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Abstract 

Fillet weld roots near bridge supports are critical fatigue-prone details in steel bridges, particularly under high stress 

concentration. Fatigue cracks at these locations tend to be initiated internally, where detection and repair remain 

challenging with current techniques. Fatigue performance improvements are explored from the perspectives of structural 

design and epoxy insertion. Five actual bridges in the USA, China, and Japan were analyzed using a hybrid finite element 

modeling approach, employing low-precision girder models for load distribution and high-precision local support models 

with an introduced notch for Effective Notch Stress (ENS) evaluation. Both actual bridge case studies and numerical 

parametric analyses were conducted. Results indicate that increasing weld size effectively reduces ENS, while sole plate 

thickness has a limited effect. Bolts play a pivotal role in limiting relative displacement between the bottom flange and the 

sole plate, though their constraint range is localized. To address the limited effectiveness of structural adjustments, adhesive 

filling was introduced in areas beyond the bolt constraint range. Bonding-assisted welding with epoxy insertion achieved 

up to a 56% reduction in ENS and significantly improved fatigue performance. The findings confirm the potential of 

bonding-assisted welding for improving the durability of fillet weld roots in steel bridge supports and provide practical 

solutions to the difficult-to-detect root fatigue cracks. 
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1. Introduction 

Bridges are essential infrastructures, enabling connectivity and supporting economic and social activities. Among 

the various types, steel bridges are often preferred, particularly in earthquake-prone regions, due to their lighter weight, 

higher ductility, superior seismic performance, and environmental benefits [1, 2]. These characteristics make steel 

bridges a reliable solution for ensuring safety and resilience under demanding conditions. Bridge bearings, as vital 

components of steel bridges, transfer loads and accommodate movements to maintain structural stability and longevity. 

Despite their essential role, these components are highly susceptible to fatigue-related damage due to high stress 

concentrations [3-5]. Such fatigue issues may compromise structural integrity, increase maintenance requirements, and 

pose safety risks. Addressing these challenges is crucial to enhancing the durability and reliability of bridge 

infrastructure. 

Currently, it is common practice to connect the bottom flange, sole plate, and bearing using bolts [6, 7]. This 

construction method is simple and efficient. However, in bridge bearings subjected to large reaction forces, bolting alone 

is often insufficient to ensure structural strength and integrity. Consequently, a hybrid connection of bolting and welding 
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is typically adopted, where additional fillet welds are applied around the sole plate to connect it to the bottom flange of 

the girder, as illustrated in Figure 1. In highly corrosive environments, such as cross-sea bridges and port facilities, bolts 

are also prone to corrosion fatigue failure [8], making the hybrid connection a safer design. While numerous studies 

have focused on preventing surface fatigue cracks and have achieved notable results [9-12], research has shown that 

fatigue cracks also frequently initiate at the weld roots near bridge bearings, propagating from within the structure [4]. 

Unlike surface cracks, weld root cracks are difficult to detect using conventional inspection techniques and are 

challenging to repair even after being identified [13], which represents a significant drawback of welded connections in 

bridge bearings. 

 

Figure 1. Connection details between the beam and bearing of a bridge 

The fillet weld between the bottom flange and the sole plate near the bridge supports is a non-penetration weld, often 

leading to poor structural integrity between the two steel plates. This configuration presents a latent risk of fatigue cracks 

at the weld root. Addressing this issue requires innovative approaches to reduce stress concentration at the weld root 

during both design and construction. Niwa et al. proposed the use of tap bolts to prevent weld root cracking; however, 

this method involves drilling, which may compromise structural integrity [14]. Another promising solution is bonding-

assisted welding technology, which inserts materials between the bottom flange and the sole plate [15, 16]. Previous 

experiments have demonstrated that inserting adhesive material such as epoxy resin or soft metal such as zinc between 

the bottom flange and the sole plate significantly improves their structural integrity [17, 18]. Furthermore, epoxy resin 

has also been used to bond steel plates when repairing fatigue cracks that originate from the weld roots of U-ribs in 

orthotropic bridge decks [19]. 

Despite the promising potential of epoxy-bonding-assisted welding in mitigating fatigue issues, its application in 

real-world bridge bearings remains insufficiently explored. This study aims to address this gap by evaluating the 

feasibility and effectiveness of the method through numerical analysis and actual bridge case studies. However, 

evaluating the fatigue life of weld roots is inherently challenging due to the structural complexity near bridge supports. 

The nominal stress method, commonly used for fatigue evaluation, performs poorly in such cases due to its inability to 

accurately capture stress concentrations [20, 21]. Similarly, the structural stress method encounters challenges in 

determining appropriate stress concentration factors [22, 23]. In addition, when using the finite element method to 

calculate weld root stress, the issue of stress singularity arises—an inevitable mathematical problem in finite element 

calculations. Stress singularity typically occurs at geometric discontinuities, such as weld roots and weld toes, where 

stress values are highly sensitive to element size and do not reflect actual fatigue stresses [24]. To overcome this, the 

Effective Notch Stress (ENS) method was developed. Based on the stress averaging theory, the ENS method alleviates 

stress singularities by introducing an artificial arc-shaped notch at the stress singularity. Fatigue performance is then 

evaluated using the stress value at this notch, providing an alternative and more accurate approach to fatigue evaluation 

[25-27]. 

