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a Wrocław University of Science and Technology, Faculty of Civil Engineering, Wybrzeże Wyspiańskiego 27, 50-370, Wroclaw, Poland 
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A B S T R A C T   

This study analyses the effect of lateral shells on central shell at a different spacing in a multi-span 
soil-steel composite structure subjected to quasi-static moving loads. The displacements and in-
ternal forces of the central shell during consecutive truck passages over the structure are inves-
tigated by finite element (FE) analysis. Field measurements from a site in Niemcza, Poland, are 
used to calibrate input parameters. Next, the simulations for different spacing between the shells 
are investigated. The backfill soil is modeled as elastic-perfectly plastic, while the shells and sheet 
piles are linear elastic. The non-linear contact zone between the shell and the soil backfill is 
assumed to reflect an elastic-plastic constitutive model. The analysis reveals that both vertical and 
horizontal displacements increase significantly when the ratio of shell spacing to span length is 
less than 0.5. Maximum stress occurs when the shells are placed adjacent to each other, i.e., 
without spacing. The stress is almost doubled in this position compared to the reference case—a 
single-span structure. The shifting of extreme deflections and stress is observed in the direction of 
truck movement. Nevertheless, the influence of lateral shells on the central shell’s performance 
under moving loads is nearly negligible when the spacing-to-span ratio exceeds 0.5.   

1. Introduction 

The soil steel composite structure (SSCS) is a composite structure in which a flexible buried steel plates interacts with the sur-
rounding backfill and creates a composite effect [1,2]. The performance of SSCS depends on the interaction of two main elements: the 
steel plate and the backfill soil. The steel plate of the SSCSs alone is relatively weak under external loads. However, due to arching 
phenomena in the backfill, the composite structure can carry large loads despite the use of much lighter structural elements compared 
to other types of structures [3–6]. Thus, the synergistic interaction between soil and steel within such structures offers enhanced 
load-bearing capacity. These structures have undergone significant development over the past decades and have grown in size and 
number as more knowledge in this sector has been developed through large-scale tests and simulations [7,8]. Today, this type of 
structure is increasingly being used in road, railway, tunneling, and animal overpass projects as an alternative to conventional type 
bridges, for example, reinforced concrete (RC) slab bridges [9–12]. Recent evidence suggests that SSCS is relatively easy to construct 
[13–15] and more economical [14,16,17] than its conventional counterparts, e.g., concrete bridges. The lack of expansion joints [18, 
19] and the possibility of forming on weak ground [14,20] are other benefits of such structures (see Fig. 4). 
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Extensive research has been carried out to understand the mechanical behavior of SSCSs under various loading conditions, e.g., 
under static load [21,22], semi-static load [19,23–25], dynamic load [10,26,27], and seismic excitation [9,28,29]. Furthermore, 
several attempts have been made in both field tests [16,30,31] and numerical simulation [32–34] to investigate the response of SSCSs 
under ultimate loading conditions. 

The arrangement of spans in multi-span SSCS holds a critical role in dictating their mechanical behavior. This pivotal aspect, 
including the spacing between individual shells, profoundly influences the load distribution, stress propagation, and overall structural 
response. Example of multi-spans soil steel composite structure is shown in (Fig. 1). 

Understanding the intricate interactions between shell spacing and mechanical behavior is paramount for the informed design and 
robust performance of these composite systems. 

The most accurate sources of information on the mechanical response of SSCS are full-scale tests [19]. They allow one to measure 
the displacements in the shell and determine the internal forces. However, theoretical models are required for design purposes. The 
mechanical response of such a structure depends on different conditions, like the steel plate geometry, the height of the soil cover, span 
(single-span or multi-span), and others. Conducting full-scale tests is expensive; mainly for multi-span, it becomes more expensive. 
Thus, numerical analysis is the appropriate method for studying the impact of interactions between adjacent shells on the mechanical 
behavior of the composite structure under varying loading conditions. 

The behavior of multi-span SSCS during construction and service stages has been studied by many scholars. Numerical simulation 
on performance of multi-span SSCS during construction and operation stage under vehicle load conducted by Ref. [35] and concludes 
that stress and deformation initially increase rapidly with load cycles, stabilizing afterward. The influence of multi-arch culvert spacing 
and mechanical behavior under seismic conditions was analysed by Ref. [36] through numerical. The results indicate that with narrow 
element spacing, the overall stiffness of the soil and culvert increases. The influence of multi-arch culvert spacing through dynamic 
finite-element analysis by Ref. [37] and found that when the spacing between arch culverts is close, the increase in ground stress is 
observed while volumetric strain is limited. 

