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Abstract: The application of ultra-high performance concrete (UHPC) as a covering layer for steel bridge decks has gained widespread popularity. By employing a connection without a shear connector between the steel plate and UHPC, namely, the sandblasted interface and the epoxy adhesive with sprinkled basalt aggregate interface, the installation cannot only be simplified but also the stress concentration resulting from the welded shear connectors can be eliminated. This study develops constitutive models for these two interfaces without shear connectors, based on the interfacial pull-off and push-out tests. For validation, three-point bending tests on the steel-UHPC composite plates are conducted. The results indicated that the proposed bilinear traction-separation model for the sandblasted interface and the trapezoidal traction-separation model for the epoxy adhesive with sprinkled basalt aggregate interface can generally calibrate the interfacial behavior. However, the utilization of the experimentally determined pure shear strength underestimates the load-carrying capacity of the composite plates in the case of three-point bending tests. By recalling the Mohr-Coulomb criterion, this underestimation is attributed to the enhancement of the interface shear strength by the presence of normal stress.
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1  Introduction

Ultra-high performance concrete (UHPC) exhibits exceptional material properties, including remarkable tensile and compressive strengths, ductility, and superior durability. These advantageous characteristics have led to the extensive application of UHPC in various engineering structures, particularly in bridge projects [1–5]. Orthotropic steel deck bridges commonly encounter fatigue cracks in the steel deck and pavement fractures due to bending deformation related to traffic loads [6–8]. Utilizing UHPC as the rigid pavement layer of the orthotropic steel deck facilitates the mitigation of fatigue cracks within the deck structure, enhancement of cracking resistance in the pavement layer, and improvement of the overall stiffness of the steel bridge panels [9,10]. Consequently, replacing traditional asphalt pavement with UHPC has increased in popularity [11].

The reliable connection between the UHPC layer and the steel bridge deck significantly influences the behavior of the composite structure [12]. Two connection modes are generally employed for UHPC and orthotropic bridge decks. The first involves welding mechanical connectors, mainly studs, onto the steel bridge deck [13]. The other mode is the connection without a shear connector, achieved by direct bonding between the steel bridge deck and the UHPC layer [2]. The interfacial behavior of the steel-UHPC composite, using mechanical connectors, has been extensively investigated [14–16], reaching a relatively mature stage. However, welding many studs onto the steel bridge deck is labor-intensive in practical engineering applications. This also inevitably leads to welding defects and residual stresses, which can threaten the fatigue resistance of orthotropic decks [11,17].

In contrast, the non-mechanical connection between the steel bridge deck and the UHPC layer by direct bonding presents an alternative option [18,19], exhibiting prominent advantages. Experimental studies have reported on investigating the bonding behavior and potential promotion measures of interfacial bonding. For example, Zhao et al. [20] conducted push-out tests on a steel-concrete composite structure bonded with epoxy resin mortar, and observed brittle failure of the concrete at the adhesive interface. Zou et al. [21] investigated the toughness of four different steel-UHPC bonding interfaces: the epoxy direct bonding interface, the quartz sand particle embedded interface, the helical fiber toughening interface, and the steel wire mesh toughening interface. The steel wire mesh toughening interface demonstrated superior mechanical properties and the potential to replace stud-connected interfaces. Duan et al. [22] experimentally investigated the effectiveness of UHPC, using an epoxy resin adhesive-bonded interface, to strengthen orthotropic steel decks, which exhibits significant improvement in the load-carrying capacity and stiffness of the steel deck, comparable to those achieved with mechanical connectors, albeit exhibiting brittle interface damage. Kumar et al. [23] compared the shear stiffness of the steel-concrete interface between the epoxy resin adhesive-bonded sample and the stud-connected sample, revealing significantly higher shear stiffness of the bonded sample. Wang et al. [24] conducted interfacial tests on the UHPC-steel composite beams with epoxy resin-bonded limestone interfaces subjected to static loading, comparing them with the composite beams with traditional stud interfaces. They found that the ultimate load of the former reached 93.2% of the latter. Souici et al. [25] conducted an experimental study on two types of steel-concrete beams, one using conventional stud connections and the other employing epoxy glue connections. They observed that the bending moments, resistance, and deflection of the bonded combination beams could be accurately estimated with minimal deformation and significant mechanical advantages. Apart from the epoxy-adhered interface, the sandblasted interface could also be a choice. Zhang et al. [2] tested the mechanical properties of steel-UHPC decks with the sandblasted interface treatment, epoxy adhesive, and sprinkled-in basalt aggregate interface treatment, subjected to static and fatigue loading. Their load-carrying capacity exceeded that of the decks with stud-connected interfaces, while the fatigue resistance of the stud-connected interface was superior to that of the epoxy-adhered interface but weaker than that of the sandblasted interface. However, reasonable constitutive models for these two interfaces without shear connectors are still lacking.