Fillet welds between the bottom flange and the sole plate of bridges often feature complex geometries and are 

subjected to bending–shear coupling loads. However, the current IIW recommendations do not provide nominal stress-

based evaluation methods for such welds [28]. In practice, most of these welds are still designed based on engineering 

experience, which may pose safety risks. Therefore, the fatigue life of the fillet weld root between the bottom flange and 

the sole plate is evaluated using the ENS method, and the applicability of this approach to bridge bearing analysis is 

examined. To improve computational efficiency, low-precision girder models are used to calculate the load, and high-

precision local models of bridge support are employed to evaluate fatigue life at the weld root [29]. In addition, this 

study explores fatigue performance improvement strategies from both structural design and epoxy insertion perspectives. 

The overall research workflow is illustrated in Figure 2. By offering insights into practical implementation and 

performance, this research contributes to advancing fatigue prevention techniques and improving the design and 

maintenance of steel bridges, especially at critical locations such as the weld roots of bridge bearings. 
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Figure 2. Overview of workflow 

2. Bridge Information 

To investigate the fatigue performance of fillet welds near bridge supports, five typical steel bridges or steel-concrete 

composite bridges in real-world were selected. Their basic information is summarized in Table 1. These bridges are 

located in the USA, China, and Japan. As shown in Figure 3, all bridges use I-section steel girders, with the number of 

girders ranging from 2 to 7. The structural details of the intermediate support cross-sections are provided in Table 2, and 

the detailed configurations near the supports, including size definitions, are illustrated in Figure 4. The bottom flange, 

sole plate, and bearing are connected using a combination of welding and bolting. Fillet welds are applied along the 

edge of the sole plate to connect it to the bottom flange.  

Table 1. Basic information of selected bridges 

Bridge ID Bridge Type 
Span design Bridge width  

(m) 

Number  

of girders Number Length (m) Total (m) 

C-1 Highway 3 30.0 + 36.0 + 30.0 96.0 14.20 6 

C-2 Highway 3 48.9 + 41.0 + 53.9 143.8 10.14 2 

C-3 Highway 4 4 × 20.0 80.0 14.00 7 

C-4 Highway 5 34.9 + 3 × 38.0 + 34.9 183.8 14.75 3 

C-5 Railway 3 30.0 + 40.0 + 30.0 100.0 1.70 2 
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(a) C-1 (highway) (b) C-2 (highway) 

 

(c) C-3 (highway) 

  

(d) C-4 (highway) (e) C-5 (railway) 

Figure 3. Cross-sections of selected bridges (unit: mm) 

Table 2. Cross-sectional details at intermediate supports (unit: mm) 

Bridge  

ID 

Web Bottom flange Sole plate Weld Leg 

Height 

hw 

Thickness 

tw 

Width 

wb1(wb2) 

Thickness 

tb 

Length 

ls 

Height 

hw 

Thickness 

tw 

Width 

wb1(wb2) 

C-1 1500 20 400 20 280 480 40 10 

C-2 2800 20 870 (1350) 34 1370 1320 50 10 

C-3 900 14 600 32 340 340 30 16 

C-4 2200 12 620 (740) 35 700 700 39 10 

C-5 1300 12 850 (1010) 22 1000 680 50 10 

Note: Values in parentheses indicate the widened width of the bottom flange near the support. 

 

Figure 4. Structural details near the bridge supports 
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3. Fatigue Evaluation 

Since this study focuses on the structural details at the weld root near bridge supports, a high-precision model is 

required for accurate analysis. However, creating a high-precision model for the entire bridge would be resource-

intensive and computationally inefficient. Therefore, a combination of low-precision girder models and high-precision 

local support models was developed. Stress distributions near the supports were first obtained using the girder models. 

These loads were then applied to the high-precision local models to analyze the fatigue stress at the weld root. This 

hybrid modeling approach not only ensures computational efficiency but also achieves a high level of analytical 

accuracy. 

3.1. Girder Models 

The girder models are primarily used to analyze stress distributions near the supports. The five selected bridges have 

between 2 and 7 girders. To simplify the analysis, single-girder models were developed, and the applied loads were 

scaled by the number of girders, as illustrated in Figure 5. Load combinations were determined according to the relevant 

specifications for each bridge’s country: AASHTO LRFD Bridge Design Specifications (USA) [30], JTG D60-2015 

General Specifications for Design of Highway Bridges and Culverts (China) [31], TB 10002-2017 Code for Design on 

Railway Bridge and Culvert (China) [32] and Specifications for Highway Bridges (Japan) [33]. The fatigue load 

combination includes both the dead load and vehicle (or train) load, with load factors set to 1.0. 

  
(a) C-1 

  
(b) C-2 

  
(c) C-3 

  
(d) C-4 

  
(e) C-5 

Figure 5. Girder models 

Each model consists of 3D 8-node brick elements with reduced integration, with a global element size of 200 mm. 