The numerical analysis on two span SSCS under railway load was analysed in the work of [38]. In their analysis, the influence of 
interactions between adjacent shells on the values of internal forces was demonstrated. In the study, three different structural models 
were prepared, each with varying spacings between adjacent shells: 0.72 m, 1.3 m, and a model without an adjacent shell (single shell). 
The analysis aimed to investigate how these different configurations influence the cross-sectional forces and stress levels within the 
structure. The authors’ findings unequivocally confirm that the spacing between adjacent shells has a substantial impact on reducing 
cross-sectional forces occurring in the structure. This result underscores the importance of considering the arrangement of adjacent 
shells in the design and analysis of shell structures. When comparing the first model (0.72 m spacing) with the second model (1.3 m 
spacing), it becomes evident that significantly lower values of forces were obtained as the spacing increased. This trend suggests that a 
greater distance between adjacent shells leads to a more efficient distribution of loads and consequently reduces the cross-sectional 
forces experienced by the structure. Furthermore, the authors compared the models with adjacent shells at different spacings to a 
model with a single shell, where there is no adjacent shell. The results revealed that the stress levels in the structure were significantly 
impacted by the presence and spacing of the adjacent shell: 

When the adjacent shell was spaced at 0.72 m, the stress increased by a substantial 90 % compared to the single-shell configuration. 
This indicates that a closer spacing between shells can lead to higher stress levels, potentially affecting the structural integrity. 
Similarly, when the adjacent shell was spaced at 1.3 m, the stress increased by 30 % compared to the single-shell configuration. While 
this increase is less pronounced than in the closer spacing scenario, it still highlights the importance of considering the spacing between 
adjacent shells in structural analysis and design. These findings have practical implications for the design and engineering of shell 
structures. They emphasize the significance of optimizing the spacing between adjacent shells to achieve desired structural perfor-
mance, minimize forces, and ensure structural stability. The choice of shell spacing should be carefully considered based on the specific 
requirements and loading conditions of the structure. 

However, Research on three-span SSCS behavior under cyclic quasi-static moving loads with variable lateral shell spacing is 
currently limited. 

Fig. 1. Example of Multi-span Soil steel composite structure [5].  
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This study presents two-dimensional finite element analyses to investigate the influence of lateral shells on the mechanical behavior 
of the central shell at various inter-shell spacings within a multi-span SSCS when subjected to quasi-static moving loads. For the 
analysis, an experimentally validated computational model was developed using non-linear finite element method (FEM) and 
implemented in the Zsoil FEA numerical program. 

The paper is structured as follows: The second section of this paper gives a description of the behaviour of the structure under live 
load field test, testing procedure, and input parameters. The third section of this paper describes numerical modelling and simulation 
procedures. The result of the simulations was described in fourth section 4. Subsequent fifth section 5 reflects the discussion on the 
obtained simulation results. Finally, the paper concludes with a summary and conclusion. 

2. The behaviour of the structure under live load 

The structure tested by Ref. [3] a single-SSCS with 5.0 m span and 1.85 m height, built near Niemcza, Poland. The flat steel shell, 
shaped like a circular arch, has a thickness of 23.0 mm. The cross-section of the tested structure is shown in Fig (2). The measuring base 
was adjusted to load schemes by a truck and the shell’s configuration. The measurements were done at ten reference points on the 
bottom surface of the shell by setting sensors in longitudinal and transverse directions. 

2.1. Testing procedure 

The experimental test is conducted by moving the dumper truckload on the bridge. During this experimental test, displacements 
and strain increments are recorded on the bottom of the shell under a moving truck. The loading arrangement is shown in Fig. 3(a–b). 

During the test, the truck crosses the bridge while moving to the left, then turns around and drives to the right. The driving was 
accomplished in a quasistatic approach, which indicates that the measurements were obtained while the truck was stationary as it 
slowly moved from one marker to the next. The following forces were transferred from the truck’s axles to the structure: front axle (P1 
= 54.0 kN), middle axle (P2 = 129.0 kN), and rear axle (P3 = 102.0 kN). 