The interfacial constitutive models are generally integrated with numerical simulations to study the behavior of UHPC-steel composites. For instance, Zou et al. [26] conducted experimental research on the properties of UHPC steel composites and simulated the epoxy resin bonding interface using a cohesive element. The simulation results were in good agreement with the experimental findings. Jiang et al. [27] used finite element analysis to predict the performance of an epoxy resin adhesive-bonded UHPC-steel composite bridge deck and discussed the role of the bond interface in substituting for shear bonds. de Corte et al. [28] analyzed the shear damage of steel-UHPC interfaces bonded with epoxy adhesives through experiments and generalized fracture mechanics methods based on finite element analysis. Zhang et al. [29] proposed an energy-density-based failure criterion that directly relates critical stretch to mechanical strength. Jiang et al. [30] successfully simulated a prefabricated UHPC-steel epoxy bond interface using cohesive elements in ABAQUS software. This approach is followed in the present study to integrate the established constitutive models to investigate the structural behavior of UHPC-steel composites, employing non-mechanical interfacial connections.

The mechanical behavior of two typical interfaces without shear connectors, namely the sandblasted (SB) interface and the epoxy adhesive (EA) interface with sprinkled basalt aggregate, is investigated in this study. The constitutive models of these interfaces are established based on experimental measurements, which are further integrated into finite element simulations to analyze the mechanical behavior of the interfaces under complex stress states. The effectiveness of the models is validated with three-point bending tests of the steel-UHPC composite plates. The failure mechanisms, damage evolution patterns of the interfaces, and interfacial strength under complex stress states are discussed. The study is structured as follows: The push-out and pull-off tests of these two interfaces are presented in Section 2, which serves as the basis for establishing the interfacial constitutive models. The models are validated by simulation of the three-point bending tests in Section 3, followed by discussions in Section 4. Concluding remarks are drawn in Section 5.

2  Establishment of Interfacial Constitutive Models

Interface property tests were designed for the SB and EA interfaces to obtain an accurate constitutive model. Based on the pull-off and push-out test data, two traction-separation models were established to describe the constitutive behavior of the interfaces.

2.1 Interfacial Testing

2.1.1 Material

The composition of the UHPC reads as Table 1 [2]. Experimental results have demonstrated the notable mechanical properties of the UHPC formulated with this specific mixture. Its compressive strength (fc) reaches the magnitude of 145 MPa, and its tensile strength (ft) of 8.5 MPa. Furthermore, the UHPC exhibits an elastic modulus (Ec) of 45,000 MPa and a Poisson’s ratio (vc) of 0.2, as listed in Table 2.
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Regarding the steel plates employed in this study, they were fabricated from Q345D steel, per the specifications in GB/T 714 [31], which is equivalent to S355D steel as stipulated in ISO 630 [32]. Following the standard testing, the mechanical properties of the steel plates were determined as follows. The yielding strength (fy) reads as 345 MPa, the ultimate strength (fs,u) as 550 MPa, the elastic modulus (Es) as 206,000 MPa, and the Poisson’s ratio (vs) as 0.3.

2.1.2 Interfacial Treatment

Two types of non-mechanical steel-UHPC interfaces were considered, each involving bonding without shear studs. The first type involved a sandblasting treatment of the steel plate’s surface. A shot blasting machine propelled steel shots onto the smooth steel plate, creating a rough surface with an average depth of approximately 100 μm. This interfacial treatment is called the sandblasted interface, referred to as the SB interface, as shown in Fig. 1a. The second type involved the application of 0.7 kg/m2 of epoxy resin adhesive to the steel plate’s surface, followed by the sprinkling of basalt particles with a size range of 3–5 mm. This process resulted in the formation of an epoxy adhesive interface with sprinkled basalt aggregate, referred to as the EA interface, as shown in Fig. 1b.
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Figure 1: Interface treatment on steel plate: (a) SB interface; (b) EA interface

2.1.3 Testing Setup

The mechanical performance of the SB and EA interfaces, under pure tensile and shear stress, was experimentally studied using pull-off and push-out tests, respectively. For each interface, six sets of pull-off tests and three sets of push-out tests were conducted. All specimens were cured for 28 days, with their surfaces kept moist by water sprinkling.

The testing setup for the pull-off tests is illustrated in Fig. 2, consisting of a 40 mm-thick UHPC layer and a 20 mm-thick steel plate. Six specimens, each with a diameter of 55 mm and a depth of 40 mm, were carefully extracted from the steel-UHPC composite plate after the SB and EA treatments of the interfaces. To ensure a strong connection between the samples and the loading instrument, a steel drawing disk with a diameter of 50 mm was securely attached to the upper surface of each drilled core sample with epoxy adhesive, as seen in Fig. 2. Tensile loading was applied at a constant rate of 40 kPa/s to the specimen until failure occurred. The ultimate load was then recorded for analysis.
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Figure 2: Testing setup for pull-off tests: (a) the schematic setup; (b) the actual setup [2]; unit: mm