The number of nodes and elements for each model is shown in Figure 5. The analysis focuses on the region near the 

intermediate support. To simplify the modeling process, the tensile contribution of concrete is neglected. These models 

include only the steel I-girder, while the concrete deck is represented as a uniformly distributed load applied to the upper 

flange. Diaphragms and stiffeners, as well as longitudinal slope, transverse slope, and curvature, are omitted for 

simplification. One edge of the girder is modeled as a pinned support, while the remaining supports are modeled as roller 

supports. All models are analyzed under linear elastic conditions, assuming an elastic modulus of 2.06 × 105 N/mm2 and 

a Poisson's ratio of 0.3 for steel. Based on the fatigue load combinations, the support with the highest maximum principal 

stress in each bridge is selected for detailed analysis, and corresponding local support models are developed. 
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3.2. Support Models 

3.2.1. Meshing Strategy 

The structural configuration near the bridge support is highly complex, particularly at the fillet weld root between 

the bottom flange and the sole plate, where severe stress concentration occurs. As a result, the nominal stress method is 

unsuitable for evaluating the fatigue strength of the weld root in this context [17]. During finite element analysis, the 

calculated stress at the weld root is highly sensitive to the element size, a phenomenon commonly referred to as stress 

singularity. To address this, Radaj et al. introduced the concept of the ENS method, building on the microstructural 

support effect proposed by Radaj et al. [20]. This method artificially introduces a standard circular notch at the stress 

singularity to evaluate the fatigue strength of the weld based on the stress distribution around the notch. A commonly 

adopted practice is to use a circular notch with a reference radius of rref = 1 mm, as shown in Figure 6. 

 

Figure 6. Structural details near the bridge supports 

Multiple local finite element models of the bridge supports were developed using ABAQUS CAE 2018, using a 

modeling approach validated in previous studies by Jiahao et al. [17], and Mao et al. [18]. As shown in Figure 7, the 

support models include the local structure near the support of the girder, and a 1/2 model is constructed by symmetry. 

The support models also exclude the longitudinal slope, transverse slope, and curvature of the actual bridges. A notch 

with a reference radius rref of 1 mm was introduced at the fillet weld root between the bottom flange and the sole plate 

to facilitate ENS evaluation. The models use 3D 8-node brick elements with reduced integration (C3D8R). The element 

size along the notch perimeter is 0.2 mm, and the surrounding elements gradually transition to a global element size of 

20 mm. All analyses are conducted under elastic conditions, with material properties identical to those of the girder 

models. The weld metal and base metal are assumed to have the same mechanical properties. 

  
(a) Position of the support models (b) C-1 

 
(c) C-2 

   
(d) C-3 (e) C-4 (f) C-5 

Figure 7. Support models 
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3.2.2. Boundaries and Loads 

The boundary and loading conditions for the support models are illustrated in Figure 8. A symmetric boundary 

condition is applied along the mid-axis cross-section of the support, while a pin support is assigned to the sole plate. 

Both normal and shear loads are simplified as linearly varying distributed loads applied on the cut surfaces of the support 

model. These loads are derived from the stress distribution at the support with the highest maximum principal stress in 

the girder models, and are expressed as follows: 

𝑁𝑥(𝑦) = 𝑘1𝑦 + 𝜎1  (1) 

𝑁𝑦(𝑥) = 𝑘2𝑥 + 𝜎2  (2) 

𝑆𝑥𝑦(𝑦) = 𝑘3𝑦 + 𝜏1  (3) 

𝑆𝑦𝑥(𝑥) = 𝑘4𝑥 + 𝜏2  (4) 

where, Nx(y), Ny(x), Sxy(y) and Syx(x) represent the distributed normal and shear loads in the x- and y-directions, 

respectively. The coefficients k1, k2, k3, k4, σ1, σ2, τ1 and τ2 are load constants obtained from the girder models, as 

summarized in Table 3. 

 

Figure 8. Boundary and loading conditions for the support models 

Table 3. Values of load constants 

Bridge  

ID 

Nx(y) Ny(x) Sxy(y) Syx(x) 

k1 σ1 k2 σ2 k3 τ1 k4 τ2 

C-1 0.0719 -54.172 0.0024 -1.600 -0.0059 0.0719 -54.172 0.0024 

C-2 0.0401 -51.858 0.0133 -30.561 -0.0151 0.0401 -51.858 0.0133 

C-3 0.0941 -27.998 0.0076 -7.893 -0.0167 0.0941 -27.998 0.0076 

C-4 0.0514 -60.092 0.0269 -39.122 -0.0195 0.0514 -60.092 0.0269 

C-5 0.0562 -50.747 0.0184 -26.016 -0.0144 0.0562 -50.747 0.0184 

3.2.3. Simulation of Bolts 

No solid elements are introduced to model the bolts. Instead, their effect is simulated using displacement constraint 

equations between paired nodes, as illustrated in Figure 9. The bolt preload is neglected. Bolts are assumed to restrict 

the relative displacement between the bottom flange and the sole plate. The relative displacement vector 𝑑 is defined as: 