The markings with subsequent numbers i have been set along the road at intervals of every 0.675 m, where i = 0 located on the axis 
symmetry of the structure Fig.3[(a)]. The measurement started when i = 7, i.e., when middle axle, P2 is at distance 4.725 m from the 
axis of the structure. Then the truck crosses the structure, and the first travel will end once the P2 reaches i = −3, i.e., when P2 moves 
−2.025 m away from the central axis of the structure. Then truck return back without turning until P2 back to initial starting point, i =
7 by creating a loop. During this successive movement of truck over the bridge, the measurement was taken at bottom of crown of the 
shell as shown in Figs [3(a–b)]. 

The initial study report by Ref. [3] presents the results of field tests performed during two phases, namely before and after the 
pavement on the bridge. The field measurement on the unpaved bridge is considered in this paper. 

In the numerical simulation, parametric analysis was conducted to validate the model based on the measured vertical displacement 

Fig. 2. Cross section of the tested structure [3].  

A.M. Legese et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e23376

4

at the crown of the shell. The difference between the measurement and model for absolute maximum vertical displacement is less than 
ten percent. Thus, successful calibration of the computational model is demonstrated. 

2.2. Testing results 

On the horizontal axis of Fig. 3[(a)], the position (i number) of the truck as it travels along a designated movement track described 
(moving along the bridge axis). It’s important to note that the measuring cycle on the structure typically commenced when the truck 
was at position i = 7. At this initial position, the sensors indicated a minimum deflection as shown Fig. 3 [(a)]. Subsequently, the truck 
was driven back in the proper direction and stopped at predetermined positions to facilitate the automatic registration of the mea-
surement results. 

In the field test [3], vertical displacements were meticulously measured perpendicular to the steel shell surface, with a particular 
focus on the crown of the structure. This measurement setup allowed to capture the response of the structure subjected truck load 
accurately. The results of these measurements, specifically the vertical displacements occurring at the crown. 

A distinctive and significant characteristic observed in the field test is the consistent shift of extreme deflections in the direction of 
the truck’s movement, particularly the first drive with reference to the return drive. This shift in extreme deflections is a key finding of 
the study. Particularly, the deflection extrema are prominently formed under the P2 (middle) and P3 (rear) axles when they are 
positioned over the crown of the shell. This observation indicates that the structural response, specifically the vertical displacements 
(SeeFig. 4[(a)]), is most pronounced when these axles are in proximity to the crown. Moreover, these extrema align with the positions 
of specific truck axles further emphasize the direct relationship between the loading configuration and the structural response. 

Fig. 4[(b)] displays the curve representing the normal stress in the circumferential direction (σx) at the same point, crown of the 
shell. Similar to the displacement curve, the presence of shift of extreme value of stresses in the direction of the truck’s movement. 

Fig. 3. Loading arrangement, a)for test b) for numerical modelling.  
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To sum-up, the results obtained from measurement by Ref. [3], reveal an interesting behavior in the structural response of the soil 
steel composite structure under vehicular loading conditions. Specifically, the curves corresponding to the displacements and stress 
(See Fig. 4[4(a–b)]) exhibit hysteresis loops, which indicate a unique and significant characteristic of the structural response. 

Hysteresis loops in structural response curves are of significant interest and importance in structural engineering and mechanics. 
They indicate that the response of the structure is history-dependent, meaning it not only depends on the current loading but also on its 
previous loading history. This behavior can be attributed to various factors, including material behavior, nonlinearities, and energy 
dissipation within the structure. 

3. Formulation of computational model 

The ZSoil software programme [39], based on FEM, was used for the numerical analysis of the structure of the behaviour of SSCSs 
subjected to quasi-static moving load. The structure was modeled as a 2D object in plane strain using beam elements for the shell 
structure and sheet piles while solid elements for backfill soil. The bottom boundary was fixed in all directions, while the vertical 

Fig. 4. Results from the field measurement at the crown of the shell a) vertical displacement b) stress [3].  
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boundaries were restricted against horizontal displacements. In the numerical calculation, a plain strain analysis was assumed. For 
backfill soil, elasto-plastic constitutive model with the Mohr-Coulomb yield criterion is assumed. The unassociated plastic flow rule is 
described by a ZSoil user manual used to determined dilatancy angle based on Eq (1) [39]: 

