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Abstract 

Traditional expansion joints in bridge structures are prone to durability problems, such 
as leakage, corrosion, and high maintenance demands, which can significantly reduce 
service life. To overcome these limitations, ultra-high-performance concrete (UHPC) link 
slabs have emerged as an effective jointless solution; however, their mechanical 
performance and sensitivity to key design and modeling parameters are not yet fully 
understood. This study presents a nonlinear finite element investigation of UHPC link 
slabs using the Concrete Damaged Plasticity (CDP) model in ABAQUS. A baseline model, 
validated against the experimental results, was established with a link slab length of 1100 
mm and representative material and detailing properties. A systematic sensitivity analysis 
was then performed by varying five geometrical parameters (link slab length and 
thickness, debonding length, reinforcement diameter, and reinforcement spacing) and 
five numerical/material parameters (non-debonding and debonding interface friction 
coefficient, UHPC and normal concrete compressive strength, and steel yield strength). 
For each case, the load–displacement response was examined through initial stiffness (K0), 
yield and peak load–deformation values (Py, Δy and Pu, Δu), and ductility ratio (µ). The 
results highlight the dominant role of reinforcement detailing; larger bar diameters and 
closer spacing substantially increased stiffness and strength while maintaining ductility. 
Debonding length emerged as a critical tuning parameter, with longer debonding 
improving ductility but slightly reducing strength. Slab thickness primarily influenced 
stiffness, whereas overall length showed minor effects on peak capacity. On the numerical 
side, steel yield strength proved to be the most influential input, affecting all response 
measures, while the non-debonding interface friction coefficient strongly governed yield 
capacity. Variations in the debonding friction coefficient, UHPC compressive strength, 
and normal concrete strength exhibited secondary influence within the tested ranges. 
Overall, the findings provide practical guidance for both the designing and detailing of 
UHPC link slabs and the calibration of FEM (finite element modeling) models. By 
clarifying which parameters most strongly govern stiffness, strength, and ductility, this 
study supports more reliable structural design and efficient numerical modeling of UHPC 
link slabs in accelerated bridge construction applications. 
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1. Introduction 
Bridge structures are critical to modern infrastructure, ensuring connectivity and 

facilitating economic growth. However, the durability and service life of these structures 
are often compromised due to the degradation of key elements such as expansion joints. 
Expansion joints, typically installed at the ends of simple-supported girders, 
accommodate thermal and mechanical movements. However, their susceptibility to 
chloride infiltration, water leakage, and debris accumulation often leads to severe 
deterioration, causing corrosion of reinforcement and concrete spalling [1–3]. This 
warrants frequent maintenance, significantly increasing lifecycle costs. 

Jointless bridges have emerged as a promising solution to address these challenges. 
A key component in such bridges is the link slab, which replaces traditional expansion 
joints and provides continuity between adjacent spans. Conventional reinforced concrete 
(RC) link slabs, however, are prone to cracking due to their low tensile strength and the 
complex stress states induced by traffic loads, thermal variations, creep, and shrinkage [4–
6]. To address these limitations, advanced materials such as ultra-high-performance 
concrete (UHPC) have been introduced. UHPC, with its superior tensile strength, high 
strain capacity, and enhanced durability, offers many advantages over conventional RC, 
particularly in limiting crack widths and improving structural longevity [7–11]. 

Recent studies have provided deeper insights into the behavior and design 
optimization of UHPC link slabs. Lepech and Li [6] demonstrated the crack control 
capabilities of engineered cementitious composites (ECCs) and UHPC, highlighting their 
potential to reduce maintenance demands. Lin et al. [1] performed numerical analyses 
showing that UHPC link slabs exhibit significantly higher tensile stiffness and load-
carrying capacity when compared to RC link slabs, with enhanced resistance to 
environmental degradation. Further, Shan et al. [7] studied the flexural performance of 
UHPC thin slabs reinforced with steel bars, revealing improved durability in extreme 
conditions, which is particularly relevant for bridge applications. 

Experimental research has played an important role in validating the performance of 
UHPC link slabs. Briseghella et al. [8] conducted monotonic tension tests, demonstrating 
that UHPC link slabs achieve 2.6 times the tensile stiffness and 2.4 times the ultimate load 
capacity compared to RC link slabs. Additionally, UHPC link slabs exhibited a higher 
number of cracks with significantly smaller crack widths, improving crack control and 
durability. These findings highlight the material’s potential for extending bridge service 
life and reducing maintenance costs. 

Further advancements have explored the role of reinforcement detailing and 
debonding techniques in optimizing UHPC link slabs. Au et al. [12] investigated the 
effectiveness of debonding layers in reducing stress concentrations at girder interfaces, 
leading to enhanced crack control and durability. Sun et al. [13] studied the flexural 
performance of ultra-high-performance concrete-normal concrete composite slabs, 
providing insights into the material’s structural behavior under different loading 
conditions. Additionally, Hossain et al. [14] evaluated the long-term behavior of ECC-
incorporated UHPC link slabs in joint-free bridge decks, confirming their effectiveness in 
enhancing structural resilience. 

The research presented in this paper builds upon the experimental study conducted 
by Briseghella et al. [8], incorporating detailed Finite Element Modeling (FEM) to predict 
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the mechanical behavior of UHPC link slabs under realistic conditions. Additionally, 
previous finite element investigations on pre-stressed UHPC girders have demonstrated 
the capability of advanced nonlinear modeling approaches to accurately capture the 
flexural behavior, crack propagation, and material response of UHPC structural members 
under service and ultimate load conditions [9]. The validated FEM model forms the 
foundation for a comprehensive parametric study, examining the influence of geometrical 
parameters—including link slab length, thickness, reinforcement diameter, and 
debonding length—as well as numerical parameters such as friction coefficients, 
compressive strengths of UHPC and normal concrete, and steel reinforcement yield 
strength on the structural performance of UHPC link slabs. The goal is to provide design 
optimization strategies for UHPC link slabs, ensuring cost-effective and durable solutions 
for bridge construction and rehabilitation. 

2. Materials and Methods 
2.1. Overview of Experimental Work 

Briseghella et al. [8] conducted an experimental study to investigate the tension 
mechanisms of UHPC link slabs under monotonic tensile loading. The study aimed to 
compare the mechanical response of UHPC link slabs to that of conventional reinforced 
concrete (RC) link slabs in terms of stiffness, crack development, and load-bearing 
capacity. 