𝑑 = 𝑑𝐴 − 𝑑𝐵  (5) 

where; 𝑑𝐴 and 𝑑𝐵 are the displacements of the paired nodes on the bottom flange and the sole plate, respectively, as 

expressed in the following Equations: 

𝑑𝐴 = (𝑢𝐴, 𝑣𝐴, 𝑤𝐴)  (6) 

𝑑𝐵 = (𝑢𝐵, 𝑣𝐵 , 𝑤𝐵)  (7) 

where; uA, vA and wA are the displacement components of 𝑑𝐴 in the x-, y- and z-directions, respectively; uB, vB and wB 

are the corresponding components of 𝑑𝐵. 
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Bolt constraints are divided into normal and tangential components. In the normal direction, bolts provide tension-

only constraints and allow compressive deformation. In ABAQUS, “hard” contact is defined at the interface between 

the bottom flange and the sole plate to prevent element penetration under compression. In the tangential directions, bolts 

are modeled as providing rigid constraints, completely preventing relative movement between the nodes. The bolt 

constraint conditions can be summarized as: 

{

𝑢𝐴 − 𝑢𝐵 = 0
𝑣𝐴 − 𝑣𝐵 ≤ 0
𝑤𝐴 − 𝑤𝐵 = 0

  (8) 

 

Figure 9. Relative displacement between paired nodes 

3.3. Effective notch stress 

Based on the local finite element models of the intermediate supports, the ENS at the fillet weld root between the 

bottom flange and the sole plate was analyzed for five bridges. Welding-induced residual stresses and welding sequence 

were not considered in the analysis. The fatigue life of the weld root was evaluated using the FAT 225 design curve, 

following the Recommendations for fatigue design of welded joints and components from IIW Collection [28]. The ENS 

values and corresponding fatigue life predictions are shown in Figure 10. Among the five bridges, only C-3 exhibited a 

low ENS of 127.8 N/mm2, whereas three bridges showed ENS values exceeding 225 N/mm2, indicating a predicted 

fatigue life of less than 2 million cycles. Notably, C-2 and C-4 exhibited particularly high ENS values—331.7 N/mm2 

and 275.9 N/mm2, respectively—corresponding to predicted fatigue lives of only 6.24 × 105 and 10.85 × 105 cycles, 

respectively. Given that both C-2 and C-4 are highway bridges, the risk of fatigue cracking at the weld root is significant 

under heavy traffic conditions, potentially increasing long-term maintenance costs. 

  

(a) ENS (b) Predicted fatigue life 

Figure 10. Results of weld root fatigue evaluation 

It is worth noting that the deck widths and live loads of the four highway bridges (C-1 to C-4) are similar, yet the 

ENS values of C-1 (6 girders) and C-3 (7 girders), both employing multiple small girders, are substantially lower than 

those of C-2 (2 girders) and C-4 (3 girders). Furthermore, the ENS of C-2 is approximately 20% higher than that of C-
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4. Although large-girder designs simplify construction and maintenance, they result in greater loads per support, thereby 

increasing the tensile stress at the weld root and reducing fatigue life. Hence, special attention should be given to weld 

root fatigue when adopting such designs. Comparing C-1 and C-3, although the number of girders differs only slightly, 

C-3 exhibits an ENS nearly half that of C-1. The main structural difference lies in weld size, with weld leg lengths of 

10 mm in C-1 and 16 mm in C-3. The influence of weld size on fatigue performance is further discussed in Section 

4.1.1. For the railway bridge C-5, although its dead load is significantly lower than that of the highway bridges, its live 

load is higher and constitutes a larger proportion of the total load. As a result, the ENS at its weld root is also relatively 

high, and fatigue cracks at the weld root between the bottom flange and the sole plate must be considered during service. 

4. Parameter Analyses 

Fatigue risks have been identified at the fillet weld root between the bottom flange and the sole plate in multiple 

bridges. To address this issue, this study investigates strategies to improve the fatigue life of the weld root through 

structural design optimization and epoxy insertion, based on parameter analyses. Among the five bridges previously 

evaluated, C-2 exhibited the highest ENS and the shortest predicted fatigue life. Therefore, C-2 was selected as the 

primary case for the subsequent parameter analyses. 

4.1. Structural Design 

Girder design typically prioritizes load-bearing capacity, making it impractical to modify the overall girder 

configuration solely to enhance the fatigue performance of the weld root near the bridge support. A more feasible 

approach is to optimize the design of the welds and sole plate. The comparative investigation of five actual bridges 

revealed that weld size may significantly influence the fatigue life of the weld root. Additionally, considerable variation 

in sole plate thickness was observed among the five selected bridges, and the ratio of sole plate thickness to bottom 

flange thickness may affect the relative stiffness, thereby influencing stress at the weld root. Accordingly, this section 

examines the influences of the fillet weld leg length lw and sole plate thickness ts on weld root fatigue performance. In 

addition, the effect of bolts on the ENS at weld root in hybrid connection of bolting and welding is also analyzed. The 

definitions of the relevant structural parameters are illustrated in Figure 11. 