ψ =max (0.1φ,φ − 25◦) (1)  

where φ the internal angle of friction and ψ is the dilatancy angle. 
The interface between shell and backing soil is generated in the model. A one-sided contact was assumed at the interface, i.e., 

separation of the backfill material from the shell is permitted if the shell moves away from the backfill material and subsequent contact 
renewal is permitted if the backfill and shell get closer again. The Coulomb condition was used to describe the behaviour of the 
assumed interface. A non-associated plastic flow rule was used to govern a plastic slip, with the dilation angle set to ψ = 0. The 
Coulomb condition governs the value of maximum tangential stress in contact elements based on Eq (2): 

⃒

⃒τf |≤ a+ σ tan δ (2)  

Where adhesion a = 0, the angle of friction δ = 0.6 φ and φ = 34◦ is the internal friction angle of the backfill material adjacent to the 
interface. The dilation angle ψ , was assumed as zero. Elastic deformation moduli (normal and tangential stiffness) for interface ele-
ments were determined according to the Zsoil user manual [39] as follows: 

Kn ≈Kt =
E

h
(3)  

Where E is its modulus of adjacent material, that is, the filling soil, and h is the depth of the very thin weak layer. Based on Eq (3), the 
value of normal and tangential stiffness adopted in the calculation was 1.5 × 107 kN/m. 

The parameters of backfill soil in a dense compaction state, i.e., density index ID = 0.8 considered in the model. The shell and sheet 
pile are modeled as beam elements and linear elastic constitutive relations were assumed for both materials. Sheet piles of type G-62 
were assumed and positioned at a distance of 3.1 m. The parameters for the material used in the numerical computations are shown in 
Table 1. To avoid premature termination of the calculation due to soil failure under moving load and to ensure the numerical stability 
of the model, the value of cohesion was increased. 

As this study aims to investigate the effect of spacing, six different models of different distances between shells are created. 
Furthermore, a single-shell structure reference model is considered for calibration purposes. All the models mentioned, in terms of 
their geometry, are presented in Figs [5(a – g)]. 

The first model was prepared as a single shell, that is, without lateral shells, as shown in Fig [5(g)]. The displacement and stress 
from this model are used as a reference to understand the effect of the lateral shells on the central one at a different distance. The quasi- 
static approach of moving truck was simulated as presented in previous works [14,19,24,25,40]. 

3.1. Parametric analysis 

A steel shell with a span of 5.25 m and a depth of 0.75 m cover was examined together with two lateral shells with five different 
spacings (see Fig. 5). These spacings are 0.0, 0.6, 2.625, 5.25, 10.5, and 15.75 m, corresponding to a spacing-to-span ratio (S/D) of 0.0, 
0.114, 0.5, 1.0, 2.0, and 3.0, respectively. In the third model, 0.6 m of space was provided between the shells. This distance was the 
minimum distance recommended by Ref. [41] for short-span structures based on the type of profile and the span of the structure to be 
considered. The initial stress by the dead weight load was the first phase of the simulation. The simulation was then continued by 
applying the load exerted by the truck at its starting position. The position of the truck load is labelled by the variable X. When X =
0 the truck load is at the center of the structure (see Fig. 6). Three hundred successive load locations were carried out during the truck 
movement between extreme positions (X = −30.0 m; X = +30.0 m). In the simulation, it was assumed that the forces of the truck axis 
were distributed on the width of the track in the transverse direction and at a distance of 0.5 m along the bridge, similar to the 
assumption proposed by Ref. [24]. The reduced load P were calculated based on Eq (4) [42]. 

q =
P

b′
(4) 

Table 1 
The material parameters used in the computations.  