The experimental program involved testing two specimens, each consisting of two 
C40 concrete girders, two C40 concrete deck slabs, and one link slab. The primary 
difference between the specimens was the material used in the link slab: one was 
constructed with conventional concrete (C40), while the other utilized UHPC. The test 
setup included girders with a length of 1500 mm and a height of 400 mm, deck slabs 
measuring 970 mm in length and 100 mm in height, and link slabs with a length of 1100 
mm and a height of 100 mm. The overall specimen width was 1000 mm. A rubber 
debonding layer with a thickness of 3 mm and a length of 600 mm was introduced 
between the link slab and the adjacent girders to simulate practical field conditions and 
reduce stress concentrations at the interface. These dimensions are illustrated in Figure 1a 
[8]. 

The test specimens were subjected to a horizontal tensile force applied using a 
hydraulic jack, simulating the longitudinal deformation induced by uniform temperature 
changes in bridge decks. The applied load was incrementally increased, and 
displacement-controlled loading was used to capture the structural response. Figure 1 
presents an elevation view and the actual test setup [8]. 

The UHPC mix design consisted of a pre-blended powder matrix, silica fume, quartz 
sand, superplasticizers, steel fibers, and water. The mix included cement, silica fume, fine 
and coarse aggregates, superplasticizers, and steel fibers to enhance durability and tensile 
capacity. Material characterization tests determined the mechanical properties of both 
UHPC and conventional concrete, confirming the superior strength and ductility of UHPC 
compared to traditional concrete [8]. Additionally, the reinforcement consisted of HRB335 
steel bars with an elastic modulus of 200 GPa, a yield strength of 342 MPa, and an ultimate 
strength of 520 MPa [8]. 
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(a) 

(b) 

Figure 1. Test set-up and arrangement of gauges: (a) elevation view, (b) experimental work photo 
[8]. Please define LVDTs here. 

To improve clarity and provide a structured overview of the research methodology, 
a flowchart summarizing the overall research process is presented in Figure 2. The 
flowchart outlines the sequential steps followed in this study, from the selection of the 
experimental reference and development of the finite element model to model validation, 
baseline definition, and subsequent geometrical and numerical parametric analyses. 
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Figure 2. Flowchart illustrating the overall research methodology. 

As illustrated in Figure 2, the experimentally validated finite element model serves 
as the foundation for the subsequent parametric investigations. Following validation, the 
baseline configuration is defined, and systematic variations of key geometrical and 
numerical parameters are performed. The resulting structural responses are then 
extracted and compared to quantify the influence of each parameter on the mechanical 
behavior of UHPC link slabs. 

2.2. Finite Element Model 

A comprehensive Finite Element Analysis (FEA) was conducted to examine the 
structural behavior of the laboratory-scale experimental model, which consists of multiple 
components, including girders, deck slabs, a UHPC link slab, reinforcement, and a rubber 
debonding sheet. ABAQUS 2023 [15] was utilized to develop the numerical model, 
ensuring appropriate replication of the experimental setup. The investigation focused on 
capturing key structural responses, including the load versus maximum displacement of 
the link slab, crack propagation patterns, and the relationship between load and both 
UHPC and reinforcement strain under displacement-controlled loading. After validating 
the FE numerical model against the experimental results, a parametric study was 
conducted to optimize UHPC link slab design by analyzing the influence of slab thickness, 
reinforcement ratios, and debonding techniques. 

The development of the numerical model encompassed essential considerations such 
as geometry, material model implementation, discretization techniques, defining 
interactions between different materials, establishing appropriate boundary conditions, 
and utilizing displacement-controlled loading. These factors were carefully implemented 
to ensure an accurate representation of the experimental behavior. The subsequent 
sections provide further details of the FEA. 
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2.2.1. Geometry and Discretization 

The geometric representation of the UHPC link slab system was developed in 
ABAQUS to accurately replicate the experimental setup. The model includes two girders, 
two deck slabs, a UHPC link slab, and a reinforcement layout, with each component 
precisely defined to reflect its physical dimensions. Figure 3 illustrates the overall 
geometric configuration of the model, providing different views to showcase the 
structural arrangement. Additionally, Figure 4 presents a detailed breakdown of the 
individual components, including the left and right girders, left and right deck slabs, 
reinforcement layout, and UHPC link slab, ensuring a comprehensive understanding of 
the modeled system. 

The discretization process employed an appropriate element formulation to 
accurately capture the structural behavior. The UHPC link slab, girders, and deck slabs 
were meshed using eight-node reduced integration brick elements (C3D8R). These 
elements, possessing eight nodes with three degrees of freedom in the x, y, and z 
directions, are well-suited for modeling the complex behavior of concrete, including 
tensile cracking, compressive crushing, and large deformations [15]. The steel 
reinforcement was represented using two-node truss elements (T3D2), with each strand’s 
cross-sectional properties explicitly defined within the 3D solid. T3D2 elements are 
specifically designed to simulate one-dimensional strands, assuming deformation occurs 
primarily through axial stretching [15]. 

A structured meshing strategy was implemented to achieve an optimal balance 
between computational efficiency and numerical accuracy. A finer mesh size of 20 mm 
was applied to the UHPC link slab to capture localized stress distributions and crack 
propagation, while a coarser mesh size of 40 mm was assigned to the girders, deck slabs, 
and reinforcement to enhance computational efficiency. The final FEM consisted of 37,471 
elements, ensuring a high-resolution representation of the entire structural system. 

During model development, a mesh-sensitivity check was performed by refining the 
mesh in critical regions of the link slab to verify that the global force–displacement 
response and key response measures were not governed by discretization. The adopted 
mesh sizes (20 mm in the UHPC link slab and 40 mm in the remaining components) were 
selected because further refinement did not lead to meaningful changes in the global 
response while substantially increasing computational demand. 

 

Figure 3. Geometry of the FE model: (a) front view, (b) isometric view. 
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Figure 4. Different parts of the FE model. 

