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Abstract: To address two critical challenges in the numerical modeling of precast segmental structures—

namely, post-tensioned prestress simulation and adhesive joint representation—this study proposes a 

refined finite element modeling approach. This method incorporates a nearest point matching algorithm 

during prestress application, resolving issues such as modeling complexity and low computational efficiency 

in traditional tendon–concrete node matching. For adhesive joint simulation, a cohesive contact element 

based on fracture mechanics is adopted, enabling the characterization of tensile-shear coupled failure under 

combined loading conditions. To validate the method, a precast segmental prestressed cap beam from a real-

world project was analyzed under prestressing and service load scenarios. The results demonstrate that the 

proposed approach is efficient, rational, and practically applicable, providing reliable technical support for 

high-fidelity numerical simulations of prefabricated structures. 

Keywords: precast segmental structures; post-tensioned prestressing; adhesive joints; cap beams; 

cohesive contact elements 

 

1  Introduction 

Owing to their advantages of quality controllability, reduced environmental 

impact, and high standardization, precast segmental structural systems have been 

widely applied in bridge engineering and large-span spatial structures. In 

prefabricated concrete bridge structures, precast segmental prestressed beams 

feature rapid construction, strong adaptability to various service conditions, and 

suitability for a wide range of spans. They have been extensively used in the 

construction of key components such as box girders, piers, and composite beams. 

Based on numerous representative engineering projects worldwide, precast 

segmental prestressed beams are predominantly fabricated with transverse 

segmentation, and post-tensioning is often employed to take advantage of the 

flexible tendon arrangement to increase the load-bearing capacity. A series of studies 

[1–4] have demonstrated that joint type has a significant influence on the mechanical 

performance of precast segmental concrete beams, with adhesive joints providing 

remarkable performance compared with dry joints. Moreover, in practical 

engineering applications, various joint configurations are adopted, among which 

large shear keys, small shear keys, and corbel-type joints are commonly used. 

In existing research, numerical simulation and experimental analysis are the two 

primary approaches for investigating the mechanical performance of structures or 

structural components. However, for precast segmental prestressed beams, 

performance analysis has thus far been dominated by experimental studies. Zhu 

Weidong et al. [5], using a 1:5 scale model test, examined the influence of different 

adhesive joint configurations on the mechanical behavior of large cantilever precast 

prestressed (PC) cap beams, highlighting the critical role of joint configuration. Based 
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on a 1:2 scale model, Li Lifeng et al. [6] investigated the diagonal cracking resistance 

and shear capacity of fully precast prestressed UHPC thin-walled cap beams. Zhuang 

Jianjie et al. [7] employed a full-scale test model to explore the damage and failure 

mechanisms of prefabricated piers under horizontal cyclic loading deeply. Gu Yin et 

al. [8] conducted a shaking table test to systematically study the dynamic response 

of prefabricated composite utility tunnels and identified structural weak points. 

As an important complement to experimental studies, the application of 

numerical simulation methods in the field of segmental structures is still in the 

developmental stage. At present, mainstream numerical simulation approaches for 

precast prestressed members include the equivalent load method and the explicit 

tendon modeling method. In the equivalent load method, the commonly used 

implementations are the load method and the nodal force method, which are 

straightforward to apply: equivalent prestress loads are directly imposed on the 

concrete nodes. However, when the tendon profile is complex, the calculation of 

equivalent loads becomes difficult. Moreover, since prestressing tendons are not 

explicitly modeled, the stresses released following concrete cracking cannot be 

carried by the tendons, leading to divergence in the numerical results when the 

damage to the concrete becomes severe. The explicit tendon modeling method 

operates on a similar principle, with the initial strain method and the cooling method 

being the most common implementation. Both methods assign initial strain to the 

tendons during the prestressing stage so that prestress develops in subsequent 

analysis steps. Nevertheless, neither approach can efficiently reproduce the stress 

distribution in tendons after tensioning, and both consider tendon stress variations 

induced by structural deformation in a rather simplified manner [9–10]. 

Overall, refined modeling of precast prestressed members still faces numerous 

technical challenges. For precast segmental prestressed beams, post-tensioning with 

curved tendon profiles is typically employed to ensure favorable stress conditions. 