The testing setup for the push-out tests is illustrated in Fig. 3, consisting of an I-steel beam and two UHPC layers. The I-beam had a width of 150 mm and a height of 320 mm. The UHPC layers on both sides of the beam were 60 mm thick, 290 mm wide, and 320 mm high. At the midpoint of the top surface of the I-beam, a 30-ton electro-hydraulic servo test system applied a pressure load. The loading process used a displacement loading control method, preloading and loading the specimen at a constant rate of 0.5 mm/min until failure. The relative slip between the steel member and UHPC was measured by four linear variable differential transformers (LVDTs), labeled D1-D4, strategically positioned on the specimen’s surface, as shown in Fig. 3. Throughout the loading process, the load and displacement were recorded at a frequency of 10 Hz.
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Figure 3: Testing setup for push-out test: (a) the schematic setup; (b) the actual setup [2]; unit: mm

2.1.4 Testing Results

During the pull-off test, failure can occur either at the drilled UHPC core sample or at the steel-UHPC interface. If the tensile strength of the interface is higher than that of the UHPC, failure will occur at the drilled UHPC core sample and vice versa. The results indicated that the failure mode for both interface treatments primarily occurs at the steel-UHPC interface, representing the most vulnerable component within the steel-UHPC composite structure. The nominal bond strength or interfacial cohesion, σ, can be calculated as follows:

σ=PpullAt(1)

where Ppull and At are the maximum applied load and the cross-sectional area of the drilled core sample. The average tensile strengths of the SB-treated and EA-treated interfaces in the steel-UHPC composite are 3.48 and 1.78 MPa, respectively, as shown in Table 3.
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The load-slip curves for the steel-UHPC interface, derived from push-out tests, are depicted in Fig. 4. These experimental results reveal distinct behaviors between the SB and EA-treated interfaces. Specifically, the SB interface exhibits a brittle failure mode, characterized by a rapid decrease in load capacity after reaching its peak, with a relatively small interface slip. In contrast, the EA interface exhibits a ductile failure mode, characterized by significant slip at the interface upon failure. As loading progresses, the EA interface experiences gradual and slow slip. After reaching the maximum load, the slip continues to develop while the load capacity gradually decreases until ultimate failure. The average shearing strength, τ, can be calculated as follows:

τ=Ppush2As(2)

where Ppush and As are the maximum applied load and the contact area between a UHPC slab and the I-steel. The average shear strength of the SB-treated and EA-treated interface of the steel-UHPC composite amounts to 0.79 and 2.1 MPa, respectively, see Table 3.
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Figure 4: Load-slip curve of the push-out testing: (a) SB specimen; (b) EA specimen [2]

2.2 Interfacial Constitutive Models

2.2.1 Model Establishment

The results from the pull-off and push-out tests aid in establishing the constitutive relations for the SB and EA interfaces. The traction-separation model, which includes bilinear, exponential, trapezoidal, and other types, is commonly used to describe interface fractures [33,34]. Reflecting on the characteristics of the load-slip curves for the SB and EA interfaces, they are modeled by a bilinear and a trapezoidal traction-separation model, respectively, as depicted in Fig. 5.

[image: images]

Figure 5: Interfacial constitutive models: (a) the bilinear traction-separation model for the SB interface and (b) the trapezoidal traction-separation model for the EA interface

Regarding the SB interface, an increasing load leads to a relatively small slip between the steel and UHPC interfaces, as indicated by the steep linear rise of the load-slip curve in Fig. 5a. Upon reaching the peak, the load quickly decreases with increasing slip. Thus, the constitutive behavior of the SB interface can be divided into two phases: the elastic phase and the failure phase. During the elastic phase, the interface remains intact, but it swiftly transitions to the failure phase after reaching the ultimate load, significantly reducing load-bearing capacity. The following constitutive model describes this behavior.

σn/s={σn/s0δ0δ=Kn/sδ,δ≤δ0δ−δfδ0−δfσn/s0,δ0<δ≤δf(3)

where σn/s and σn/s0 are the normal/shear tractions and the corresponding ultimate values of the interface, respectively. δ is the interface slip with δ0 and δf are for the corresponding value when the interface reaches its ultimate strength, and the maximum value allows for interface continuity. The stiffness of the interface, denoted as Kn/s, can be quantified as σn/s/δ0. Herein, the subscript n and s refer to the normal and tangential direction along the interface, respectively.

The test results clearly indicate the EA interface’s ductile mechanical behavior. Upon reaching the maximum load, the interface does not fail abruptly but continues slipping and gradually reduces its load-carrying capacity until final failure. Therefore, the constitutive behavior of the EA interface can be described by a trapezoidal traction-separation model consisting of the elastic, plastic, and failure phases. The plastic phase ensures the interface does not immediately enter the failure phase upon reaching its maximum load-bearing capacity. The constitutive model is expressed as follows:

σn/s={σn/s0δ0δ=Kn/sδ,δ≤δ0σn/s0,δ0<δ≤δ0+r∗δf(δ−δf)σn/s0(δ0+r∗δf)−δf,δ0+r∗δf<δ≤δf(4)

where δu=δ0+r∗δf is the ultimate slip value in the undamaged phase of the interface, with the trapezoidal shape parameter, r, indicating the ratio of the upper base to the lower base of the trapezoid. All the other parameters follow the definition in Eq. (3).