 

Figure 11. Structural parameters 

4.1.1. Weld Size 

Based on the bridge support design of C-2, the weld size was varied in the models by adjusting the fillet weld leg 

length lw as a parameter. The actual design specifies a weld leg length of 10 mm, and a variation range from 6 mm 

to 20 mm was considered. The calculated ENS at the weld root and corresponding fatigue life predictions are shown 

in Figure 12. The ENS decreases as the weld leg length lw increases. When lw reaches 20 mm, the ENS is reduced to 

227.1 N/mm2, which is approximately 68% of the value under the original design. Although the predicted fatigue 

life is tripled compared to the baseline, it still falls short of 2 million cycles. However, increasing weld size as a 

means of improving fatigue life has limitations. First, the improvement effect diminishes with larger welds. Second, 

an excessively large weld makes single-pass welding impractical, complicates quality control, and increases 

construction difficulty and cost. These findings indicate that although increasing weld size can enhance fatigue  

performance, its application is constrained by construction feasibility. Therefore, increasing weld size can be 

regarded as an auxiliary rather than a primary measure for enhancing weld root fatigue life. Because for bridge details 

where weld root fatigue life is already insufficient, merely enlarging the weld size may not be sufficient to prevent 

fatigue cracks over the service life. 
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(a) ENS (b) Predicted fatigue life 

Figure 12. Effect of weld size 

4.1.2. Sole Plate Thickness 

The influence of sole plate thickness ts on the ENS and predicted fatigue life at the weld root is shown in Figure 13. 

The thickness was varied from 30 mm to 100 mm, while the actual bridge design uses a thickness of 50 mm. Although 

increasing the sole plate thickness slightly reduces the ENS, the overall effect is minimal. Even with an increase from 

30 mm to 100 mm, the ENS decreases by less than 2%, and the fatigue life improves by less than 6%. These results 

indicate that increasing the sole plate thickness has limited effectiveness in enhancing the fatigue life of the weld root. 

Increasing the sole plate thickness primarily enhances its bending stiffness, thereby restricting deformation and reducing 

relative displacement between the bottom flange and the sole plate. The relative displacement can be decomposed into 

normal and tangential components. Since the bottom flange is typically thinner and much longer than the sole plate, the 

normal relative displacement mainly results from the deformation of the bottom flange, rendering the increase in sole 

plate thickness minimally beneficial. Furthermore, tangential displacement is governed by shear stiffness, which is only 

slightly affected by plate thickness. Hence, the effect of ts on weld root fatigue life is minimal. Consequently, the sole 

plate thickness can be adjusted rationally to satisfy structural design requirements without significantly influencing the 

fatigue performance at the weld root. 

  
(a) ENS (b) Predicted fatigue life 

Figure 13. Effect of sole plate thickness 

4.1.3. Effect of Bolts 

The weld root fatigue evaluations for the five bridges, including and excluding the effect of bolts (hybrid and 

welding), are presented in Figure 14. Compared to the hybrid connection of bolting and welding, models using welding 

alone showed increased ENS at the weld root across all five bridges, with increases ranging from 2% to 26%. This rise 

in ENS led to a corresponding reduction in predicted fatigue life. Bolts play a critical role in limiting the relative 

displacement between the bottom flange and the sole plate, thereby lowering ENS and enhancing fatigue performance 

of weld root. In particular, bridges C-2, C-4, and C-5 have substantially larger sole plates than C-1 and C-3, resulting in 

larger gaps and greater relative displacement. Consequently, bolts are especially effective in reducing ENS in these 

cases. 
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(a) ENS (b) Predicted fatigue life 

Figure 14. Comparison of results with and without bolts 

Taking C-2 as an example, the relative displacement between the bottom flange and the sole plate is plotted in Figure 

15. In the hybrid connection model, the relative displacement is significantly reduced near the bolt locations. When 

comparing the hybrid connection with the welding-only model, the overall displacement is consistently smaller in the 

hybrid case. This confirms that bolts effectively restrain relative movement and reduce weld root ENS. However, it is 

worth noting that the constraint range of the bolts is limited. Beyond a 50 mm distance from a bolt, the difference in 

displacement between the two models becomes relatively small. Therefore, increasing the number of conventional bolts 

or placing them closer to the weld root is not a practical solution due to the required safety clearances from the edge of 

the sole plate. Therefore, Niwa et al. proposed installing tap bolts closer to the weld root. Because tap bolts are smaller 

than conventional bolts used for connecting the sole plate to the bottom flange, they can be placed more densely and 

nearer to the weld root, increasing the weld root fatigue life by approximately eightfold (after conversion) [14]. However, 

this method still requires drilling into the structure, which may compromise the integrity of the original components. 

  
(a) Line A 

  
(b) Line B 
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(c) Line C 

Figure 15. Relative displacement between the bottom flange and the sole plate in C-2 

This limitation motivates the use of bonding-assisted welding. In this method, adhesive material is inserted between 

the bottom flange and the sole plate to provide continuous bonding. It effectively restricts relative displacement over a 

wider area, reduces ENS, and improves the fatigue life of the weld root. The optimization of bonding-assisted welding 

is discussed in Section 4.2. 