Steel Sheet Steel pile Backfill soil 
Young’s modulus 205 GPa 205 GPa 150 MPa 
Poisson ratio 0.3 0.3 0.25 
Moment of Inertia 1.01 × 10−6 m4/m 9.833 × 10−6 m4/m – 

Sectional area 1.91 × 10−2 m2/m 2.07 × 10−3 m2 – 

Unit weight 78.6 kN/m3 78.6 kN/m3 19 kN/m3 

Cohesion – – 10 kPa 
Friction angle – – 34◦

Dilatancy angle – – 9◦
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where P is the value of the force transferred from the. 
axle load ((P1 = 54.0 kN, P2 = 129.0 kN, and P3 = 102.0 kN)) and 
b’ the reduced width of the impact of truck. 
Because of their 3D distribution, soil stresses decrease as depth increases. creating a similar effect in 2D is impossible. As a result, 

the impact width b ′ was calculated by proper calibration based on field measurement displacement. Accordingly, the reduced width b’ 

= 1.8 m and the corresponding distributed loads are q1 = 60.0 kN/m, q2 = 143.3 kN/m, and q3 = 113.3 kN/m. Similar assumptions 
were considered by Refs. [11,20]. 

Fig. 5. Geometry of numerical models: a) no space between the shells b) 0.6 m spacing c) half of the span spacing d) spacing equal to span e) twice 
of span spacing f) three-time span spacing g) infinite spacing or reference bridge. 

Fig. 6. Equivalent nodal forces from truck loads.  
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The numerical analysis assumed four passes of the truck over the bridge, that is, two complete load cycles consisting of "forward" 
and "back" travel. The live load from the truck is added to the model after the soil fill has been laid, but before the road foundation and 
asphalt surface are laid. That means that in this model, the effect of road foundation and pavement was not taken into account. Based 
on the position of the lateral shells, seven different models were developed, including the reference model, Fig. 5[(g)]. The first model 
was prepared without lateral shells. The result of the simulation is described in the next section. 

4. Simulation results 

4.1. Validation of numerical model 

Given the challenge of conducting experiments on multi-span SSCS with varying shell spacing, a decision has been made to employ 
field measurements on a single span SSCS as outlined in Section 2. The numerical model has been validated using thus field tests 
conducted on this particular structure subjected to quasi-static moving loads. 

The measured displacement and stress at the bottom of the shell crown (at reference crown) in Fig [2(a)] sets the basis for the 
validation of the numerical model. Taking into account these measured displacements, a parametric analysis is conducted to calibrate 
the input parameters like modulus of elasticity, cohesion, friction angle, and interface stiffness, i.e., both normal and tangential. The 
main objective of this calibration is to fit the absolute maximum displacement and stresses during the first passage. Accordingly, the 
calibration of the FE model is successfully carried out using the results of measured displacement and stress, as shown in Fig (7) and Fig 
(8), respectively. 

The absolute maximum vertical displacement observed in the field test at the crown of the shell is approximately 2.4 mm [3] as 
shown Fig[4(a)]. While numerical simulation predicts an absolute maximum displacement of approximately 2.54 mm. These results 
demonstrate a close agreement between the field test and numerical simulation, with the simulation slightly overestimating the 
maximum vertical displacement. Nevertheless, it is important to note that the difference is less than 6 %. Furthermore, the finding from 
both the field test and numerical pertains to a consistent shift in the location of the maximum vertical displacement, occurring in the 
direction of the truck’s movement. This phenomenon provides a clear indication that the structural response is asymmetrical and 
influenced by the position of the truck’s axle during its passage over the structure. This highlights the effects of loading position on 
flexible soil steel composite structures. 

The values of stress are underestimated but the course of the chart is in good agreement with the experimental one. This suggests 
that while the absolute values may differ, the trends and patterns of stress distribution are captured effectively by the numerical model. 
Similar to the vertical displacement, a significant finding in both the field test and numerical simulation is the consistent shift of 
extreme stress values in the direction of truck movement for consecutive truck passes. Thus, the results obtained numerically exhibit 
the same tendency as those identified experimentally. 

In conclusion, the comparative analysis of field test and numerical simulation results for the vertical displacement and stress at the 
crown of the shell demonstrates a good level of agreement, providing validation for our numerical model. 

4.2. Numerical results 

The Selected vertical and horizontal displacement, as well as the stress, σx results obtained from the six different models of the 
SSCSs are shown in Figs 9–11. The graphs show the change in shell displacements and stress caused by the truck passage and the 
position of the lateral shells. The results of the displacements and stress at the crown of the central shell are presented. The graphs 
illustrate changes in central shell displacement produced by the trucks’ initial and returning travels, as well as the position of the 
lateral shells. On the basis of these results, an effect of the position of the lateral shells on the deformation of the central shell is 
observed (see Fig. 12). 