2.2.2 Parameters Identification

In the traction-separation model, the ultimate tractions of the interface, σn/s0, represent the maximum stress that the interface can sustain in a specific direction. For the vertical direction, this corresponds to the tensile strength of the interface, and for the horizontal direction, it corresponds to the shear strength of the interface [35]. These were determined by the pull-off and push-out tests of the UHPC-steel composites, respectively, as indicated in Table 4.
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The trapezoidal shape parameter, r, which calibrates the shape of the trapezoidal traction-separation model, is quantified as the ratio between the upper and lower bases of the trapezoid. Extensive investigations have shown that this parameter, ranging between [0.1–0.35], has an insignificant influence on numerical simulations compared to that of the maximum separation distance δf [36–38]. Therefore, the trapezoidal shape parameter is assumed to be 0.1 for the EA interface’s trapezoidal traction-separation model.

The stiffness Kn/s and the maximum separation distance δf of the interface cannot be directly obtained from experimental measurements. Therefore, finite element simulations of the push-out tests were conducted to identify these parameters, as shown in Fig. 6. The ultimate strength σn/s0 and the trapezoidal shape parameter r of the interfaces were employed. By replicating the load-displacement curves of the push-out tests, as depicted in Fig. 7, the values of Kn/s and δf were determined for both the SB interface and the EA interface, as indicated in Table 5.
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Figure 6: Mises stress cloud of the push-out FE model: (a) SB interface; (b) EA interface
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Figure 7: Comparison of the load-slip curves of the push-out tests between experimental measures and finite element simulations: (a) SB interface; (b) EA interface
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3  Model Validation

In order to validate the developed interface constitutive models, a three-point bending test on a steel-UHPC composite plate was performed, followed by a comparison with numerical simulations based on the established constitutive relation.

3.1 Three-Point Bending Test

The three-point bending test was conducted on a steel-UHPC composite plate, illustrated in Fig. 8a. The specimen consisted of a 60 mm-thick UHPC overlay and a 10 mm-thick steel plate with specific surface treatments, forming the SB interface and EA interface. Its geometric dimensions were 800 mm in length, 150 mm in width, and 70 mm in thickness. The same UHPC and steel materials used in the interfacial testing were employed.
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Figure 8: Testing setup for three-point bending tests: (a) the schematic setup; (b) the measurements; (c) the actual setup [2]; unit: mm

For measuring the deflection and strain of the steel-UHPC composite plate during loading, a total of 5 LVDTs and 12 strain gauges were installed on the specimen, as illustrated in Fig. 8b. The LVDTs, labeled D1 to D5, were positioned as follows: D2 and D4 at the top of the supports and D3 at the middle span to monitor deflections during loading. D1 and D5 were placed at the specimen’s extremities to measure interfacial slip. Strain gauges installed at the 1/4 span, 1/2 span, and 3/4 span of the plate were denoted as S1-1 to S1-4, S2-1 to S2-4, and S3-1 to S3-4, respectively. Notably, strain gauges labeled 1, 2, and 3 were positioned on the UHPC layer, while those labeled 4 were placed on the bottom surface of the steel plate.

The setup of the three-point bending test for the steel-UHPC composite plate is depicted in Fig. 8c. The specimen was simply supported at its extremities. The point load was applied using a rigid load distribution beam to achieve uniform stress along the x-direction of the plate. Following preloading, the specimen was loaded using a 30-ton electro-hydraulic servo testing system at a constant speed of 0.5 mm/min until final failure. Throughout the loading process, both the applied load and displacement were recorded at a sampling frequency of 10 Hz.

3.2 Finite Element Simulations

The commercial software Abaqus FEA [39] was utilized for finite element simulations. The steel plate and the UHPC layer were simulated using the three-dimensional stress 8-node linear brick element, referred to as “C3D8R” in Abaqus. For the interface between the steel plate and the UHPC, the cohesive element “COH3D8” was used, which was tied to both the steel plate and the UHPC layer. A convergence study and a trade-off between simulation accuracy and computational effort resulted in the characteristic size of the finite elements being set to 10 mm, as shown in Fig. 9 for the finite element mesh. The mechanical properties of the steel plate, the UHPC, and the interfacial zone were defined as follows:

(1)   Steel
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Figure 9: Three-dimensional finite element model of the analyzed three-point bending test specimen

Considering the strengthening behavior of the steel plate material beyond the yielding stress, an elastoplastic bilinear model was employed to simulate its constitutive behavior.

σ={Esε,0≤ε≤fyEs0.01Esε,fyEs<ε≤fs,u−fy0.01Es+fyEs(5)

Following the experimental results of Table 2, the yield strength is taken as fy=345MPa, the ultimate strength as fs,u=550MPa, the elastic modulus as Es=2.06×105 MPa, and Poisson’s ratio as vs=0.3.

(2)   UHPC

The constitutive model of the UHPC follows the model in [40] for compression and the model in [41] for tension, as shown in the stress-strain relations of Eqs. (6) and (7), respectively.

