrete in the monoliths, namely: 

modulus of elasticity in the normal and tangential directions E=25.5*107 kPa, tensile strength 

σt,doz=1000 kPa, compressive strength σc,doz=25500 kPa, compressive dilation εc=0.2*10-3 m, 

compressive dilation εfail=0.3*10-3 m when the compressive strength drops to σc,fail=20 000 kPa and 

shear strength τ=2000 kPa. The monoliths assume linear behaviour of concrete corresponding to 

C25/30, with the following characteristics: modulus of elasticity En=31.5*107 kPa, Poisson's ratio ν=0.2 

and bulk density γcon=24.0 kN/m3. 

 

Figure 2. Constitutive relations for the behaviour of the grouting mass in construction joints in the a) normal 

direction and b) two tangential directions 

a) 
b) 
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3. Numerical experiment for shear key joint behaviour simulation in arch dams 

The simulation of shear key joint behaviour in the study incorporates modifications to the flat element 

concept in the tangential direction, introducing additional shear resistance that is induced by the 

geometric shear resistance of the shear key element. Further key assumptions are:  

1. The tangential shear resistance combines the Coulomb’s friction force, and an additional shear 

resistance attributed to the shear key geometry when the element is activated:  

 Fτ = Fτf + Fc + Fτad = (μn + c) + Fτad (1) 

2. When the joint opens, the shear resistance depends solely on the joint’s geometry until shear failure 

occurs within the key.   

3. The behaviour of shear key joints results from the interaction between relative normal and tangential 

stresses.   

4. The additional tangential force is obtained by increasing the initial modulus of elasticity in the 

direction of the shear key element. The increased modulus of elasticity E1 τ,add is expressed as: 

 E1 τ,add = kad ∗ E1,τ (2) 

where kad is the additional tangential stiffness coefficient, and E1,τ is the initial tangential modulus of 

elasticity. The coefficient kad is determined through numerical experiments using three very refined 

finite element models, one with a flat joint configuration (Model 1, Fig. 3 a), and two models with 

different geometry of the shear key joint, a bevelled shear key joint with a 30° angle (Model 2, Fig.3 b) 

and an unbevelled shear key joint (Model 3, Fig. 3 c). These models enable the quantification of the 

additional stiffness effects influenced by the shear key geometry, its shape and key angle. 

            

Figure 3. Geometric characteristics: a) Model 1, b) Model 2, and c) Model 3 

Fig. 4 shows the finite element mesh and boundary conditions applied to the analysed models. In each 

configuration, the left side is fixed, while a horizontal static force is applied incrementally in 20 steps 

on the right side. The force is incremented according to the linear relation 𝐹𝑓𝑚𝑖 = 𝐹𝑠 ∗ 𝑓𝑚𝑖, where the 

multiplier fmi ranges from 1 to 50, while the horizontal static force applied at the first loading step has 

a magnitude of 25000 kN. The experiment is conducted until the uniaxial compressive strength in the 

contact’s normal direction is reached. For Models 2 and 3, a constant tangential modulus of elasticity 

is adopted, while for Model 1 different coefficients of additional tangential stiffness kad are applied until 

the contact slip values between the flat joint and shear key joints coincide. This approach easily 

determines the values of kad that effectively replicate the shear resistance effects induced by the shear 

key geometry, allowing these effects to be easily incorporated into the flat joint model. 

        

Figure 4. Finite element mesh and boundary conditions for: a) Model 1, b) Model 2 and c) Model 3 

a) b) c) 

a) b) c) 
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4. Results from numerical experiments 

The conducted numerical experiments in the first part of this study offer a comprehensive evaluation of 

the behaviour of different types of shear key joints compared to flat joints under incremental loading 

conditions. The shear key joints are analysed separately and compared with the flat joint, using various 

coefficients of additional tangential stiffness kad. For the bevelled shear key (Model 2) comparisons 

were made with the flat joint (Model 1) using coefficients kad=1.0 (equal tangential stiffness for both 

models), kad=1.08, kad=1.18 and kad=1.23. For the unbevelled shear key joint (Model 3), coefficients 

with values of kad=1.0, kad=1.23, kad=1.49 and kad=1.60 were adopted for the flat joint (Model 1). 

Fig. 5 shows the horizontal displacements in the monolithic blocks in both global directions for 

incremental load factor fmi=50: a) Model 1 with kad=1.0, b) Model 2 and c) Model 3. Fig. 6 illustrates 

the zones of open contact elements in the joints for the same load factor (fmi=50) for Model 1 with 

kad=1.0, Model 2 and Model 3. For all joint types, the concentration of open elements occurs 

predominantly in the upper half of the contact zone, which aligns with the action of a bending force. 