The stress at the crown of the central shell, presented here as a numerical simulation result, was calculated based on Eq. (5): 

Fig. 7. Vertical displacement curve at the crown of the shell during consecutive truck crossings.  
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σx =
(N − N0)

A
+
(M − M0)

I
⋅

h

2
(5)  

where N, M stands for the axial force and the bending moment, respectively, and N0 and M0 are the values of the axial force and 
moment for the calculated structure at the start of the test, I and A are moment of inertia and the cross section area respectively. while h 
is the thickness of the steel shell. 

Under the scope of this numerical modeling, we have obtained critical results pertaining to the vertical and horizontal displace-
ments, as well as stress distributions, at the crown of a shell of soil-steel composite structure. Our investigation centered on under-
standing how the bridge responds as a truck cross it, both in backward and forward movements in quasi-static manner, without any 
turning. To create a robust modeling scenario, the truck completed four crossings in total by traversing the bridge twice in each di-
rection. The visual representations in Figs 9–11 illustrate these crossings, with the initial crossing of the truck from x = L to x = -L 
highlighted in blue, and the return from x = -L to x = L marked with dashed blue lines. Similarly, the second crossing from x = L to x =
-L is depicted in red, and the return from x = -L to x = L is denoted with dashed red lines. 

Notably, our analysis reveals that the values of the displacements and stress change as the direction of movement changes. These 
variations in displacement and stress are critical to understanding the bridge’s dynamic behavior under the influence of the truck’s 
movements. Furthermore, our results consistently show the creation of hysteresis loops, indicating that the bridge’s response is not 
only dependent on the current loading but also on the previous loading history. The presence of hysteresis loops in the results 
highlights the importance of considering the bridge’s past loading conditions when assessing its response. These findings represent 
essential contributions to bridge design and analysis, shedding light on the complex behavior of soil-steel composite structure under 
repetitive truck crossings. 

Also As illustrated in Figs 9–11, the outcomes of our numerical simulations reveal a pronounced sensitivity to not only the direction 
of the movement of truck but also the position of the lateral shells. The results exhibit significant variations, both in terms of quan-
titative values and qualitative behavior, depending on the specific positioning of the lateral shells, the direction of the load, and the 
interaction with the structure. These findings highlight the complexity of the interactions within the shell of the multi-span soil-steel 
composite structure under different loading conditions. The position of the lateral shells plays a crucial role in distributing and 
transmitting the load across the bridge’s span. Depending on the lateral shell configuration and load direction, the central shell’s 
response can range from subtle variations in displacements and stress to more pronounced changes in structural behavior. 

5. Discussion 

A significant phenomenon observed in our simulations is the considerable uplift of the shell during successive truck crossings when 
the truck initially starts moving over the bridge. This uplift phenomenon is more pronounced when the lateral shells are in close 
proximity to the central shell as depicted in Figs [9(a–g)], resulting in an upward tilt of the shell. As the truck advances toward the 
crown of the shell, this uplift of the shell gradually decreases, and the vertical displacement reaches its maximum when the truck aligns 
with the crown during consecutive load cycles, consistent across all simulations. Each subsequent load cycle, or truck pass, induces 
irreversible changes in the shell’s behavior, particularly when the lateral shells exert lateral pressure on the central shell due to their 
proximity. This lateral pressure significantly impacts the structure’s load-bearing capacity. 

Notably, our simulations consistently yield closed hysteresis loops in the vertical displacement graphs for all scenarios, indicating 
the bridge’s ability to maintain a consistent behavior under cyclic loading conditions. This alignment between our simulated results 
and field measurements, as observed in a single-span shell by Ref. [3], underscores the accuracy of our modeling approach and offers 
valuable insights into the dynamic response and stability of the soil-steel composite bridge. 

Based on the analysis conducted, the maximum vertical displacement, w, that occurred in the central steel frame is within a range of 
−5.99 to 4.084 mm Fig [9(b)] as compared to the in situ measurement without lateral frame, which ranges of −2.5 to 0.5 mm [3]. 