4.2. Epoxy Insertion 

Although optimizing structural design can reduce the ENS at the weld root near bridge supports to some extent, it 

remains difficult to completely prevent fatigue cracks in certain bridges over their service life. To address this, epoxy 

resin is introduced as an adhesive material to bond the bottom flange and the sole plate, aiming to further reduce the 

weld root ENS and improve fatigue life. The effectiveness of bonding-assisted welding in enhancing weld root fatigue 

performance has been validated through model experiments [17, 18]. To optimize the application of this method in 

actual bridge structures, a series of numerical simulations was conducted. Two types of local support models were used: 

conventional welding (W) models and bonding-assisted welding (WB) models. Figure 16 illustrates the differences 

between the two models. The W model replicates the structural details and dimensions of the actual bridge, except for 

including a notch at the weld root. In the WB model, a groove of suitable thickness is cut into the sole plate to 

accommodate the epoxy layer and prevent burning during welding. The epoxy is assigned an elastic modulus of 3.8 × 

103 N/mm2 and a Poisson's ratio of 0.35, as reported in a previous study by Jiahao et al. [17]. The effects of three key 

parameters are examined in detail: the unfilled distance from the weld root to the epoxy layer d, the epoxy layer thickness 

te, and material strength of the epoxy. The definitions of unfilled distance d and thickness te are shown in Figure 16. 

 

Figure 16. Differences between W and WB models 

4.2.1. Unfilled Distance 

To prevent the epoxy from burning during welding and causing defects, a safety distance must be maintained 

between the weld root and the epoxy. In this analysis, the unfilled distance from weld root to epoxy d varied from 

10 mm to 80 mm, with the epoxy layer thickness te fixed at 0.50 mm. The results are presented in Figure 17. As 

shown in Figure 17-a, the ENS at the weld root increases as d increases. Compared to the W model, the WB model 

reduces ENS by 62% when d = 10 mm, and by 15% when d = 80 mm, indicating that the epoxy’s constraint effect 

between the bottom flange and sole plate diminishes as the unfilled distance increases. Figure 17-b demonstrates that 

incorporating epoxy significantly improves fatigue life when the unfilled distance is small. At d = 80 mm, the fatigue 
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life of the WB model is 9.46 × 105 cycles, about 1.5 times that of the W model. But for d = 10 mm, the WB model 

achieves a fatigue life of 1.10 × 107 cycles, approximately 17.6 times greater than that of the W model. To ensure a 

fatigue life exceeding 2 × 106 cycles, the unfilled distance d should not exceed 40 mm. Figure 17-c shows the 

relationship between the maximum principal tensile stress in the epoxy layer σ1,max and d for WB models. When d ≤ 

40 mm, σ1,max increases with d, rising from σ1,max = 18.6 N/mm2 at d = 10 mm to σ1,max = 28.2 N/mm2 at d = 40 mm. 

Beyond d = 40 mm, σ1,max stabilizes at approximately 24 N/mm2. The reasons for this trend will be further discussed 

in Section 4.2.3. 

  
(a) ENS (b) Predicted fatigue life 

 
(c) Maximum principal tensile stress in epoxy 

Figure 17. Effect of unfilled distance from weld root to epoxy 

Therefore, the unfilled distance d should be minimized and preferably kept below 40 mm to substantially enhance 

weld root fatigue life and reduce stress in the epoxy layer. Previous studies recommended a minimum safety distance of 

d ≥ 15 mm to avoid burning the epoxy during welding. If necessary, finite element simulations of the welding process 

can be used to refine this distance. Additionally, surrounding the epoxy with heat-resistant rubber can help mitigate 

burning risks [17]. Even when maintaining a safety distance from 15 mm to 40 mm, epoxy insertion can reduce weld 

root ENS to as low as 45% of the original structure, while extending the fatigue life by more than tenfold. This required 

distance is considerably smaller than the edge clearances mandated for conventional bolt holes in the sole plate, allowing 

the epoxy to effectively constrain the relative displacement between the bottom flange and the sole plate, thereby 

enhancing weld root fatigue performance. The improvement achieved through epoxy insertion is significantly greater 

than that attainable by structural design modifications alone, demonstrating the strong potential of bonding-assisted 

welding for application in bridge supports. 

4.2.2. Epoxy Layer Thickness 

The influence of epoxy thickness te was analyzed up to 1.50 mm in increments of 0.25 mm, while maintaining a 

constant unfilled distance d of 20 mm across all models. The results are presented in Figure 18. All WB models 

demonstrated significant reductions in weld root ENS. The ENS increased as te grew. Depending on te, ENS was reduced 

by 39% to 66% relative to the W model. This trend is attributed to the lower elastic modulus of epoxy compared to steel, 
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as a thicker epoxy layer weakens the constraint effect between the bottom flange and sole plate. At te = 0.25 mm, the 

predicted fatigue life increased to 7.17 × 106 cycles, which is more than 11 times greater than that of the W model. Even 

at te = 1.50 mm, a value that exceeds common engineering practice, the fatigue life reached 2.69 × 106 cycles, which is 

four times the original design. The relationship between the maximum principal tensile stress in the epoxy σ1,max and the 

epoxy thickness te is shown in Figure 18-c. As te increases, σ1,max decreases, particularly when te is small. For instance, 

increasing te from 0.25 mm to 0.75 mm reduces σ1,max by approximately 42%, from 33.9 N/mm2 to 19.6 N/mm2. 