2.2.2. Constitutive Model for UHPC and Normal Concrete 

ABAQUS provides three constitutive models for simulating the behavior of concrete 
structures: the Concrete Damaged Plasticity (CDP) model, the concrete smeared cracking 
model, and the concrete brittle cracking model [15]. The brittle cracking model is typically 
applied to plain concrete or structures with minimal reinforcement, such as those found 
in dam engineering. Conversely, both the CDP model and the smeared cracking model 
are suitable for reinforced concrete structures, with the CDP model offering superior 
computational efficiency and convergence behavior compared to the smeared cracking 
model [16]. Given these advantages, the CDP model was adopted in this study to simulate 
both conventional concrete and UHPC materials. 

The CDP model is a smeared crack-based constitutive model that operates within the 
framework of plastic flow theory [17]. Its yield surface is derived from the formulation 
proposed by Lubliner et al. [18], with modifications introduced by Lee and Fenves [19] to 
differentiate between the evolution of material strength under tensile and compressive 
loading. Figure 5 illustrates the yield surface of the CDP model under plane stress 
conditions. 

 
Figure 5. Yield surface under plane stress conditions [18]. 
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This material model integrates isotropic damage evolution with isotropic tensile and 
compressive plasticity to effectively represent the inelastic behavior of concrete. It 
accounts for strain hardening in compression, strain stiffening in tension, and 
independent damage initiation and accumulation in both tension and compression. The 
CDP model employs a non-associated flow rule and a plastic potential function to define 
its inelastic behavior. It considers two primary failure mechanisms: tensile cracking and 
compressive crushing of concrete. The evolution of the failure surface is controlled by two 
hardening parameters, which are associated with the plastic strain under tensile and 
compressive loading, respectively. To accurately define the material behavior using the 
CDP model, essential material properties such as compressive hardening, tensile 
stiffening, elastic modulus, Poisson’s ratio, and density must be specified for both UHPC 
and conventional concrete [15,17,20,21]. 

The CDP model for UHPC requires five key parameters to define its plasticity 
behavior: σb0/σc0, kc, ψ, ζ, µ, and µ. The ratio σb0/σc0 represents the biaxial compressive 
strength relative to the uniaxial compressive strength and plays a crucial role in shaping 
the yield surface under plane stress conditions. The parameter kc influences the failure 
surface in the deviatoric plane by determining the ratio of distances from the hydrostatic 
axis to the tensile and compressive meridians. 

The parameters ψ and ζ govern the characteristics of the non-associated potential 
flow. The dilation angle ψ defines the inclination of the failure surface relative to the 
hydrostatic axis within the meridional plane, whereas ζ controls the divergence of the 
hyperbolic plastic potential from its asymptote. Lastly, the viscosity parameter µ is 
employed for viscoelastic regularization, enhancing the numerical stability of the concrete 
constitutive equations [15,17,21,22]. 

The CDP parameters for both normal concrete and UHPC were determined based on 
a preliminary parametric calibration informed by available experimental evidence and the 
established literature, aiming to ensure accurate material representation under monotonic 
loading. The selected values for the CDP parameters are as follows for normal concrete 
and UHPC, respectively: σb0/σc0 = 1.16 and 1.16, kc = 0.666 and 0.5, ψ = 35 and 35, ζ = 0.1 and 
0.1, and µ = 0.0001 and 0.0001. Furthermore, a Poisson’s ratio of 0.2 was assigned to both 
normal concrete and UHPC. The material densities were specified as 2500 kg/m3 for 
normal concrete and 2482 kg/m3 for UHPC [1,8]. 

In this calibration, the CDP parameters were selected to reproduce the monotonic 
global response of the experimental benchmark (initial stiffness, yielding, peak capacity, 
and post-yield softening trend) while maintaining stable convergence for nonlinear 
damage evolution. Parameters governing plastic flow and volumetric dilation (e.g., 
dilation angle and eccentricity) primarily influence inelastic deformation characteristics 
and damage progression, whereas 𝑘௖ and 𝜎௕଴/𝜎௖଴ control the shape of the yield surface 
and the relative strength evolution under multiaxial stress states. The viscosity parameter 
was retained at a small value to improve numerical robustness without altering the 
intended quasi-static response. 

The CDP model accounts for stiffness degradation in both tension and compression 
for concrete. This degradation is characterized using scalar damage variables, which 
increase as plastic strains develop and intensify with higher strain levels. These variables 
represent the reduction in material stiffness due to applied loading, ranging from zero (0) 
for an undamaged state to unity (1) for complete material failure. In tension, the damage 
parameter becomes active once the material surpasses its peak tensile strength. 
Consequently, damage contours indicate the onset and propagation of tensile cracking, 
with greater strain and load levels leading to more extensive damage and crack widening. 
To capture the effect of stiffness reduction due to cracking, a tension damage parameter 
is incorporated into the finite element model, as expressed in Equation (1). This parameter 
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assumes that the tension damage variable is a function of plastic strain, remaining zero 
(indicating no damage) when plastic strain is absent. Similarly, the CDP model integrates 
stiffness degradation in compression, which is represented by Equation (2) [20–22], where σ୲ , f୲ , σୡ , Eୡ , and εୡ୧୬  are tensile stress, tensile strength, compressive stress, elastic 
modulus, and inelastic compressive strain, respectively. d୲ ൌ 1 െ σ୲f୲  (1)

dୡ ൌ 1 െ ሾ σୡEୡ0.2 ൈ εୡ୧୬ ൅ σୡEୡ ሿ (2)

The availability of experimental data and well-established models for defining the 
uniaxial compressive stress–strain response of UHPC remains limited. In this study, a 
compression design model proposed by El-Helou et al. [23] is adopted to characterize the 
compressive behavior of UHPC. The model, depicted in Figure 6, is superimposed on an 
experimentally measured stress–strain curve for comparison. Designed to capture the 
fundamental characteristics of UHPC’s compressive response, this model is particularly 
appealing due to its simplicity, making it practical for engineering applications [23]. 

 
Figure 6. Proposed compressive stress–strain model for UHPC design [23]. 