However, for tendons with complex three-dimensional geometries, accurate 

simulation of key parameters such as precise spatial positioning during stress and 

stress concentration effects induced by ducts remains difficult. Furthermore, 

modeling the complex non-linear behavior of adhesive joint interfaces under 

combined loading is challenging—particularly in capturing the asymmetry between 

tensile and compressive behavior and the intricate damage evolution process under 

tensile–shear coupling. 

To address these challenges, this study proposes a refined finite element 

modeling method tailored for segmental structures, enabling both effective prestress 

application and rational simulation of adhesive joints. Based on the proposed 

approach, numerical analyses were conducted for a precast segmental prestressed 

cap beam under two loading scenarios—post-tensioned loading and concentrated 

loading—to validate the accuracy and applicability of the method. Finally, 

depending on the numerical results, optimization recommendations are proposed 

for prefabricated cap beam structures in terms of both cracking resistance and load-

bearing capacity, providing a valuable reference for engineering design and 

construction. 

2  Refined Numerical Modeling Method for Precast Segmental Prestressed Cap 

Beams 

The overall modeling strategy for the precast segmental prestressed beam 

proposed in this study adopts a discrete (component-based) approach, in which each 

component—such as reinforcement, prestressing strands, and concrete—is modeled 

independently and then integrated through appropriate interaction definitions. 

Concrete is modeled using solid elements with the Concrete Damage Plasticity (CDP) 

constitutive model, which can accurately capture the stiffness degradation and 
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damage evolution of concrete under cyclic loading. Reinforcing bars and prestressing 

strands are modeled using linear beam elements with an ideal elastic–plastic 

constitutive law. To simulate post-tension in complex tendon configurations and 

novel adhesive joints, a nearest-point matching algorithm and a cohesive contact 

element method, respectively, are incorporated. Detailed descriptions of these 

techniques are provided in the following sections. 

2.1  Post-Tensioned Prestress Application Based on the Nearest point Matching Algorithm 

In segmental structural systems, the rational application of prestressing 

technology is a key factor in optimizing structural mechanical performance. 

Compared with the pretensioned state, the post-tensioned state offers greater 

flexibility in the tendon arrangement, better adaptability to long spans, and enhanced 

controllability of the prestress levels. Particularly when complex loading conditions, 

high durability requirements, and special construction constraints are addressed, 

posttensioning enables performance optimization through flexible stress control, 

thereby providing a reliable guarantee for engineering quality [11]. 

Currently, numerical modeling methods for post-tensioned prestressed 

concrete primarily fall into two categories: (1) both concrete and prestressing tendons 

are modeled with solid elements, where ducts are excavated within the concrete and 

cohesive elements are used to simulate prestress transfer; (2) concrete and 

prestressing tendons are modeled separately by solid elements and beam elements, 

respectively, while coincident nodal coordinates are maintained, and prestress 

transfer is simulated by establishing one-to-one connector elements or nonlinear 

spring elements between corresponding nodes [12–13]. 

Method (1) can realistically capture the contact behavior between prestressing 

tendons and concrete, as observed in actual engineering, but it greatly increases 

meshing complexity and often suffers from convergence difficulties. Method (2) 

generally results in good convergence but requires mesh compatibility between the 

concrete and tendon nodes. The traditional manual node matching approach is 

inefficient and lacks practical operability. This issue is particularly pronounced for 

curved tendon layouts, where irregular mesh patterns make accurate node 

correspondence difficult, resulting in a highly complex modeling process and 

hindering the accurate prediction of structural mechanical performance. 

To address the node matching problem described above, this study proposes an 

efficient and accurate numerical simulation solution based on a nearest point 

matching algorithm (NPMA). The algorithm uses distance as a similarity metric 

between nodes and constructs a distance metric function to search in the feature 

space for the data object closest to the target object, thereby achieving high-precision 

matching. Given two sets of points in three-dimensional space, 𝑃  and 𝑄 , the 

nearest-point matching algorithm iteratively searches for, according to the distance 

metric function defined in Equation (1), the point (𝑥2, 𝑦2, 𝑧2)  in 𝑄  that has the 

minimum Euclidean distance to each point (𝑥1, 𝑦1, 𝑧1) in 𝑃 , thus identifying the 

nearest point. 

𝑑 = √(𝑥1 − 𝑥2)
2 + (𝑦1 − 𝑦2)

2 + (𝑧1 − 𝑧2)
2 (1) 

In the equation, the distance metric function is based on the Euclidean distance. 