However, a further increase from 1.00 mm to 1.50 mm results in only a 20% reduction, from 16.6 N/mm2 to 13.3 N/mm2, 

indicating diminishing returns. 

  

(a) ENS (b) Predicted fatigue life 

 

(c) Maximum principal tensile stress in epoxy 

Figure 18. Effect of epoxy layer thickness 

For practical applications, an epoxy layer thickness te between 0.50 mm and 1.00 mm is recommended. This range 

ensures a notable improvement in weld root fatigue life while effectively limiting stress in the epoxy layer. Prolonged 

exposure to high stress may negatively affect the epoxy’s durability due to aging and fatigue [34]. 

4.2.3. Stress Distribution 

In the above analysis, the maximum principal tensile stress in the epoxy layer showed relatively high values in some 

cases, which may lead to the risk of failure in practical applications. In addition, when discussing the relationship 

between the maximum principal tensile stress in the epoxy σ1,max and the unfilled distance d, it was found that the two 

are not monotonically positively or negatively correlated. Therefore, it is necessary to further analyze the stress 

distribution of epoxy. In engineering practice, the strength of epoxy is typically evaluated based on axial tensile strength 

and shear strength; hence, both aspects are examined here. Figures 19 and 20 present the variation of stress components 

with respect to the unfilled distance d and epoxy layer thickness te, respectively. The stress components include normal 

stress σy, shear stress τxy and τyz, and their corresponding maximum values are σy,max, τxy,max and τyz,max, respectively. 

Figures 21 to 23 illustrate the stress distribution within the epoxy layer for d = 10 mm, 40 mm and 80 mm, respectively, 

with te = 0.50 mm. 
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(a) Normal stress σy (b) Shear stress τxy 

 
(c) Shear stress τyz 

Figure 19. Variation of stress components with unfilled distance 

  
(a) Normal stress σy (b) Shear stress τxy 

 
(c) Shear stress τyz 

Figure 20. Variation of stress components with epoxy layer thickness 



Civil Engineering Journal         Vol. 11, No. 11, November, 2025 

4815 

 

Analyzing the variations of different stress components as a function of the unfilled distance d in Figure 19 helps 

explain the trends observed in the maximum principal tensile stress σ1,max in Figure 17-c. When d is small, normal stress 

dominates, whereas shear stress becomes dominant as d increases. As shown in Figure 21, when d = 10 mm, the normal 

stress σy,max is approximately 11.6 N/mm2, while the shear stresses τxy and τyz at the corresponding locations are only 

approximately -8.2 N/mm2 and 6.3 N/mm2, respectively. As d increases, the normal stress gradually decreases, while 

the shear stress increases rapidly, causing the rapid increase in σ1,max in Figure 17-c. Beyond d = 40 mm, normal stress 

decreases rapidly, falling below 10 N/mm2, while the shear stress increases slowly, exceeding 20 N/mm2. At this point, 

the shear stress dominates and barely increases, resulting in the nearly stable σ1,max in Figure 17-c. This process can also 

be regarded as the process of epoxy aging due to oxidation. As the peripheral epoxy degrades, the unfilled distance 

increases. During this degradation, the epoxy’s function gradually shifts from restricting normal relative displacement 

to primarily resisting shear displacement. Throughout the progression from d = 10 mm to d = 80 mm, σy remains low 

and steadily decreases, never exceeding 12 N/mm2, while τxy stays high, increasing from -16.2 N/mm2 to - 23.5 N/mm2. 

Thus, the shear strength of the epoxy-bonded steel plates is a critical factor controlling the failure of epoxy-bonding-

assisted welding. Furthermore, as shown in Figures 21 to 23, maximum stress always occurs at the outer edges of the 

epoxy layer; the inner epoxy, though initially lightly loaded, remains essential to provide sufficient bonding strength 

after outer-layer aging and ensure fatigue life improvement at the weld root. 

As shown in Figure 20, the three stress components σy,max, τxy,max and τyz,max all decrease with the increase of te. 

Even under the condition where the stresses are highest (te = 0.25 mm), σy,max and τyz,max are 15.6 N/mm2 and 

9.9 N/mm2 respectively, which are generally below the typical strength limits of epoxy-bonded steel plates. 

However, τxy,max reaches -24.4 N/mm2, exceeding the shear strength of commonly used epoxies. Therefore, a 

minimum thickness te ≥ 0.50 mm is recommended to prevent epoxy failure. In this case, τxy,max remains below 20 

N/mm2, within the allowable range for most epoxy materials. Considering both the improvement in weld root fatigue 

life and construction feasibility, the epoxy thickness should not exceed 1.00 mm, which aligns with the findings in 

Section 4.2.2. 