The compression model relies on four input parameters and comprises two distinct 
branches: a linear–elastic ascending branch and a perfectly plastic branch. The linear-
elastic phase is solely defined by the elastic modulus, Ec, with the transition from elasticity 
to plasticity occurring once the material reaches a reduced compressive strength. This 
reduced strength is obtained by multiplying the compressive strength, f′c, by a reduction 
factor α. The strain at this transition point, ɛcp, is calculated using Hooke’s law based on 
the reduced compressive strength, α f′c. The plastic phase of the model extends up to the 
ultimate compressive design strain, ɛcu, which corresponds to the strain at peak 
compressive stress. The permissible range for ɛcu is relatively narrow and is determined 
through experimental compression tests [23]. 

The linear elastic branch provides a reasonable approximation of the UHPC 
compressive behavior up to 85% of the compressive strength, f′c. To account for this 
limitation in engineering design, a reduction factor, α, of 0.85 is recommended. For the 
ultimate compressive design strain, ɛcu, a value of 0.0035 is suggested, as it falls below the 
average value observed in multiple experimental tests [23]. Figure 7 illustrates the 
compressive stress–strain relationship of the UHPC utilized in the reference experimental 
work of this study. This curve was derived using the material properties specified by 
Briseghella et al. [8] and applying the compression model proposed by El-Helou et al. [23]. 
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Figure 7. Compressive stress–strain relationship of the UHPC used in the reference experimental 
study, generated by applying the compression model proposed by El-Helou et al. [23]. 

El-Helou et al. [23] identified two distinct tensile stress–strain behaviors in UHPC. 
The first behavior features a stress plateau, where the post-cracking stress remains 
relatively stable until strain localization occurs. This response is well represented by an 
elastic–plastic stress–strain model. The second behavior is observed in UHPC materials, 
where the post-cracking stress continues to rise until reaching a peak at the strain 
corresponding to crack localization. This can be effectively modeled using a bilinear 
stress–strain approach. Figure 8 presents these two different types of tensile behavior for 
UHPC. Both models provide a general representation of the tensile response and 
incorporate a reduction factor (γ) to account for decreased tensile resistance. However, 
they do not consider the post-localization phase, which corresponds to the descending 
branch beyond the strain at crack localization. This exclusion is because post-localization 
behavior is influenced by crack opening and is unsuitable for a strain-based design 
methodology. 

 
Figure 8. Proposed tensile stress–strain models for UHPC design: (a) strain hardening with stress 
plateau, (b) strain hardening with continuous increase in post-cracking stress [23]. 

Figure 9 illustrates the tensile stress–strain relationship of the UHPC utilized in the 
reference experimental work of this study. This curve was derived using the material 
properties specified by Briseghella et al. [8] and applying the tensile model proposed by 
El-Helou et al. [23]. 
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Figure 9. Tensile stress–strain relationship of the UHPC used in the reference experimental study, 
generated by applying the compression model proposed by El-Helou et al. [23]. 

It should be noted that the tensile stress–strain model adopted from El-Helou et al. 
[23] defines the UHPC response up to crack localization and does not explicitly include a 
post-localization descending branch. This simplification is intentional, as post-localization 
softening is governed by crack opening and fracture processes that are mesh-dependent 
and require fracture energy regularization for objective numerical representation. In the 
present study, the adopted model is considered appropriate for capturing global 
structural response and comparative parametric trends, while detailed crack opening 
behavior is beyond the scope of the current investigation. 

The normal concrete C40 used for modeling the girders and deck slabs has an elastic 
modulus, E, of 34.7 GPa, an ultimate compressive strength, fCU, of 43.2 MPa, a uniaxial 
compressive strength, f′C, of 32.8 MPa, and a tensile strength, ft, of 3.2 MPa, as reported by 
Briseghella et al. [8]. 

2.2.3. Constitutive Model for Reinforcement Layout 

The reinforcement layout, depicted in Figure 4, consists of #3 hot-rolled ribbed steel 
rebars made of HRB335. It includes 10 rebars in the Z direction, each with a length of 2990 
mm and spaced 100 mm apart. The mechanical properties of the HRB335 reinforcement 
used in this study are summarized as follows: an elastic modulus, E, of 200 GPa, a yield 
strength, fy, of 335 MPa, an ultimate tensile strength, fu, of 520 MPa, and a Poisson’s ratio 
of 0.3. 

The constitutive modeling of the HRB335 steel rebars in this study employed a metal 
plasticity model [15]. This ABAQUS plasticity model is based on a Mises yield surface 
with associated plastic flow and isotropic hardening. The FEM defines the tensile stress–
strain response of the rebars by adopting bilinear material behavior, as illustrated in 
Figure 10. 
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Figure 10. Bilinear tensile stress–strain behavior of HRB335 steel reinforcement used in the FE model. 

2.2.4. Constraints and Interactions 

In the developed finite element model, appropriate constraints and contact 
interactions were employed to simulate the realistic behavior of the composite structural 
system. Tie constraints were applied to connect the deck slabs and girders, ensuring a 
fully bonded interface. Specifically, the left girder was tied to the left deck slab, and the 
right girder was tied to the right deck slab. Moreover, all longitudinal reinforcement bars 
were modeled using embedded region constraints to represent a perfect bond with the 
surrounding concrete in both the deck slabs and the link slab. 

The interaction behavior among the structural components was defined through 
surface-to-surface contact formulations, with appropriate contact properties reflecting 
physical interface conditions. The interface between the link slab and the left and right 
deck slabs was modeled using a surface-to-surface contact with a tangential behavior 
defined by the Int-Prop-other, which employed a penalty friction formulation with a 
friction coefficient of 0.3. 

For the interaction between the link slab and the girders beyond the debonding 
length, surface-to-surface contact with the Int-Prop-BL was applied. This property 
incorporated a penalty friction formulation with a higher friction coefficient of 0.4 to 
represent the bonded regions outside the debonded interface. 

Within the debonding regions—where rubber sheets were used in the experiment to 
eliminate the bond between the girders and the link slab—a frictionless contact behavior 
was defined using the Int-Prop-DL. This accurately captured the slip behavior expected 
at the deboned interface and reflected the intended unbonded condition in the model. 

The selected friction coefficients were chosen to reflect the physical interface 
conditions observed in the reference experimental study and commonly adopted ranges 
for concrete–concrete contact in bridge applications; their influence was subsequently 
evaluated through a systematic parametric analysis. 