The stress-strain relationships for all models are shown in Fig. 7, focusing on the contact elements 

where extreme responses occur. The figure shows the stress-strain relationships for: Model 1 with 

kad=1.0 in the contact elements in which the maximum: a) opening in the direction of the normal (CE 

586) and b) sliding in the direction of the shear key element (CE 275) occur; Model 2 in the contact 

elements in which the same extremes occur, shown in the corresponding elements: c) CE 586 and d) 

CE 132 and Model 3 in the contact elements where the extremes occur: e) CE 370 and f) CE 617. Each 

figure also highlights the position of these elements. 

 

 

Figure 5. Horizontal displacements in the monoliths in both global directions (fmi=50): a) Model 1 with kad=1.0, 

b) Model 2 and c) Model 3 

   

Figure 6. Open contact elements (fmi=50): a) Model 1 with kad=1.0 (46% open elements), b) Model 2 (45% open 

elements) and c) Model 3 (35% open elements) 

a) 

b) c) 

a) b) c) 
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Figure 7. Normal stress–strain relationship (fmi=50) in Model 1 (kad =1.0) for elements with maximum: a) 

opening in the direction of the normal (CE 586), b) sliding in the direction of the element (CE 275); Model 2: c) 

opening (CE 586), d) sliding (CE 132); and Model 3: e) opening (CE 370) and f) sliding (CE 617) 

a) 
b) 

c) d) 

e) f) 
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The histories of maximum values of characteristic parameters, including shear sliding deformations, 

contact openings and horizontal displacements in the left and right monolithic blocks in the global y-

direction are shown in Fig. 8 to Fig. 11. These parameters are calculated as functions of the incremental 

loading factor for Models 2 and 3 (shear key joints) and Model 1 (flat joint) with all coefficients of 

additional tangential stiffness kad. The results highlight significant differences in behaviour between the 

models. 

The largest differences between the two models that are compared are in the contact shear sliding 

deformations. According to Fig. 8, the largest differences occur between Model 1 with kad=1.0 and 

Models 2 and 3, i.e. when all models have equal modulus of elasticity in the tangential direction.  The 

maximum sliding deformation in the bevelled shear key joint (Model 2) is γmax=0.87 mm, 24% smaller 

than the maximum deformation observed in the flat joint (γmax=1.14 mm), Fig. 8a. For the unbevelled 

shear key joint (Model 3), the maximum sliding deformation is γmax=0.54 mm, more than 50% smaller 

than the slip in the flat joint, Fig 8b. As the coefficient kad increases, the maximum sliding values in the 

flat joint converge towards those in the shear key joints. A good agreement in the values between the 

flat and bevelled shear key joints is achieved for kad=1.23, and between the flat and unbevelled shear 

key joints for kad=1.60. These shear sliding extremes for all types of joints occur near the middle of the 

contact zone (Figure 7b, d, f), immediately after maximum opening zones (Figure 6), consistent with 

the applied boundary conditions and forces. 

Insignificant differences in values of maximum opening are observed across all models, with δmax=0.923 

mm for Model 2, δmax=0.926 mm for Model 3, and δmax=0.924 mm for Model 1 with kad=1.0 (Figure 9). 

This indicates that under pure bending loads, the additional tangential stiffness has a minimal impact 

on the maximum joint opening. Shear key joints (Models 2 and 3) exhibit increased tangential stiffness, 

resulting in dominant opening behaviour over sliding. For Model 1, as the loading factor fmi exceeds 

30, sliding deformations become more pronounced due to plastic yielding after exceeding the allowable 

shear stress. The maximum openings occur at the upper edge of the contact zone (Figure 7a, c, d), where 

the bending curvature is uniform across all analysed models, explaining their similar behaviour. That’s 

why it’s also useful to discuss openings in other characteristic elements along the contact. Additional 

analyses of openings in three characteristic contact elements along the joint, at the first key, the mid-

point of the contact, and the second key (not shown in the paper) reveal that the unbevelled shear key 

joint (Model 3) more significantly reduces contact openings compared to the bevelled joint (Model 2). 

The shear sliding deformation ratios between Model 2 and Model 1 are 9% for the first contact element, 

0% for the second (mid-part element), and 3% for the third contact element. For Model 3, these slip 

ratios are 51%, 70% and 51% for the three points, respectively. The same can be concluded by analysing 

the open elements zones, 35% open elements in Model 3, compared to 45% in Model 2 and 46% in 

Model 1 with kad=1.0. 