Based on this principle, this study employs connector elements rapidly established 

via the nearest point matching algorithm to simulate the application of post-

tensioned prestress. Compared with nonlinear spring elements, connector elements 

offer greater ease of use and extensibility (such as when duct friction is defined). As 

illustrated in Figure 1, the specific implementation procedure is as follows: 
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Figure 1  Illustration of post-tensioned prestress implementation based on the nearest-point 

matching algorithm 

Step 1: Mesh Discretization 

Finite element meshes are generated separately for both the concrete and the 

prestressing tendons. 

Step 2: Automatic Node Matching 

When the prestressing tendon mesh nodes are used as the primary node set, a 

spatial search algorithm automatically identifies the adjacent secondary node set 

within the concrete elements. Accurate node mapping is established based on the 

minimum Euclidean distance criterion. 

Step 3: Connector Element Construction 

Connector elements are established between each prestressing tendon node and 

the concrete node with minimum Euclidean distance. A local coordinate system is 

assigned to each connector, aligned with the cylindrical coordinate system at the 

center of curvature of the arcs forming the tendon profile. This ensures that the shear 

direction of the connector coincides with the geometric axis of the tendon. The 

connector element fully constrains the relative displacement in the normal direction, 

whereas a bond-slip constitutive model limits the relative slip in the shear direction. 

This configuration ensures that the forces from the concrete duct acting on the 

prestressing tendons during prestress application and subsequent loading are 

accurately transferred to the tendon nodes. Thereby precisely simulating their 

interaction. 

Step 4: Prestressing Tendon Tensioning 

To avoid stress concentration distortion in the concrete at the anchorage zone 

during simulation, a coupling constraint technique is employed. All the concrete 

surface nodes at the anchorage end are coupled together with the prestressing tendon 

end nodes to a common reference point. Similarly, all the concrete surface nodes at 

the stressing end are coupled to another common reference point, which is then 

connected to the prestressing tendon end nodes via connector elements. Prestressing 

tendon tensioning is achieved by shortening these connector elements. This approach 

effectively simulates the stress dispersion effect in the anchorage zone observed in 

practice and ensures uniform transfer of prestress from the anchorages to the 

Step 4-5

Step 1

Step 2

Step 3

Nodes of concrete solid elements (a~ f)

Nodes of prestressing tendon elements (a’~ f’) Connector elements

Anchorage endStressing end

Coupling

Connector elements

Connector elements

Coupling
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concrete structure, thereby enhancing the accuracy of finite element analysis. 

Furthermore, this treatment complies with the relevant provisions for local bearing 

pressure calculations in prestress anchorage zones, as specified in the “Specifications 

for Design of Highway Reinforced Concrete and Prestressed Concrete Bridges and 

Culverts” (JTG 3362—2018) [14]. 

Step 5: Boundary Condition Setup 

The prestressing force at the end of Step 4 is maintained to simulate the 

anchorage effect. The support at the stress end is modeled as a fixed hinged support, 

constraining five degrees of freedom ( 𝑈𝑥 , 𝑈𝑦 , 𝑈𝑧 , 𝑈𝑅𝑦, 𝑈𝑅𝑧 ). The support at the 

anchorage end is modeled as a sliding hinged support, constraining four degrees of 

freedom (𝑈𝑥 , 𝑈𝑦 , 𝑈𝑅𝑦 , 𝑈𝑅𝑧). 

Compared with traditional manual matching methods, the proposed approach 

establishes an accurate node mapping relationship that effectively mitigates 

numerical simulation distortions caused by non-uniform prestress distributions, 

ensuring high-precision control. Moreover, by incorporating three-dimensional 

spatial indexing techniques, the method significantly enhances the processing speed 

and computational efficiency for large-scale node matching. Notably, this approach 

demonstrates excellent applicability to practical engineering challenges such as 

complex three-dimensional tendon layouts, providing a reliable solution for the 

refined modeling of prestressed structures. 

For convergence control of the nearest point matching algorithm, the distance 

tolerance based on the Euclidean metric is typically set below the average spacing 

between adjacent prestressing tendon nodes to avoid excessive redundant 

calculations during the three-dimensional spatial indexing process. Additionally, 

spatial partitioning techniques can be employed during algorithm implementation 

to perform neighborhood searches, whereby distance matching is conducted only 

within a specified range around the target linear element nodes, thereby improving 

computational efficiency. 