2.2.5. Boundary Conditions and Loading 

To accurately replicate the boundary conditions and loading configuration used in 
the experimental study by Briseghella et al. [8], the finite element model was assigned 
with corresponding constraints and load applications, as depicted in Figure 11. The right 
girder was fully constrained in all degrees of freedom to represent a fixed support. In 
contrast, the left girder was restrained only in the Y-direction to simulate the roller 
support condition applied in the physical test setup. 
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Since the experimental loading was displacement-controlled, the same methodology 
was adopted in the numerical model. A vertical displacement of 8 mm was applied in the 
Z-direction at a reference point (RP) located on the left end of the left girder. This reference 
point was coupled to the surface of the girder to accurately transfer the imposed 
displacement and replicate the loading condition observed in the experimental work. 

It is noted that these boundary conditions are defined to replicate the experimental 
configuration used for model validation; while actual bridge systems may exhibit semi-
continuous restraint, extending the model to such conditions would require additional 
system-level assumptions beyond the scope of the present validation-based parametric 
study. 

 

Figure 11. Boundary conditions and load in FEM. 

2.2.6. Analysis Step 

The developed FEM is inherently complex due to the inclusion of multiple 
components and materials, each exhibiting distinct mechanical properties and 
interactions. To accurately capture the structural response, a static analysis was performed, 
incorporating nonlinear geometric effects (Nlgeom) to account for large deformations and 
displacements. These effects were integrated into the numerical framework using the 
updated Lagrangian method [15]. The analysis was carried out using the full Newton–
Raphson solution technique, which ensures convergence by iteratively solving for 
equilibrium in small displacement increments. This approach enhances the accuracy of 
the simulation and effectively captures the nonlinear behavior of the UHPC link slab 
system under applied loading conditions. 

3. Results and Discussion 
This section presents the numerical results obtained from FEM and compares them 

with the experimental findings reported by Briseghella et al. [8]. The discussion begins 
with a validation study through comparison of the force–displacement response, followed 
by an extensive parametric analysis divided into two main categories: geometrical 
parameters and numerical parameters. The influence of each parameter on the structural 
response is examined to provide deeper insight into link slab behavior under loading. 
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3.1. Model Validation 

Force–Displacement Comparison 

In the experimental program by Briseghella et al. [8], the maximum longitudinal 
displacement of the link slab was recorded using an LVDT (L-1) positioned along the span 
of the link slab, while the applied load was measured using a sensor installed in the 
hydraulic jack (Figure 1). This setup enabled precise measurement of the load–
displacement behavior under displacement-controlled loading. 

For the FEM, the displacement and reaction force were extracted at locations 
corresponding to the experimental instrumentation to ensure direct comparability. Figure 
12 presents the experimental and numerical force–displacement curves. The FE model 
reproduces the overall shape and trend of the experimental response in both the elastic 
and inelastic ranges, accurately capturing the peak load, post-yield behavior, and overall 
stiffness characteristics. At the ultimate displacement of 4 mm, the FEM predicted a peak 
load of 372.05 KN compared to 347.53 KN in the experimental test, representing a 
deviation of only 7.05%. This close agreement in ultimate capacity further validates the 
model’s reliability in capturing the load-carrying behavior of the link slab system. 

While the FE curve shows a slightly steeper initial slope and reaches the yield plateau 
earlier than the experimental curve, these differences are minor and fall within the 
expected variability for numerical simulations. Such variations can be attributed to factors 
such as localized cracking, microstructural heterogeneity, and measurement sensitivity in 
the experimental setup. Regarding the local difference in slope between the experimental 
and numerical curves in the early-to-intermediate displacement range (approximately 
0.25–2.5 mm), this interval corresponds to the transition from the elastic stage to crack 
initiation and early crack development. In the experimental program, the load was 
applied in multi-stage increments with holding periods (about 5 min per increment), and 
the maximum longitudinal displacement was measured using an LVDT installed on the 
specimen; therefore, the recorded displacement may incorporate not only the link slab 
deformation but also contributions from jack/fixture compliance, support seating, and 
localized interface slip, particularly near the debonding layer. In addition, details required 
to fully define interface behavior, construction tolerances, and material heterogeneity are 
not completely available from the experimental report, which introduces uncertainty in 
reproducing the exact tangent stiffness in this transitional regime. By contrast, the FE 
model employs idealized boundary conditions and contact formulations (including an 
ideal frictionless debonding interface and simplified bonding assumptions) and does not 
explicitly represent time-dependent relaxation during load holding. These factors can lead 
to a slightly stiffer predicted response in this displacement interval, while the model 
remains validated in terms of the overall curve shape and ultimate capacity. 

The close match in ultimate load capacity and displacement response confirms the 
robustness of the developed FE model, providing a reliable foundation for the subsequent 
parametric investigations. 
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Figure 12. Experimental and FEM force–displacement curves for the link slab. 

Following validation, the model is used to conduct a systematic parametric 
investigation. It should be noted that direct comparison of parametric trends with prior 
UHPC link slab studies is limited by the scarcity of comparable parametric datasets in the 
literature. 

It is noted that, beyond the experimental benchmark adopted for validation in this 
study [8], the available literature on UHPC link slabs provides limited parametric datasets 
or consistently reported response measures (e.g., initial stiffness, yield and peak points, 
and ductility) that would enable direct quantitative or qualitative comparison with the 
present comprehensive parametric results. In addition, the reference experimental study 
does not report local strain measurements or crack pattern data that would allow 
validation of localized damage or strain fields. 

Accordingly, the studies cited in this work are primarily used to support the selection 
of influential geometrical and numerical parameters and to justify modeling assumptions, 
while the present study provides a unified validated FEM framework and corresponding 
parametric response dataset for UHPC link slabs. 

3.2. Parametric Study 

To gain deeper insight into the influence of key design and material parameters on 
the structural performance of the link slab system, a comprehensive parametric study was 
conducted based on the validated finite element model. The parameters were selected to 
represent both geometrical and numerical aspects that are critical to the behavior of link 
slabs under service and ultimate loading conditions. 

The geometrical parameters include link slab length, link slab thickness, debonding 
length, reinforcement diameter, and reinforcement spacing. These parameters directly 
affect the stiffness, load distribution, crack development, and overall deformation 
capacity of the system. Their variation was defined to capture the range of practical design 
options and construction tolerances commonly encountered in bridge engineering 
practice[23,24]. 