σcfc={Aεcεc0+(6−5A)(εcεc0)5+(4A−5)(εcεc0)6,0≤εc≤εc0εcεc0α(εcεc0−1)2+εcεc0,εc≥εc0(6)

σtft={ 1.17(εtεt0)+0.65(εtεt0)2−0.87(εtεt0)3,0≤εt≤εt0εtεt05.5(εtεt0−1)2.2+εtεt0,εt≥εt0
(7)

where σc and σt are the compressive and tensile stresses of UHPC, respectively, with εc and εt are the corresponding compressive and tensile strains, respectively. The compressive and tensile strengths of the UHPC follow the experimental results in Table 2, i.e., fc =145 MPa and ft=8.5 MPa. The peak compressive strain and the peak tensile strain are taken as εc0 = 3619 με and εt0 =189 με. The parameter A in Eq. (6) represents the ratio of the tangential elastic modulus E0 at the zero point of the stress-strain curve to the cutline modulus Ep at its peak point. In this study, the values of A and α are taken as 1.177 and 2.41, respectively [40].

The stress-strain curves of UHPC are transformed into the stress-inelastic strain relation, as defined by the concrete damage plasticity (CDP) model in ABAQUS [39]. The inelastic strains in case of compression and tension are quantified as follows:

εcin=εc−σc/Ec(8)

εtin=εt−σt/Ec(9)

This allows quantifying the damage parameters in the CDP model.

Dc=1−σcEcεcin(10)

Dt=1−σtEcεtin(11)

Calibrating the compressive and tensile damage, respectively. In the context of the CDP model, it is necessary to define five additional parameters: the dilatation angle, flow potential eccentricity, the biaxial compressive yield stress ratio to uniaxial compressive yield stress, the ratio of the second stress invariant on the tension meridian to that on the compression meridian, and the viscosity coefficient. These parameters are defined following those of the same UHPC utilized in this work [42], as seen in Table 6.
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(3)   Interface model

In the finite element simulations, the interface between the UHPC and the steel plate is simulated by establishing a cohesive interface element with zero thickness. The cohesive interfacial elements were generated by offsetting from the surface mesh of the steel plate, and the other side of the cohesive interface element naturally forms common node constraints with those of the steel plate surface. Thus, the mesh sizes of the cohesive interfacial elements are consistent with those of the steel plate mesh, as detailed in Fig. 9.

The maximum stress criterion is adopted as the failure criterion for cohesive elements, indicating that damage initiates when the stress in any direction reaches the predefined stress limit. The interface is completely damaged once the maximum separation distance is reached, representing its final failure.

For calibration of the damage extent of the interface, the damage variable is introduced, representing the ratio of stress loss caused by interface damage to the undamaged stress of the interface. Its value ranges from 0 to 1, indicating the development of the interface from intact condition to complete damage. For the UHPC-sandblasted steel plate (SB) interface, the interface remains undamaged when δ≤δ0, i.e., D=0. When δ0<δ≤δf, the interface is damaged, and the resulting stress loss can be quantified.

σd=σn/s0δ0δ−δ−δfδ0−δfσn/s0(12)

The corresponding damage coefficient at this stage is defined as follows:

D0f=σdσn/s0δ0δ=1−δ0δδ−δfδ0−δf(13)

When δ>δf, the SB interface is fully damaged, i.e., D=1. Therefore, the damage coefficient of the SB interface can be written as follows:

DSB={ 0,δ≤δ01−δ0δδ−δfδ0−δf,δ0<δ≤δf1,δ > δf
(14)

As for the epoxy adhesive (EA) interface with sprinkled basalt aggregate, the interface remains undamaged when δ≤δ0, i.e., D=0. When δ0<δ≤δu, damage to the interface starts, and the resulting stress loss can be quantified as follows:

σ0ud=σn/s0δ0δ−σn/s0(15)

This leads to the damage coefficient defined below:

D0u=σ0udσn/s0δ0δ=1−δ0δ(16)

When δu<δ≤δf, the stress loss is as follows:

σufd=σn/s0δ0δ−δ−δfδu−δfσn/s0(17)

This results in the damage coefficient as follows:

Duf=σufdσn/s0δ0δ=1−δ0δδ−δfδu−δf(18)

When the slip value exceeds the maximum separation distance, i.e., δ>δf, the EA interface is completely damaged, i.e., the damage coefficient D=1. Therefore, the damage coefficient of the EA interface can be written as follows:

DEA={0,δ≤δ01−δ0δ,δ0<δ≤δu1−δ0δδ−δfδu−δf,δu<δ≤δf1,δ>δf(19)

3.3 Comparison between Experimental and Numerical Results

3.3.1 Experimental Results of Three-Point Bending Test

In three-point bending tests, composite plates with SB and EA interfaces exhibit a similar mode of longitudinal shear failure along the interface. The applied load leads to gradual sliding and separation of the UHPC overlay from the steel plate. At the stage of ultimate failure, the collaborative action between the UHPC and steel plates is lost, resulting in significant bending deformation and bending failure.