Fig. 8. Circumferential stress at the crown of the shell during consecutive truck crossings.  
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Fig. 9. Vertical displacement at the crown of the central shell during consecutive truck crossings: (a) reference (b) central shell at 0.0 m distance 
from lateral shell (c) at 0.6 m (d) at 2.625 m (e) at 5.25 m (f) at 10.5 m (g) at 15.75 m. 
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Maximum vertical displacement was observed during the first truck travel when the lateral shells were placed at a distance of 0.0 m 
from the enteral shell. However, significant reductions have been observed when the lateral cover was placed at a distance of 0.6 m 
(ranging from −3.452 to 1.842 mm). From these two simulation results, it can be concluded that providing a spacing of around 10 % of 
the span of the structure has a significant impact on the reduction of vertical displacement. When the lateral supports are placed half of 
the span of the bridge (2.625 m) from the central support, the vertical displacement at the crown of the central support was almost 
similar to the reference support (no lateral shells), as shown in Fig [9(a)] and Fig [9(d)]. As shown in Figs [9(e–g)], the change in 
vertical displacement was almost constant. 

The reduction in deformation as span spacing increases can be attributed to a variety of factors. For instance, backfill plays a crucial 
role in providing support, stability, and load distribution to this particular type of structure. Furthermore, it provides lateral support to 
the shell of SSCS, aiding in the resistance of the lateral forces and reducing deformation in the shell induced by vehicular loads. 
Consequently, a substantial portion of the load-bearing capacity and stiffness of SSCS is achieved through interaction with the backfill 
material. This indicates that as the spacing increases, the shell receives more support from the backfill, leading to increased stiffness of 

Fig. 10. Horizontal displacement in the central shell crown during consecutive truck crossings: (a) reference, (b) central shell at 0.0 m distance of 
from the lateral shell (c) at 0.6 m (d) at 2.625 m (e) at 5.25 m (f) at 10.5 m (g) at 15.75 m. 
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the composite structure and a more uniform distribution of the truck load across the spans. Consequently, this could result in reduced 
deflection at the central shell. 

In all models Figs [9(a–8g)], the maximum vertical displacement occurred during the first passage of the truck, and when the truck 
moves away from the structure, the deflection decreased but did not return to zero, i.e., the residual displacements remained. A similar 
phenomenon was observed in earlier studies [16,32]. The extreme vertical deflection shift is observed in the direction of truck 
movement. This shift was basically due to the difference in the magnitude of the axle loads. The deflection extrema are formed under 
the P2 (middle) and P3 (rear) axles when they are in the crown of the shell. This means that the extreme deflections for the backward 
movement and forward movement of the truck are not at the same position as observed in Figs [9(a–g)]. A similar result was observed 
in the work of [3,24]. Understanding these characteristics is crucial for assessing the structural integrity of the shell under loads, such 
as those imposed by vehicular traffic. It provides insights into the points of maximum stress and deformation, which are essential 
considerations for structural design and analysis. 

In contrast to vertical displacement, the maximum horizontal displacement in the range of −0.46 to −3.39 mm was observed 
during the second travel, i.e., the return of the truck from the first trip (the blue dashed line in Fig [10(b)]. However, it was observed 
when the lateral shells were placed at a 0.00 m distance from the central shell, as in the case of vertical displacement. Once the lateral 
shells were placed at 0.6 m from the central shell, the displacement decreased to a range of (0.1 to – 2.03 mm) Fig [10(c)]. At 2.625 m 
(half of the span of the considered bridge), the displacement decreased, (0.2 to −1.33 mm). Compared to the reference, the increment 
is only 21 %. Like the vertical displacement, the effect of lateral shells is not much significant when they are placed at a distance greater 
than half of the span of the structure. Consequently, the horizontal (absolute) displacements at spacings of 5.25, 10.5, and 15.75 m are 
1.19, 1.15, and 1.14 mm, respectively. 

In other words, when the ratio between the spacing (S) and the span (D) of the structure (S/D) ≥ 0.5, the effect of the lateral shell on 
the displacements of the central shell is negligible, as shown in Figs [12(a –b)]. This indicates that the lateral shells have no such 
significant influence on the vertical displacement of the central shell under live load when they are spaced at a distance equal to or 
greater than half the span of the structure. 