The numerical parameters cover the friction coefficients at the link slab–girder 
interface (both non-deboned and deboned regions), the compressive strength of UHPC 
used in the link slab, the compressive strength of the normal concrete in the girders and 
decks, and the yield strength of the reinforcement steel. These parameters reflect the 
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material characteristics and interface behaviors that strongly influence load transfer 
mechanisms, ductility, and failure modes [11,23,24]. 

Each parameter was varied systematically within a realistic range informed by 
relevant experimental data, established design provisions, and documented field 
applications [11,23–25]. The analysis focuses on the effects of these variations on the global 
force–displacement response and peak load capacity, providing targeted insights for 
optimizing link slab design to achieve both structural efficiency and long-term durability. 

The following subsection begins with the evaluation of the geometrical parameters. 

3.2.1. Geometrical Parameters 

This subsection synthesizes the effects of the five geometrical variables studied, link 
slab length, link slab thickness, debonding length, bar diameter, and bar spacing, relative 
to the previously validated baseline model (link slab length = 1100 mm, link slab thickness 
= 100 mm, debonding length = 600 mm, and #3 bars at 100 mm spacing). For each 
parameter, the load–displacement responses are shown in Figures 13–18, and the 
extracted response metrics (initial stiffness K0, yield load/displacement Py, Δy, ultimate 
load/displacement Pu, Δu, and ductility µ) are compiled in Table 1. 

Rebar diameter produced the largest response shifts among all geometrical variables. 
Increasing the bar size from #3 to #4 (ϕ = 12.7 mm) substantially raised K0 (~ +30%), Py (~ 
+37%), and Pu (~ +48%) and extended Δu (~ +85%), with a meaningful gain in µ (~ +42%). 
Conversely, reducing to #2 (ϕ = 6.4 mm) severely reduced capacity (~ −55% in Pu) and 
stiffness (~ −27%). Notably, the very high µ observed for #2 is driven by a very small Δy 
and should not be interpreted as improved performance, given the pronounced loss of 
strength and stiffness. Overall, bar diameter governs both strength and deformability in 
this system. 

Rebar spacing ranked second in influence. Closer spacing (75 mm) increased K0 (~ 
+18%), Py (~ +25%), and Pu (~ +27%) and enlarged Δu (~ +39%), with a moderate rise in µ (~ 
+16%). Wider spacing (125 mm) reduced K0 (~ −10%), Py (~ −18%), and Pu (~ −19%) and 
slightly shortened Δu. These results indicate that reinforcement quantity and distribution 
(diameter and spacing) are the primary geometric levers for capacity and stiffness. 

Debonding length mainly trades capacity for ductility. Shorter debonding (300–450 
mm) delivered small increases in Pu (~ +2–3%) but reduced µ (~ −7–10%). Longer 
debonding (750–900 mm) slightly decreased Pu (~ −1–1.5%) while increasing µ (~ +2–4%) 
and Δu. Variation in K0 remained modest (within ~ ±8%). Practically, debonding length is 
an effective tuning parameter to shift the balance between capacity and deformation 
demand without large changes in stiffness. 

Link slab thickness had a clear stiffness effect with limited impact on strength. 
Increasing thickness from 100 mm to 120 mm raised K0 (~ +10%) and produced only minor 
gains in Pu (~ +1–2%), with µ essentially unchanged. Thinning to 80 mm slightly lowered 
K0 (~ −2.5%) and reduced µ (~ −21%) due to a larger Δy. Thus, thickness primarily controls 
rigidity and yield characteristics rather than peak capacity. 

Link slab length produced small changes in Pu (±2%) but a gradual reduction in K0 

with increasing length (up to ~ −7.5% at 1300 mm). The validated 1100 mm case provided 
the highest ductility among the tested lengths; other lengths showed lower µ (~ 5–21% 
below baseline). Hence, length is a secondary geometric driver compared with 
reinforcement variables. 

Therefore, among the geometrical factors, reinforcement detailing dominates the 
global response: bar diameter is the most influential on K0, Py, Pu, and Δu; spacing follows 
a similar but slightly smaller pattern. Debonding length is best used to tune ductility with 
minimal stiffness penalty, while thickness primarily adjusts stiffness and yield 
characteristics with minor strength change. Length has the least effect on capacity but 
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affects stiffness and (to a lesser extent) ductility. For balanced performance—high capacity 
and stiffness with ample deformation capacity—the results support larger bars (or closer 
spacing) combined with a moderate debonding length and thickness ≥ 100–110 mm while 
retaining length near the validated 1100 mm. 

 

Figure 13. Load–displacement curves for different link slab lengths compared with the validated 
baseline. 

 

Figure 14. Load–displacement curves for different link slab thicknesses compared with the 
validated baseline. 
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Figure 15. Load–displacement curves for different debonding lengths compared with the validated 
baseline. 

 
Figure 16. Load–displacement curves for different rebar sizes compared with the validated baseline. 
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Figure 17. Load–displacement curves for different rebar spacings compared with the validated 
baseline. 

 
Figure 18. Load–displacement curves for different friction coefficients between link slabs and 
girders compared with the validated baseline. 

Table 1. Extracted mechanical response parameters for all geometrical variations compared with 
the validated baseline model. 

Parameter 
Studied 
Value 

Initial Stiffness, 
K0 (KN/mm) 

Yield Load 
Capacity, Py 

(KN) 

Yield 
Displacement

, Δy (mm) 

Ultimate Load 
Capacity, Pu 

(KN) 

Ultimate 
Displacement

, Δu (mm) 

Ductility 
Ratio, μ 

Link Slab 
Length 

900 mm 1339.797 253.651 0.307 346.424 4.090 13.337 
1000 mm 1326.755 264.055 0.303 354.458 4.415 14.563 
1100 mm 1349.721 254.797 0.266 347.786 4.071 15.323 
1200 mm 1290.678 259.542 0.309 350.125 3.928 12.734 
1300 mm 1248.979 264.378 0.338 349.563 4.078 12.047 

Link Slab 
Thickness 

80 1316.416 254.553 0.337 347.292 4.062 12.060 
90 1281.954 259.232 0.289 348.455 4.216 14.590 

100 1349.721 254.797 0.266 347.786 4.071 15.323 
110 1377.450 259.192 0.274 350.595 4.029 14.693 
120 1485.488 259.184 0.266 352.617 4.080 15.317 