However, the load-deflection curves of these two composite plates differ, as shown in Fig. 10. For the SB specimens, the deflection increases linearly with the applied load, and interfacial sliding is insignificant before the final failure. Correspondingly, no evident signs of damage manifest during this stage. As the peak load approaches, minor interfacial dislocations appear within the range of 1/4 to 3/4 of the plate span, followed by slight bending cracks. Simultaneously, interface fracture emerges, leading to an abrupt loss of bearing capacity, accompanied by a significant sound. The average ultimate load of the composite plate using the SB interface is 53.31 kN. For the EA specimens, the load-deflection curve is almost linear during the initial stage. Upon reaching the ultimate stage, interfacial dislocations and obliquely oriented bending-shear cracks arise at around 3/8 span of the specimen. These cracks propagate from the bottom to the top of the UHPC layer, decreasing specimen stiffness. As the ultimate load stage is reached, the specimen loses its load-bearing capacity and eventually fails. The average ultimate load-bearing capacity of components using the EA interface is 46.70 kN.
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Figure 10: Comparison of the experimentally-measured [2] load-deflection curves of the three-point bending tests of the steel-UHPC plate with the FE simulations by taking the ultimate shear traction as the pure shear strength: (a) SB interface; (b) EA interface

3.3.2 Taking the Ultimate Shear Traction as the Pure Shear Strength

During the simulation of the steel-UHPC interface, the experimentally derived interface pure shear strength was used as the value for the interface model σs.

The experimentally measured pure shear strength was taken as the ultimate shear traction of the interface in the numerical simulations, that is σs,SB = 0.79 and σs,EA = 2.10 MPa. The results of the numerical simulations exhibit a similar pattern to the experimental results in terms of the load-slip curves, as seen in Fig. 10. However, the load capacity of the composite plate was clearly underestimated. Specifically, the maximum simulated plate load with the SB interface is only around 34.33% of the average of the experimental results. The numerical simulation of the EA interface is slightly lower, around 87.45% of the average of the experimental results, as shown in Table 7 for comparison. This discrepancy provides motivation to refine the numerical simulations by updating the model.
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3.3.3 Taking the Ultimate Shear Traction as the Improved Shear Strength

The results of the preceding section indicate that taking the experimentally measured pure shear strength as the ultimate shear traction of the interface underestimates the bearing capacity of the steel-UHPC composite plate. This discrepancy is attributed to the normal stresses acting on the interface during the three-point bending test, which leads to an improvement in the ultimate shear strength of the interface [43–45], as indicated by an increase in the shear strength of the polymer-modified asphalt interface by 2–3.5 times due to the contribution of normal stress [46]. The Mohr-Coulomb strength theory is recalled for the quantitative determination of this improvement [47,48].

σs=c+σn,maxtan⁡φ(20)

where σs is the ultimate shear traction of the interface, depending on the applied maximum normal stress σn,max, as well as the internal angle of friction φ and the normal cohesion c of the interface. The latter is considered equal to the pure shear strength measured from the pull-off tests [49]. Regarding the internal friction angle, Zanotti et al. [49] and Ziraba et al. [50] reported tangent values of 1.31 and 0.53 for the SB and EA interfaces, respectively. However, the applied normal stress was typically unknown in the case of the three-point bending tests.

An iterative method, combined with the Mohr-Coulomb strength theory, was established to determine the improved shear strength of the interface subjected to complex stress states and, thus, the bearing capacity of the composite plates, as shown in Fig. 11. The experimentally measured pure shear strength, i.e., the normal cohesion c, was initially set as the ultimate shear traction σsi=0=c for the FE simulation of the steel-UHPC plate. The maximum value of the applied load PFE,maxi and the corresponding maximum normal stress at the interface σn,maxi were numerically quantified. The latter serves as input for the determination of the improved ultimate shear traction σsi+1 by applying the Mohr-Coulomb strength theory. The iteration stopped when the maximum applied load of the subsequent simulation converged, i.e., |PFE,maxi−PFE,maxi−1|<εerr.
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Figure 11: The iterative process for determination of the improved shear strength of the interface and the bearing capacity of the steel-UHPC plate

In this investigation, the critical error was set to εerr=0.5 kN, and the iterative process is detailed in Table 8. After the iterative calculation, the values of the ultimate shear traction of the SB and EA interfaces were improved to approximately 3.95 and 1.19 times their pure shear strength, recording values of 3.12 and 2.50 MPa, respectively. The simulated load-deflection curves agreed well with the experimental measurements for the three-point bending specimens (SB-1,2,3 and EA-1,2,3), as shown in Figs. 12a and 12b. The average values of the experimentally measured ultimate loads of the composite plates with both SB and EA interfaces were very close to the simulated results, as shown in Table 9, exhibiting deviations of 3.66% and 5.05%, respectively. The final failure patterns of the steel-UHPC plate are illustrated in Fig. 13.
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Figure 12: Comparison of the experimentally-measured [2] load-deflection curves of the three-point bending tests of the steel-UHPC plate with the FE simulations by taking the ultimate shear traction as the improved shear strength: (a) SB interface; (b) EA interface
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Figure 13: Comparison of the experimentally-measured [2] final failure patterns of the three-point bending tests of the steel-UHPC plate with the FE simulations: (a) SB interface; (b) EA interface

4  Discussion

4.1 Evolution of Interface Damage

The scalar stiffness degradation (SDEG) is utilized to calibrate the damage extent of the interface [51], as shown in Figs. 14a and 14b. With SDEG equal to 1, the cohesive element is fully damaged [52]. Shear damage occurs on both sides of the interface as the loading increases. This is due to the deformation compatibility between the UHPC layer and the steel plate. Fig. 14 shows the interfacial damage at three feature points: when the interface begins to fail, when the load reaches its maximum value, and when the component loses its load-bearing capacity.