However, in contrast to vertical displacement, the residual displacement was extensive in horizontal displacement. In all models 
Figs [10(a–g)] except the model without spacing, the absolute maximum horizontal displacement occurred during the first passage of 
the truck, and when the truck left the structure, the displacement decreased but did not return to zero, that is, the residual dis-
placements remained. Compared to vertical displacement, residual displacements are very large. The extreme maxima are shifted in 
the direction of the truck movement as a vertical displacement. 

In both vertical and horizontal displacements, there is a significant difference in the displacements registered during the truck’s 
passage over the structure, depending on the direction of the crossing. This phenomenon, known as the hysteresis effect, had already 
been discovered in other soil-steel composite structure in the work [14,16,21,32,33]. 

The results of the circumferential stress σx for models are presented on Figs [11(a–g)]. The maximum value of circumferential stress 
σx was observed when the lateral shell is placed at 0.0 m, as presented in Fig [11(b)]. From the graphs, the stress ranges from −12.607 
to 20.855 MPa. The magnitude of stress is significantly increased compared to the in situ stress test [3], which was (−10.0 to 15.0 
MPa). 

Similarly, to displacements, a significant reduction in stress (absolute) was observed when the lateral shells were placed at a 
spacing greater than half the span of the structure. The values of the extreme maxima (absolute) at 2.625, 5,24, 10.5, and 15.75 m 
spacing are 11.47, 10.51, 10.79, and 10.87 MPa, respectively, as shown in Fig(13). The finding of [38] also concluded that in two span 
SSCS, stress significantly decreases as the spacing increases. 

The relation between stress in the crown of the central shell and spacing (S) is shown in Fig(13). From this figure, it can be clearly 
seen that the narrow spacing between the layers has a considerable effect on the induced circumferential stress (σx), since the adjacent 
and unloaded layer provides supports with lower stiffness to the side of the loaded layer. A similar conclusion was formulated by 
Ref. [43]. 

Fig. 10. (continued). 
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6. Summary and conclusions 

The effect of lateral shells at different positions on the mechanical behaviour of the central shell under live load was investigated 
numerically. The constitutive model for the backfill soil was elastic-perfectly plastic and linear elastic for the shell as well as the sheet 
piles. The plastic slip along the soil-steel contact interface was described in terms of the Coulomb condition with the dilation angle 
value set to ψ = 0. The main conclusions drawn from the numerical simulations conducted are as follows:  

• Vertical and horizontal displacement increase significantly when the S/D ratio is 0.5. Providing 0.6 m spacing, which is almost 10 % 
of the span of the structure, the displacements are substantially decreased almost by 50 % compared to the field test.  

• Maximum stress in the central shell is observed when the lateral shells are placed at a 0.0 m distance. Similarly, to displacements, 
the stresses at the crown of the central shell are decreased by 35 % by providing 0.6 m spacing.  

• Extreme displacement and stress values change in the direction of truck movement. These characteristics is crucial for assessing the 
structural integrity of the shell under different loading conditions, such as those imposed by vehicular traffic. It provides insights 
into the points of maximum stress and deformation, which are essential considerations for structural design and analysis. 

Fig. 11. Stress in the crown of the central shell during consecutive truck crossings: (a) reference (b) central shell at 0.0 m distance of from the lateral 
shell (c) at 0.6 m (d) at 2.625 m (e) at 5.25 m (f) at 10.5 m (g) at 15.75 m. 
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• The effect of non-zero residual displacements and stress, which remain in the structure after consecutive load cycles, is clearly 
visible and more evident in horizontal displacement compared to vertical displacements. The residual stress decreased as the S/D 
ratio decreased.  

• The effect of the position of the lateral shells on the displacements and stress of the central shell is not significant when S/D > 0.5.  
• Closely spaced conduits are considerably affected by each other because their support is stiffer than that of their other counterparts.  
• The load carrying capacity of the multi-span SSCSs increases with the increase in spacing between the adjacent shells. It is 

recognized that the interaction between closely spaced SSCSs is affected by the spacing between them. However, for practical 
purposes, considering the minimum spacing based on factors such as the size and shape of the shell, as well as the depth of cover in 
the soil, is essential. 

Fig. 12. Displacements at the Crown of the Central Shell vs. Shell Spacing During Truck Crossings (a) Vertical and (b) Horizontal.  

Fig. 13. Stress at the Crown of the Central Shell vs. Shell Spacing During Truck Crossings.  
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