Debonding 
Length 

300 1429.927 266.351 0.277 356.455 3.805 13.723 
450 1424.418 263.185 0.282 359.194 4.014 14.219 
600 1349.721 254.797 0.266 347.786 4.071 15.323 
750 1438.381 252.371 0.269 343.329 4.220 15.691 
900 1453.197 251.564 0.267 342.488 4.241 15.901 

Rebar Diameter 
(For 10 Rebars) 

#2 (ϕ = 6.4 
mm) 

986.615 112.483 0.114 158.405 3.885 34.080 

#3 (ϕ = 9.5 
mm) 

1349.721 254.797 0.266 347.786 4.071 15.323 

#4 (ϕ = 12.7 
mm) 

1755.786 348.584 0.346 514.384 7.537 21.768 

Rebar Spacing 
(For Rebar #3) 

mm 

75 1589.744 317.343 0.318 440.874 5.641 17.713 
100 1349.721 254.797 0.266 347.786 4.071 15.323 
125 1216.036 207.852 0.241 281.197 3.897 16.141 
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3.2.2. Numerical Parameters 

This subsection evaluates the influence of five numerical inputs, friction coefficient 
between link slab and girder interfaces (non-debonding zone), friction coefficient between 
rubber sheet and girder interfaces (debonding zone), compressive strength of UHPC (link 
slab), compressive strength of normal concrete (girders/decks), and steel yield strength, 
with respect to the previously validated baseline model (friction coefficient for non-
debonding zone = 0.4, frictionless behavior for debonding interface, UHPC compressive 
strength = 143 MPa, normal concrete compressive strength = 40 MPa, and rebar yielding 
strength = 342 MPa). For each parameter, the load–displacement responses are shown in 
Figures 18–22, and the extracted response metrics are compiled in Table 2. 

Steel yield strength was the most influential numerical parameter. Increasing from 
342 to 400 MPa produced marked gains in K0 (~ +5%), Py (~ +14%), and Pu (~ +12%), 
together with higher Δu and µ (~ +14%). Lowering fy to 300 MPa sharply reduced Pu (~ 
−20%) and K0 (~ −3–4%). These results confirm that reinforcement strength governs both 
the elastic and post-yield response of the system. 

Friction coefficient at the non-debonding zone, between link slabs and girders, 
(0.001–1.0) produced moderate capacity changes and clear shifts in yield behavior. 
Relative to the baseline, 0.4, increasing to 1.0 raised Py (~ +12%) and Pu (~ +2%), with small 
increases in K0 and Δu; decreasing friction toward nearly zero diminished Py (~ −5%) and 
Pu (~ −4%). Ductility remained broadly similar (µ ~ 15–16). Thus, a higher interface friction 
coefficient at non-debonding regions primarily elevates the yield threshold and slightly 
augments capacity. 

It should be noted that the extreme values adopted for the non-debonding interface 
friction coefficient (0.001 and 1.0) were included as bounding cases for sensitivity 
assessment rather than as physically representative interface conditions. Typical 
concrete–concrete friction coefficients in bridge applications generally fall within the 
range of approximately 0.3–0.7; the broader range employed here was used to evaluate 
the robustness of the global response and to confirm that the structural behavior of UHPC 
link slabs is not unduly sensitive to reasonable uncertainty in interface friction. 

The debonding zone friction coefficient had a negligible global effect in the explored 
range (0.05–0.10); K0, Pu, and Δu changed by only ~ 0–1%, with minor variations in Py, Δy, 
and µ. This indicates that, once a compliant debonding layer is present, modest friction at 
that layer does not materially alter the system response. 

UHPC compressive strength (100–200 MPa) mainly influenced K0 (~ +7–8% from 100 
to 200 MPa), while peak capacity changes were very small (|ΔPu| ≲ 1%), and µ remained 
essentially unchanged. This behavior is consistent with the load path being dominated by 
reinforcement and interface mechanics rather than the UHPC elastic modulus/strength 
within the tested range. 

Normal concrete compressive strength in girders and decks (30–50 MPa) had a 
limited impact on capacity (|ΔPu| ≲ 1%) and a modest effect on K0 (~ +2–3% with higher 
strength), but it significantly affected deformation measures. Lower fc′ (e.g., 30 MPa) 
increased Δu and µ (~ +39% relative to 40 MPa), whereas higher fc′ reduced displacements 
and ductility. Hence, girder and deck strengths are effective tuning parameters for 
deformation demand without materially changing peak strength. 

Thus, among numerical inputs, rebar yield strength exerts the strongest control on 
both stiffness and capacity and improves deformation capacity at higher values. The non-
debonding interface friction coefficient provides a secondary lever that notably raises 
yield capacity and slightly increases ultimate capacity. The debonding zone friction 
coefficient is practically neutral in the tested range, while UHPC compressive strength 
and normal concrete strength primarily shape stiffness and ductility, with a negligible 
influence on Pu. For balanced performance, the results support maintaining a sufficiently 



Appl. Mech. 2026, 7, 14 21 of 26 
 

https://doi.org/10.3390/applmech7010014 

high fy and appropriate non-debonding friction coefficient while using normal concrete 
strength (and, to a lesser extent, UHPC fc′) to calibrate stiffness and ductility without 
sacrificing peak load. 

 
Figure 19. Load–displacement curves for different friction coefficients between the rubber sheet and 
girders compared with the validated baseline. 

 

Figure 20. Load–displacement curves for different compressive strengths of UHPC compared with 
the validated baseline. 
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Figure 21. Load–displacement curves for different compressive strengths of normal concrete 
compared with the validated baseline. 

 

Figure 22. Load–displacement curves for different yield strengths of steel compared with the 
validated baseline. 

Table 2. Extracted mechanical response parameters for all numerical variations compared with the 
validated baseline model. 