2.2  Adhesive Joint Simulation Based on Cohesive Elements 

The joint type plays a decisive role in the mechanical performance of segmental 

structures. Studies have shown that mechanical performance is significantly better 

for precast concrete beams connected by adhesive joints than for those connected by 

dry joints under equivalent conditions. Notably, their mechanical behavior in the 

elastic stage is essentially consistent with that of monolithically cast precast concrete 

beams [15]. Therefore, the refined simulation of adhesive joints is a key aspect of 

finite element model development. Existing studies typically model adhesive joints 

using tie constraints, solid cohesive elements, spring elements, or connector elements. 

However, tie constraints neglect fracture and stiffness degradation of the adhesive 

material, making it difficult to simulate interface debonding and damage 

accumulation. Although solid cohesive elements can capture the mechanical 

response of the adhesive layer, they require detailed solid modeling of the adhesive 

material, resulting in low modeling efficiency and high computational cost. Classical 

spring or connector elements can simulate the adhesive layer along individual axial 

or shear directions but lack fracture criteria that consider tensile–shear coupling 

effects, thus failing to accurately predict interface failure under combined loading 

conditions. 

To address the issues, this study adopts a fracture mechanics–based cohesive 

contact element to simulate the mechanical behavior of the adhesive interface. This 

element incorporates damage criteria to represent the progressive failure process of 

the adhesive joint. The adhesive material is modeled using a bilinear constitutive law 

based on the Park–Paulino–Roesler (PPR) energy criterion, which defines tensile–
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shear coupled failure behavior through critical fracture energy and interface 

displacements. The uniaxial stress–displacement response is illustrated in Figure 2: 

During the elastic phase, stress increases linearly with displacement; in the softening 

phase, stress decreases linearly with damage accumulation to zero, dissipating all the 

energy. Here, 𝜎 and 𝜏 denote the normal and shear stresses, respectively; 𝜎0 and 

𝜏0 are the normal and shear strength limits, respectively; 𝛿𝑛 and 𝛿𝑠 represent the 

normal and shear displacements, respectively; 𝛿𝑛0 and 𝛿𝑠0 are the initial damage 

displacements; and 𝛿𝑛𝑓  and 𝛿𝑠𝑓  are the failure displacements. This constitutive 

model assumes the elastic response of the adhesive interface under normal 

compression and considers failure only under tension and shear, which is consistent 

with the actual behavior of adhesive joints [16-17]. 

Notably, to avoid underestimation of the fracture energy caused by coarse 

meshing, local mesh refinement is applied at the midspan region of the beam based 

on the characteristic length theory. A simple transition mesh is used to balance 

computational efficiency and accuracy. 

  
a) axial b) shear 

Figure 2  Bilinear damage constitutive model of the cohesive contact element 

3  Engineering Case Analysis 

3.1  Overview 

This study is based on the second phase of the Changzhang Expressway 

reconstruction and expansion project, in which a novel post-tensioned segmental 

precast cap beam is designed to accelerate construction and improve project quality. 

The member adopts an inverted T-shaped cross-section. The two precast beam 

segments are connected along the mid-span section through a combination of 

“corbel-type” joints and shear keys, with adhesive joints applied at the connection 

interfaces. 

During construction, six curved grouted corrugated ducts are embedded prior 

to concrete casting. After the beam segments are fabricated and assembled on-site, 

high-strength prestressing strands are threaded through the ducts for post-

tensioning, followed by anchoring, stressing, and end-sealing to complete the 

assembly. 

The total design span of the cap beam is 18,329 mm, with an overall depth of 

2,750 mm. The upper projecting portion is referred to as the top web, measuring 1,600 

mm in thickness and 1,650 mm in height. The lower portion is the bottom flange, 

3,400 mm wide and 1,100 mm in height. The prestressing tendons consist of high-

strength steel strands (strand diameter 15.2 mm, cross-sectional area 180 mm²) 

symmetrically arranged on both sides inside the beam, following a curved profile 

and adopting reverse curvature near the tapered beam ends, as shown in Figure 3. 