Assuming bonding-assisted welding with d = 20 mm and te = 0.50 mm, the weld root fatigue life can be increased 

by approximately 8.5 times relative to the original structure, comparable to the improvement achieved by Niwa et al. 

using tap bolts [14]. However, since bonding-assisted welding does not require drilling, it has less impact on the original 

structure, making it a highly promising solution for weld root fatigue mitigation. 

  

(a) Maximum principal stress (b) Normal stress σy 

  

(c) Shear stress τxy (d) Shear stress τyz 

Figure 21. Stress distribution of the epoxy layer (d = 10 mm, te = 0.50 mm) 
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(a) Maximum principal stress (b) Normal stress σy 

  

(c) Shear stress τxy (d) Shear stress τyz 

Figure 22. Stress distribution of the epoxy layer (d = 40 mm, te = 0.50 mm) 

  

(a) Maximum principal stress (b) Normal stress σy 

  

(c) Shear stress τxy (d) Shear stress τyz 

Figure 23. Stress distribution of the epoxy layer (d = 80 mm, te = 0.50 mm) 

5. Conclusions 

This study compared five actual bridges to investigate the causes of fatigue cracks at the roots of fillet welds between 

the bottom flange and the sole plate of bridge supports. A series of parametric analyses was conducted through numerical 

simulations based on the Effective Notch Stress (ENS) method. Recommendations for enhancing the fatigue life of weld 

roots were proposed from both structural design and adhesive insertion perspectives. The main conclusions are as 

follows: 
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 The fillet weld root between the bottom flange and sole plate near the intermediate support of the continuous beam 

bridge is susceptible to high tensile stress, making it prone to fatigue cracking. This issue is more pronounced in 

bridges with large girders but fewer in number, and in those with a high live load ratio. For some bridges, the 

predicted fatigue life of the weld root is less than two million cycles. 

 Increasing the fillet weld size significantly enhances the fatigue life of the weld root, whereas adjusting the sole 

plate thickness has limited effect. In cases with large sole plates, a hybrid connection using both bolts and welds 

is necessary. To optimize fatigue performance, bolts should be placed as close as possible to the weld root while 

satisfying clearance requirements. 

 Bonding-assisted welding using epoxy insertion effectively improves the fatigue performance of weld roots, 

particularly in cases where structural design modifications alone are insufficient. For optimal performance and to 

avoid epoxy burning during welding, the unfilled distance from the epoxy layer to the weld root d should be 

between 15 mm and 40 mm. To balance fatigue enhancement and epoxy stress, the epoxy thickness te should be 

maintained between 0.50 mm and 1.00 mm. The shear strength of epoxy-bonded steel plates is the key factor in 

preventing bonding failure. 

This study demonstrates the feasibility and effectiveness of applying bonding-assisted welding technology to bridge 

supports. However, further experimental and simulation studies are necessary to validate and refine the application of 

this technology. 

6. Nomenclature 

hw Height of web at support cross-section tw Thickness of web at support cross-section 

wb1 Width of bottom flange at midspan cross-section wb2 Width of bottom flange at support cross-section 

tb Thickness of bottom flange at support cross-section ls Length of sole plate 

ws Width of sole plate ts Thickness of sole plate 

lw 
Length of weld leg (fillet welds between bottom flange and 
sole plate) 

Nx(y), Ny(x) Distributed normal loads in the x- and y-directions 

Sxy(y), Syx(x) Distributed shear loads in the x- and y-directions 
k1, k2, k3, k4, 
σ1, σ2, τ1, τ2 

Load constants obtained from the girder models 

𝑑 Relative displacement between the paired nodes 𝑑𝐴 Displacement of the paired nodes on bottom flange 

𝑑𝐵 Displacement of the paired nodes on sole plate uA, vA, wA Displacement components of 𝑑𝐴 in the x-, y- and z-directions 

uB, vB, wB Displacement components of 𝑑𝐵 in the x-, y- and z-directions d Unfilled distance from the weld root to the epoxy layer 

te Thickness of epoxy layer σ1,max Maximum principal tensile stress in the epoxy layer 

σy Normal stress in the y-direction in the epoxy layer τxy Shear stress in the xy-plane in the epoxy layer 

τyz Shear stress in the yz-plane in the epoxy layer σy,max 
Maximum value of normal stress in the y-direction in the 

epoxy layer 

τxy,max 
Maximum value of shear stress in the xy-plane in the epoxy 

layer 
τyz,max 

Maximum value of shear stress in the yz-plane in the epoxy 

layer 
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Appendix I: Mesh Convergence 

This study employed the ENS method to analyze weld root fatigue stresses. The reference radius of the notch rref, = 

1 mm, and the mesh size around the notch perimeter in all models was approximately 0.2 mm. To verify mesh 

convergence, additional models with a finer mesh size of 0.1 mm were constructed for comparison. Using the original 

designs of the five bridges as examples, the results are shown in Figure A1. The difference between the results obtained 

with the two mesh sizes was less than 6%, indicating that the models have achieved satisfactory convergence. 

 
Figure A1. Verification of mesh convergence 