[image: images]

Figure 14: Distribution of SDEG at different deflections until ultimate state: (a) SB interface; (b) EA interface

When the deflection of the plate reached 1.033 mm, damage began to occur at the SB interface, with the applied load recorded as 42.04 kN. As the loading increased, the deflection continued to develop, and interface damage developed rapidly. When the deflection reached 1.357 mm, the composite plate reached its maximum bearing capacity of 51.36 kN, characterized by large-scale damage at the interface. When deflection increased to 1.604 mm, the interface was completely damaged, and the plate could no longer bear the applied loading. For the EA interface, only minor damage occurred when the deflection reached 2.540 mm, with the applied loading recorded as 47.39 kN. The maximum loading of 49.06 kN was reached at a deflection of 2.998 mm. When the deflection increased to 4.141 mm, the composite plate was destroyed and lost its load-bearing capacity. With the continuous increase in deflection, the applied loading was almost constant, but the crack continued to develop.

Overall, the composite plate with the SB interface exhibited a higher bearing capacity but faster interface degradation with increasing deflection, failing in a brittle fashion. However, the composite plate with EA interfaces exhibited a lower bearing capacity but slower interface degradation with increasing deflection, failing in a ductile fashion.

4.2 Differences of Interfacial Ductility and Bearing Capacity

Steel-UHPC composite plates with SB and EA interfaces differ in load-bearing capacity and ductility during three-point bending tests. Averages of the elastic ultimate load (Fe) and the maximum load (Fmax) for the composite plate are listed in Table 10. The displacement corresponding to the elastic ultimate load is defined as the yielding displacement (dy), while the displacement corresponding to the maximum load is defined as the maximum displacement (dmax). As indicated in Table 10, for the SB interface composite slab, dmaxSB is equal to dySB, while for the EA interface composite slab, dmaxEA is greater than dyEA. The ductility coefficient, serving as an indicator of ductility strength, is defined as follows [53]:

μ=dmaxdy(21)

Table 10, μSB=1.00 and μEA=2.06, indicates that the steel-UHPC composite plate with the EA interface exhibits better ductility than the composite plate with the SB interface. However, the difference in their load-bearing capacities is relatively small, with the SB interface composite plate being slightly larger.
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The steel-UHPC composite plates with SB and EA interfaces exhibit distinct bearing capacities and ductilities, attributed to their differing interfacial behaviors. An increase in roughness, as the primary factor, leads to an increase in the strength of the SB interface [54]. This strength originates from the mechanical locking between the UHPC overlay and the sandblasted surface of the steel plate, which fails in a brittle fashion as the interlock breaks [55]. Therefore, the strength of the composite plate with the SB interface can be improved by employing high working pressure, small abrasive particle size, and large impact angles in sandblasting [56]. In contrast, the strength and ductility of the EA interface are mainly influenced by the adhesive layer [57,58]. Due to the plastic deformation capacity of the epoxy resin adhesive layer, the EA interface gradually fails in a ductile fashion. However, an increase in the thickness of the adhesive layer can also lead to a decrease in bearing capacity due to internal defects [58]. Therefore, determining an optimal thickness of the adhesive layer for the composite plate with the EA interface in practical engineering merits further research.

5  Conclusion

This study establishes constitutive models for two interfaces between steel and UHPC without a shear connector based on experimental results of interfacial testing. It validates these models by comparing three-point bending testing results of the steel-UHPC composite plates. Based on the results and discussions of this study, the following conclusions are drawn:

•   The proposed bilinear traction-separation model for the SB interface and the trapezoidal traction-separation model for the EA interface successfully calibrate the interfacial behavior of the steel-UHPC composite.

•   The steel-UHPC composite plates with the SB interface exhibit higher load-carrying capacities but poorer ductility. These plates fail in a brittle fashion due to interface debonding. Conversely, the steel-UHPC composite plates with the EA interface exhibit lower load-carrying capacities than those with the SB interface but better ductility, failing in a ductile fashion due to interface debonding.

•   Numerical simulations indicate that utilizing the experimentally determined pure shear strength as the traction-separation model’s ultimate shear traction underestimates the composite plates’ load-carrying capacity in three-point bending tests. The presence of normal stress improves the shear strength of the SB and EA interfaces by 3.95 and 1.19 times compared to the pure shear strength, respectively.