For the materials, C50 concrete is used for the beam segments. Longitudinal 

reinforcement consists of HRB400-grade reinforcement (diameters of 12 mm and 28 

mm), whereas the stirrups are HRB400 reinforcement (diameter of 16 mm). The cross-

sectional configurations at the mid-span and beam ends are shown in Figure 4. 
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Figure 3  Half-section structural diagram of the prestressing strands in the cap beam 

  

Figure 4  Cross-sectional details of the cap beam at the end (Section 1-1) and mid (Section 2-

2) spans 

3.2  Modeling 

To investigate the flexure–shear coupled behavior of the precast cap beam, the 

sample shown in Figure 3 was selected as the research object. A refined numerical 

model was developed in ABAQUS, as illustrated in Figure 5. A partitioned modeling 

approach was adopted, where the concrete and bearing blocks were modeled using 

eight-node reduced integration solid elements (C3D8R). The reinforcement 

framework was simulated with two-node three-dimensional truss elements (T3D2), 

emphasizing their axial force characteristics. Prestressing strands were modeled with 

two-node spatial linear beam elements (B31), considering their stress state during 

prestress application and subsequent loading. 

 

Figure 5  Finite element model 

Concrete material behavior was characterized by using the Concrete Damage 

Plasticity (CDP) model, with the parameters listed in Table 1. The stress–strain 

relationships follow the uniaxial tensile and compressive constitutive laws 

prescribed by the “Code for design of concrete structures” (GB 50010—2010). 

Concrete tensile and compressive strengths were taken as standard values. The 

material yield strengths and elastic moduli of the reinforcement and prestressing 

strands are specified in Table 2. 

To realistically simulate the interactions between components, appropriate 

contact conditions were applied. A tie constraint was used to fully bond the bearing 
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blocks to the concrete beam, whereas an embedded region constraint ensured 

cooperative behavior between the reinforcement framework and the concrete. Epoxy 

resin mortar was adopted as the adhesive material for the joints; conservative 

material parameters were selected depending on the experimental results reported 

in [18–19] and are summarized in Table 3. 

Table 1  Parameters of the concrete plastic damage model 

Dilation 

angle 𝝍 
Eccentricity 

𝒆 

Ultimate compressive 

strength ratio 

Stress invariant 

ratio 𝑲𝒄 

Viscous 

Parameter 𝒗 

30 0.1 1.16 0.667 0.0005 

Table 2  Material parameters of reinforcement and prestressing strands 

Grade 
Yield strength 

/MPa 

Ultimate strength 

/MPa 

Elastic modulus 

/GPa 

Prestressing Strand ϕS15.2 1560 1860 195 

HRB400 12 400 540 200 

HRB400 16 400 540 200 

HRB400 28 400 540 200 

Table 3  Adhesive contact parameters of the epoxy resin mortar 

Elastic modulus 

/GPa 

Adhesive thickness 

/mm 

Tensile strength 

/MPa 

Fracture energy 

(J·m-2) 

4.0 10.0 8.0 1200.0 

The entire simulation was conducted using an explicit dynamic solver, which 

effectively handles complex contact and nonlinearities within the model, ensuring 

accuracy and reliability of the results. To minimize the influence of dynamic effects 

on outcomes, a sufficiently long loading duration was set to approximate static 

loading conditions. Furthermore, to enhance computational efficiency, a transitional 

mesh refinement was applied locally near the adhesive joint at mid-span. The refined 

concrete element size was controlled to approximately 40 mm within the densified 

region, whereas the coarse mesh elements outside this area were controlled to 

approximately 80 mm, thus reducing computational redundancy. 

3.3  Response Analysis 

3.3.1  Prestressing Strand Tension Analysis 

To validate the rationality of the proposed modeling method, prestressing was 

applied to the beam, with the negative x-direction defined as the anchorage end and 

the positive x-direction as the stressing end. The displacement contours of the 

concrete beam segment after the application of prestressing are shown in Figure 6. 

The beam exhibited the expected camber during the stressing process, with the 

camber shape corresponding well to the geometry of the curved prestressing tendons. 

These findings preliminarily confirm the effectiveness of the proposed numerical 

modeling approach for post-tensioned prestressing. 

The axial force distribution contours of the cross-sections of the prestressing 

strands are shown in Figure 7. The results indicate that the axial force in each strand 

gradually decreases from the stressing end to the anchorage end, which is consistent 

with the typical post-tensioning prestress distribution observed in actual engineering 

practice because of prestress losses, including friction losses, anchorage losses, and 

duct wall bearing effects [20]. 