Parameter Studied 
Value 

Initial 
Stiffness, K0 

(KN/mm) 

Yield Load 
Capacity, Py 

(KN) 

Yield 
Displacemen

t, Δy (mm) 

Ultimate Load 
Capacity, Pu 

(KN) 

Ultimate 
Displacem

ent, Δu 
(mm) 

Ductility 
Ratio, μ 

Friction Coefficient 
(Link Slab–Girders, 

Non-Debonding) 

0.001 1389.830 242.902 0.256 333.26 4.119 16.099 
0.3 1416.225 253.431 0.266 343.931 4.078 15.340 
0.4 1349.721 254.797 0.266 347.786 4.071 15.324 
0.5 1361.312 261.878 0.274 350.568 4.082 14.904 
0.6 1377.837 266.347 0.279 346.451 4.249 15.249 
0.7 1377.989 272.104 0.289 347.675 4.279 14.784 
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1 1375.907 286.364 0.301 355.062 4.739 15.750 

Friction Coefficient 
(Rubber Sheet–Girders, 

Debonding) 

Frictionless 1349.721 254.797 0.266 347.786 4.071 15.324 
0.05 1349.423 258.644 0.276 347.786 4.071 14.735 
0.08 1349.371 258.644 0.276 347.688 4.067 14.716 
0.1 1349.337 258.644 0.276 347.786 4.071 14.735 

Compressive Strength of 
UHPC 

(Link Slab) (MPa) 

100 1400.710 256.073 0.271 349.877 4.078 15.030 
120 1379.504 258.690 0.273 347.869 4.054 14.827 
130 1450.962 258.913 0.272 348.663 4.075 14.951 
143 1349.721 254.797 0.266 347.786 4.071 15.324 
150 1426.223 258.758 0.269 349.346 4.049 15.324 
160 1496.817 258.750 0.268 349.619 4.045 15.324 
200 1505.562 259.630 0.271 350.461 4.045 15.324 

Compressive Strength of 
Normal Concrete 

(Girders/Decks) (MPa) 

30 1366.638 245.997 0.227 348.005 4.834 21.269 
35 1343.047 256.902 0.282 345.656 4.938 17.502 
40 1349.721 254.797 0.266 347.786 4.071 15.324 
45 1290.127 255.675 0.260 347.424 4.043 15.324 
50 1399.938 257.979 0.260 346.865 4.009 15.324 

Yield Strength of Rebars 
(MPa) 

300 1349.501 223.898 0.233 273.503 3.857 16.543 
342 1349.721 254.797 0.266 347.786 4.072 15.324 
360 1349.501 270.844 0.294 340.583 4.038 13.748 
400 1418.25939 290.540 0.309 388.899 5.381 17.433 

It should be noted that the present parametric investigation is intended to quantify 
the relative sensitivity of UHPC link slab response to practical variations in key 
geometrical and numerical parameters rather than to provide a probabilistic assessment 
of uncertainty. The influence of each parameter is evaluated using consistent response 
measures (K0, Py, Δy, Pu, Δu, and µ), allowing direct comparison of their relative effects. 
Within the investigated ranges, reinforcement detailing (bar diameter and spacing) and 
steel yield strength emerge as dominant drivers of stiffness, strength, and deformation 
capacity, whereas parameters such as the debonding zone friction coefficient, UHPC 
compressive strength, and normal concrete strength exhibit secondary influence. The 
bounded variation of material properties adopted in this study reflects realistic design 
and construction variability, providing practical insight into how real-world scatter may 
affect global structural response without resorting to stochastic modeling frameworks. 

The parametric analyses were conducted by varying one parameter at a time to 
isolate first-order effects and establish a clear ranking of influential variables. While 
potential interactions among parameters such as reinforcement detailing, debonding 
length, and interface friction may exist, capturing these coupled effects would require a 
factorial analysis with substantially increased computational effort. Within the ranges 
investigated, the observed trends suggest largely separable physical roles for each 
parameter; nevertheless, multi-parameter interaction studies are identified as a valuable 
extension of the present work. 

4. Conclusions 
This study developed and validated a nonlinear finite element model of a UHPC link 

slab using the CDP framework and conducted a systematic parametric investigation 
around a validated baseline configuration. Consistent response metrics—including initial 
stiffness (K0), yield point (Py, Δy), ultimate capacity (Pu, Δu), and ductility ratio (µ)—were 
extracted to enable direct comparison across all cases. 

Geometrical parameters: Among the geometrical variables, reinforcement detailing 
dominated the global response. Bar diameter exerted the strongest influence on stiffness, 
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yield capacity, and ultimate load, with increases from #3 to #4 bars producing 
simultaneous gains in K0, Py, Pu, and Δu. Reinforcement spacing ranked second in 
influence, confirming that reinforcement quantity and distribution govern both strength 
and deformability of UHPC link slabs. 

Debonding length primarily controlled deformation capacity rather than strength, 
enabling a targeted trade-off between ductility and peak capacity with a minimal effect 
on stiffness. Link slab thickness mainly affected stiffness and yield characteristics, while 
its influence on peak load remained limited. Link slab length showed the weakest 
influence on ultimate capacity within the investigated range, although increased length 
consistently reduced initial stiffness. 

For example, increasing the reinforcement bar diameter from #3 to #4 resulted in an 
increase in ultimate load capacity in the order of 40–50%, whereas extending the 
debonding length over the investigated range reduced peak capacity by less than 
approximately 1–2%, while substantially improving ductility. 

Numerical and material parameters: Steel yield strength emerged as the most influential 
numerical parameter, governing elastic stiffness, yield behavior, and ultimate capacity 
simultaneously. The friction coefficient at the non-debonding interface significantly 
affected yield capacity and load transfer efficiency, while its influence on ductility 
remained secondary. In contrast, friction at the debonding interface exhibited negligible 
impact on global response within the tested range, indicating that once debonding is 
introduced, small variations in interface friction are structurally insignificant. 

UHPC compressive strength primarily affected stiffness but had a minimal effect on 
peak capacity, whereas the compressive strength of normal concrete in girders and decks 
influenced deformation capacity and ductility without materially altering ultimate 
strength. 

Implications for design and modeling: For UHPC link slab design, capacity and stiffness 
are most effectively enhanced through reinforcement detailing (bar diameter and spacing), 
while debonding length should be selected to meet deformation and rotation demands 
without significant strength penalties. From a modeling perspective, an accurate 
definition of steel yield strength and non-debonding interface friction is critical for reliable 
response prediction, whereas uncertainties in UHPC compressive strength, debonding 
friction, and concrete strength are of secondary importance within practical ranges. 
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