•   The pure shear strength of the SB interface is lower than that of the EA interface. However, in practical engineering, the load-carrying capacity of the steel-UHPC composite bridge decks with the SB interface is superior to that of decks with the EA interface. This can be quantitatively explained by recalling the Mohr-Coulomb criterion, which enhances shear strength due to normal stress.

Based on this study, the following recommendations can be made for practical engineering:

•   Apart from the interfacial pull-off and push-out tests, it is recommended to conduct three-point bending tests of the steel-UHPC plates for a comprehensive investigation of the interfacial behavior. In practical engineering, interfaces are normally subjected to complex stress states; therefore, the contribution of normal stress to shearing strength should be considered.

•   Determining the interfacial treatment method between UHPC and steel should consider practical requirements. The SB interface is favorable for composite structures requiring high load-bearing capacities, whereas the EA interface is suitable for structures requiring superior ductility.

•   In the case of surface treatment of the SB interface, ensuring roughness is recommended, employing high working pressure, small abrasive particle size, and significant impact angles during the sandblasting process [56]. For the EA interface, emphasis should be placed on eliminating internal defects within the adhesive layer, and a uniform thickness of the adhesive layer is recommended [58].
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Table 3: Results of the interfacial testing

Pull-off test Push-out test
Surface forms  Average tensile Coefficient of  Average Coefficient of  Failure
strength (MPa) variation (—) shearing variation (—) mode (—)
strength (MPa)
SB 3.48 0.23 0.79 0.20 Brittle

EA 1.78 0.58 2.10 0.15 Ductile
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Table 8: The iterative process for composite plates with SB and EA interfaces

Surface forms  Cycles  Input ultimate  Normal stress Bearing Improved ultimate
i shear traction o, (MPa) capacity shear traction o'
o! (MPa) Priax (KN) (MPa)
SB 1 0.79 0.182 18.30 1.03
2 1.03 0.580 22.70 1.55
3 1.55 1.019 30.18 2.12
4 2.12 1.409 39.13 2.64
5 2.64 1.646 45.21 2.95
6 2.95 1.714 49.25 3.04
7 3.04 1.748 50.42 3.08
8 3.08 1.778 50.99 3.12
9 3.12 1.787 51.36 -
EA 1 2.10 0.579 42.84 241
2 2.40 0.709 47.24 2.48
3 2.48 0.763 48.64 2.50
4 2.50 0.787 49.06 -
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Table 4: The ultimate tractions of the interface o,

Surface forms o) (MPa) o (MPa)

SB 3.48 0.79
EA 1.78 2.10
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Table 9: Comparison of test and FE model ultimate load: taking the ultimate shear traction as the

improved shear strength

Surface forms Experimental values (kN) FEM values Deviation
: (kN)

Specimens Average

SB 57.92 53.31 51.36 3.66%
54.16
47.84

EA 37.74 46.70 49.06 5.05%
48.93

53.43
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Table 7: Comparison of test and FE model ultimate load: taking the ultimate shear traction as the
pure shear strength

Surface forms Experimental values (kN) FEM values (kN)
Specimens Average
SB 57.92 53.31 18.30
54.16
47.84
EA 37.74 46.70 42.84
48.93

53.43
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Table 1: Mixture composition of the utilized UHPC [2]

Raw materials Mixtures (kg/m*)  Performance index

Cement P-1I 52.5 600.0 Density = 3.05 g/cm’

Silica fume 72.0 Density = 2.20 g/cm’

Quartz flour 240.0 4000-6000 mesh*, density = 2.63 g/cm’
Polycarboxylate-based 16.8 Water reduction rate = 36%, density =
superplasticizer 1.05 g/lem?®

Water 139.9 —

Quartz sand I 194.6 70~100 mesh, density = 2.63 g/cm’
Quartz sand 11 497.0 30~60 mesh, density = 2.63 g/cm’
Basalt 665.9 3~5 mm, density = 2.89 g/cm’

Steel fiber 117.0 Length = 13 mm, diameter = 0.20 mm,

tensile strength = 2800 MPa, elastic
modulus = 200 GPa

Note: *It refers to the number of holes per square inch on the screen.
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Table 6: Values used for the concrete-damaged plasticity model of UHPC

Dilation angle ({y) Flow potential Y(}eld stress ratio Stress invariant Viscosity
eccentricity (1) (=) ratio (K,) coefficient (—)
G(O

36° 0.1 1.16 0.667 0.0005
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Table 2: Mechanical properties of the utilized UHPC and steel

Materials Elastic modulus Poisson’s ratio  Ultimate tensile  Ultimate Yielding
(MPa) (-) strength (MPa) compressive strength
strength (MPa) (MPa)
UHPC 45000 0.2 8.5 145 -

Q345D steel 206000 0.3 550 345
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Table 10: Comparison of ductility coefficients for SB interface and EA interface

Surface forms F,,, (kN) d, . (Mm) F, (kN) d, (mm) u (=)

SB 53.3 1.53 53.3 1.53 1.00
EA 46.7 3.20 31.0 1.55 2.06
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Table 5: Stiffness K, and the maximum separation distance &,

Surface forms K, (N/mm’) §, (mm)

SB 696 0.13
EA 13 1.20
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