The prestressing strand tension stress contours shown in Figure 8 reveal a 

relatively uniform stress distribution, with stress values concentrated between 1000 
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and 1290 MPa. This finding complies with the relevant provisions of Article 7.2.2 in 

the “Specifications for Design of Highway Reinforced Concrete and Prestressed 

Concrete Bridges and Culverts” (JTG 3362—2018), which stipulates the control stress 

for prestressing strands as   0.75
con ptk

f . 

Furthermore, owing to the large curvature of the concrete duct at the beam mid-

span, the duct wall typically induces stress concentrations in the prestressing strands. 

As depicted, the proposed modeling method effectively captures this local stress 

concentration phenomenon, further validating the modeling approach and ensuring 

the reliability of the subsequent load response analysis. 

 

Figure 6  Concrete displacement contours of the beam segment 

 

Figure 7  Axial force contours of the prestressing strands after tensioning 

 

Figure 8  Stress contours of the prestressing strands after tensioning 

3.3.2  Load Analysis 

The adhesive joint region at the mid-span of the beam serves as a critical force 

transfer zone and is often the weakest part of the entire beam segment. To clarify the 

mechanical response characteristics of this region under loading, concentrated 

single-point forces were applied at the top of the flanges on both sides of the beam 

mid-span, as illustrated in Figure 9. The load–deflection curve at the mid-span was 

also calculated. 

Stressing endAnchorage end

Stressing endAnchorage end
stress concentration
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The deformation development and load-bearing behavior of the beam under 

applied loads can be divided into four main stages: the elastic stage (segment OA), 

the cracking stage (segment AB), the strengthening stage (segment BC), and the 

failure stage (segment CD), as shown in Figure 10. 

 

Figure 9  Schematic diagram of midspan loading 

 

Figure 10  Mid-span load-deflection curve 

Elastic stage (segment OA): The load–deflection curve is linear, with the 

concrete, reinforcement, and prestressing strands remaining in the elastic range. The 

beam demonstrates relatively high overall stiffness. 

Cracking stage (segment AB): upon reaching point A, vertical cracks first appear 

at the bottom of the concrete near the mid-span adhesive joint, whereas progressive 

damage initiates from the root of the bottom shear keys in an upward direction. The 

damage contour of the beam segment at this stage is shown in Figure 11 a). As the 

load continues to increase, the plastic zone around the mid-span adhesive joint 

gradually expands, resulting in noticeable nonlinear fluctuations in the load–

deflection curve. 

Strengthening stage (segment BC): At point B, the internal force distribution 

within the section changes significantly: Compressive forces are primarily borne by 

the concrete at the top of the section and the adhesive material, whereas tensile forces 

at the bottom are almost entirely carried by the prestressing strands and ordinary 

reinforcement. At this stage, the bottom shear keys are nearly completely fractured, 

leading to a significant reduction in the shear capacity of the section. The damage 

contour of the beam segment is illustrated in Figure 11 b). As the load increases from 

point B to C, the beam clearly exhibits strengthening behavior: the tensile stress in 

the mid-span prestressing strands continues to rise, reaching a maximum tensile 

stress of 1604 MPa. Moreover, owing to deterioration in the collaborative 

performance between the strands and the concrete, damage occurs in the concrete 

duct progressively, causing further expansion of the plastic zone at the mid-span, 

which gradually extends toward the beam ends. This strengthening effect mainly 

arises from the strain hardening of the prestressing strands. 

Failure stage (segment CD): When the load reaches point C, the prestressing 

strands at the mid-span approach yielding, and the beam reaches its ultimate load-

bearing capacity. Moreover, significant damage accumulation occurs in the duct 
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region near the mid-span, as shown in Figure 11 c). During the loading process from 

points C to D, the damage zone at mid-span continues to expand until failure occurs. 

The damage condition of the beam segment at point D is illustrated in Figure 11 d). 

    

a) point A b) point B c) point C d) point D 

Figure 11  Tensile damage contours of the beam segment 

To investigate the influence of mesh sensitivity on the numerical simulation 

results, a comparative model with a mid-span mesh size of 80 mm was established 

for systematic analysis. The tensile damage contours of the beam segment at each 

stage are shown in Figure 12. 