Horizontal displacements in both monolithic blocks show the largest differences when comparing 

models with equal tangential stiffness, with differences decreasing as kad increases. While values for 

the flat joint approach those of the shear key joints when kad increases, they do not fully converge. For 

all joint types, the left monolithic block shows smaller maximum displacements compared to the right 

block, as dictated by the boundary conditions. In Model 3, the maximum displacement in y-direction in 

the left block (uy=27.90 mm) is slightly higher than in Model 2 (uy=26.61 mm), though both are smaller 

than the displacements in the flat contact, Model 1 with kad=1.0 (uy=28.69 mm), Fig. 10. In the right 

block, maximum displacements in y-direction are uy=36.21 mm for Model 2 and uy=28.34 mm for 

Model 3, both smaller than the flat joint (uy=40.95 mm), Fig. 11. The relative horizontal displacements 

between the blocks are significantly smaller in Model 3 (Δuy=0.45 mm) compared to Model 2 

(Δuy=9.61 mm), with both being smaller than Model 1 (Δuy=12.26 mm). The bevelled shear key joint 

reduces relative displacement by 20%, while the unbevelled shear key joint achieves over a 90% 

reduction. These results align with the reduced shear sliding deformation and increased tangential 

stiffness of the unbevelled shear key joint. 
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Figure 8. History of maximum shear sliding in the contact as a function of the incremental load factor for: (a) 

Model 1 and Model 2, (b) Model 1 and Model 3 

 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1 5 10 15 20 25 30 35 40 45 50

S
h
ea

r 
sl

id
in

g
 γ

 [
m

m
] 

Incremental load factor

Model 2 Model 1 (Kad=1.0) Model 1 (Kad=1.08) Model 1 (Kad=1.18) Model 1 (Kad=1.23)

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1 5 10 15 20 25 30 35 40 45 50

S
h
ea

r 
sl

id
in

g
 γ

 [
m

m
]

Incremental load factor

Model 3 Model 1 (Kad=1.0) Model 1 (Kad=1.23) Model 1 (Kad=1.49) Model 1 (Kad=1.60)

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1 5 10 15 20 25 30 35 40 45 50

Jo
in

t 
o

p
en

in
g
 ε

z 
[m

m
] 

Incremental load factor

Model 2 Model 1 (Kad=1.0) Model 1 (Kad=1.08) Model 1 (Kad=1.18) Model 1 (Kad=1.23)

a) 

b) 

a) 

653

https://doi.org/10.5592/CO/3CroCEE.2025.111


Proceedings of the 3rd Croatian Conference on Earthquake Engineering - 3CroCEE 

19–22 March 2025, Split, Croatia 
Copyright © 2025 CroCEE 

DOI: https://doi.org/10.5592/CO/3CroCEE.2025.111 

 

 

Figure 9. History of maximum opening in the contact as a function of the incremental load factor for: (a) Model 

1 and Model 2 and (b) Model 1 and Model 3 

 

 

Figure 10. History of maximum horizontal displacements in the global y-direction in the left monolithic block as 

a function of the incremental load factor for: (a) Model 1 and Model 2 and (b) Model 1 and Model 3 
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Figure 11. History of maximum horizontal displacements in the global y-direction in the right monolithic block 

as a function of the incremental load factor for: (a) Model 1 and Model 2 and (b) Model 1 and Model 3 
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needed. These findings underscore the significant impact of shear key geometry on the overall stiffness 

of the model, with each joint configuration contributing differently to the tangential resistance. 

Despite different sliding behavior, all models exhibit nearly identical joint opening values, with the 

maximum occurring at the upper edge of the contact where the bending curve remains consistent across 

all models. This uniformity suggests that tangential stiffness has a negligible influence on the maximum 

joint opening. However, analyses of openings across different contact elements along the contact, reveal 

that the unbevelled shear key joint not only enhances tangential stiffness and shear sliding resistance, 

but also significantly reduces openings along the contact. Maximum horizontal displacements in the 

global y-direction within the contact zone, as well as relative displacements between the monolithic 

blocks, correspond closely to the observed shear sliding behavior. Furthermore, the response curves for 

all joint types demonstrate consistent trends across the analysed parameters. 

The study findings confirm that the favourable shear key joint geometry (of both analysed types) 

significantly increases the tangential stiffness compared to flat joints. The geometry of the joints, 

particularly the shape and angle of the shear key element are key factors influencing the shear resistance. 

It should be noted that the segment analysed in this first part of the study corresponds to the lower part 

of the arch dam, where the greater thickness minimizes slippage and joint openings. The second part of 

the study, titled “Numerical experiment for shear key joint behaviour simulation in arch dams: Part 2 

– Investigating the influence of the arch thickness and applied force”, will examine an upper dam 

segment, highlighting the need of incorporating arch thickness as a critical parameter in future analyses. 

It is particularly important to evaluate the role of arch thickness in influencing tangential stiffness for 

identical shear key configurations. Additionally, the second part of the study will also explore the effects 

of varying applied forces. 

The research confirms the efficiency of the proposed approach in simulation of the complex nonlinear 

behavior of an arch dam constructed with shear key joints, eliminating the need for explicit geometric 

modeling. The model will be applied to simulate contraction joints in an arch dam, evaluating the impact 

of the different joint types on stress redistribution and the overall structural response under static and 

dynamic loading conditions. 
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