    

a) point A b) point B c) point C d) point D 

Figure 12  Tensile damage contour plot of the beam segment with an 80 mm mesh size 

The results indicate that although minor differences appear at certain stages 

between the 80 mm mesh model and the baseline 40 mm mesh model, both models 

exhibit a high degree of consistency in mechanical response throughout all stages. 

The initial crack locations and damage propagation patterns during the cracking 

stage, the internal force redistribution characteristics during the strengthening stage, 

and the ultimate failure behavior during the failure stage are in good agreement. 

Notably, both mesh models accurately capture the fundamental features of the 

mid-span adhesive joint region as a critical weak zone, including preferential 

cracking of the bottom concrete, progressive damage to the shear keys, and the final 

failure mode controlled at the mid-span section. 

Overall, the analysis suggests that stable numerical solutions can be achieved 

with mesh sizes of either 40 mm or 80 mm. 

Furthermore, in accordance with the “Specifications for Design of Highway 

Reinforced Concrete and Prestressed Concrete Bridges and Culverts” (JTG 3362—

2018), the ultimate flexural capacity of the beam’s mid-span cross-section is 

calculated to be 9931.1 kN·m. The finite element model predicts a value of 13,435.5 

kN·m, yielding a ratio of the finite element result to the design value of 1.353. This 

observation indicates that the novel cap beam possesses a superior ultimate flexural 

capacity. 

The above analysis indicates that the shear strength of the shear keys at the joints 

directly influences the crack resistance performance of the precast assembled cap 

beam, whereas the tensile strength of the prestressing tendons and the confinement 

effect provided by the ducts determine the beam’s ultimate load-bearing capacity. 
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Based on these findings, targeted measures can be adopted in engineering 

practice to optimize beam performance. For example, increasing the depth of shear 

keys or the effective shear area can enhance the design of shear keys in the mid-span 

adhesive joint region, thereby delaying the onset of initial cracks and improving the 

nonlinear response during the cracking stage. Utilizing higher strength prestressing 

strands and optimizing their spatial arrangement, along with improving the 

compaction of the concrete within the prestressing ducts, can enhance the bond 

performance between the strands and the concrete, reduce the stiffness degradation 

caused by interface slip, and increase the ultimate load capacity. Additionally, 

selecting low-shrinkage, high-strength modified epoxy adhesives and strictly 

controlling the aggregate size and mix proportion around the joints can improve the 

density and integrity of the adhesive interface. 

4  Conclusions 

This study addresses two key technical challenges in the numerical modeling of 

precast segmental prestressed beams: the application of post-tensioned prestress and 

the simulation of adhesive joints. By introducing the nearest point matching 

algorithms and the cohesive contact element method, a refined finite element 

modeling approach is proposed. Based on this method, a precast segmental 

prestressed cap beam from the second phase of the Changzhang Expressway 

expansion project was selected as engineering case for numerical simulation under 

prestressing and loading conditions. The following conclusions were drawn: 

(1) The post-tensioned prestress application method based on the nearest point 

matching algorithm employed in this study automatically establishes an 

accurate mapping relationship between nodes of nonmatching meshes through 

spatial distance criteria. Compared with the solid tendon method, this method 

reduces model computational complexity by decreasing the number of elements 

and simplifies the contact relationship between the tendon and the concrete 

elements. Compared with node coupling methods, it achieves a breakthrough 

from monolithic modeling to component-based modeling and allows for 

separate definitions of bond-slip constitutive behavior in the tangential 

direction of the tendon and rigid constraints in the normal direction, thereby 

further improving numerical simulation accuracy. Prestress distribution 

simulated by this method aligns with practical engineering behavior, effectively 

capturing stress concentration effects caused by curved prestressing ducts and 

accurately representing the force process of post-tensioned prestressing strands 

overall. Given its tensioning process, the method is currently suitable for 

simulating post-tensioned prestress applications, whereas the simulation of 

pretensioned prestress applications require improvement. 

(2) For precast segmental prestressed cap beams, the shear strength of shear keys at 

joints directly affects crack resistance performance, whereas the tensile strength 

of prestressing strands and the confinement effect of their ducts critically 

determine the ultimate load capacity of the beam. Based on this analysis, 

targeted measures can be proposed in engineering practice to optimize 

component performance. 
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