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A b s t r a c t  

This work discusses the classification of bridge structures and their models. Examples of 
hybrid models are also indicated in the case of homogeneous and mixed structures. Where 
hybrid design and model cases are presented, an algorithm for the analysis of contact in-
teractions between subsystems is provided. The soil and shell structure is adopted as an 
example of analyses, where in its characteristic feature, differentiating it from classic 
bridges, is the large influence of both the soil backfill and the road surface as load-bearing 
elements of the structure. There are two structural subsystems present in the model of the 
soil-shell structure: a corrugated sheet coating and a soil backfill with a surface. The in-
teraction between them is modeled as a contact interaction, i.e. forces with a direction 
normal and tangent to the line of the circumferential band of the shell. The paper presents 
an algorithm of their analysis, resulting from the outcomes of tests with the use of strain 
gauges, with the load being a vehicle changing its position. The advantage of the algorithm 
is that it takes into account the actual physical properties of the soil in the backfill layers 
and the contact layer of the coating with the soil. Direct contact force measurements along 
the entire length of the circumferential strip are very difficult. In practice, pressure gauges 
are used to determine normal interactions.  
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1. HYBRID  BRIDGE  STRUCTURES  

According to the Dictionary of Foreign Words, a hybrid is an object that is made 
up of different elements that do not fit together. In the biological definition, this 
means the crossing of two genetically different specimens, resulting in a hybrid. 
In the automotive industry, a hybrid is a car powered by two different engines, for 
example electric and internal combustion. Thus, a bridge as a whole - with the 
span, pillars and abutments - is a construction hybrid. Each of its components: the 
span as a bending beam, the intermediate support as a compression element, and 
the abutment as a retaining wall, are completely different elements of the same 
bridge.  
From the above definitions, it follows that it is a mixed structure of a suspended 
bridge (as in Fig. 1) and a hanging bridge, as systems consisting of various ele-
ments: band, beam, and pillar. In this case, the performance characteristics of the 
elements, and not the variety of materials, are taken as the basis for classification 
[11]. Composite structures [5, 10] can be classified as mixed systems due to the 
materials used in the construction of the bridge girders.  
 

 
Fig. 1. View of a bridge with suspended system in Płock 

 
A characteristic feature of the hybrid bridge model is the division of the structure 
into subsystems [1, 2]. The computational model of the object applies the condi-
tion of interaction of subsystems as force reciprocity or (and) compliance of dis-
placements. A special group consists of integrated bridge structures [4] as hybrid 
structures. This type of bridge structure may be made of a homogeneous material, 
e.g. concrete, but the homogeneous structure of the bridge cooperates in the model 
with the ground as the second subsystem. 
Table 1 shows examples of dependencies of the constructions to their models in 
beam type girders. The analyzed group distinguishes bridge spans of uniform 
structure, e.g. concrete or mixed, e.g. composite and hybrid. Regardless of the 
design, there may be various models, e.g. with a homogeneous structure but hy-
brid model [2]. Examples of models of such spans are discussed below.   
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Table 1. Schemes of span structures and their models 
 

 

CONSTRUCTION 

homogenous     

X 
homogene-

ous 

 

 

MODEL 

 
mixed mixed 

hybrid hybrid 

2. HOMOGENEOUS  CONSTRUCTION  SPANS  

Simple homogeneous models are also used in the spans of bridges made of homo-
geneous material. Examples of such geometry of spans made of precast concrete 
beams are shown in Table 2.  

Table 2.  Examples of span models made of homogeneous material (concrete) 

el
em

en
ts

 

type Space  of  structure 
p1 p2 p3 

 
 

e1 

 

 

 

 
 

e2 

 

 
 
 

e3 

 
Symbol ei is used to define the type of element and pi as a bridge geometry space, 
respectively. Thus, the model of a span made of trough beams, as shown in the 
drawing in Table 2, may be a bar system e1, as: beam (with previously used load 
distribution p1); flat grate p2; or a beam grate supported on pillars forming a spatial 
frame scheme p3. When using e2 surface elements, a p2 orthotropic plate, or a 
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ribbed-plate structure, a p3 system is obtained. A model that uses volumetric ele-
ments (e3, p3) takes a special place.  

3. MIXED  CONSTRUCTION  SPANS 

In the case of a bridge made of steel encased beams, i.e. a mixed structure (due to 
the material), a homogeneous model in the form of an orthotropic plate (e2, p2) is 
applied. Also, in a composite bridge with a plate girder structure with a concrete 
bridge deck, the homogeneous model can be used as a flat grating (e1, p2). In this 
case, the beam elements made of various materials in the span are reduced to a 
homogeneous material, e.g. concrete or steel. In the same structure example, one 
may also use a model with mixed elements (e1+e2, p3) (steel plate girders as bar 
ribs e1 with a concrete bridge deck e2).  
 

 
Fig. 2. Model of a composite beam with a flexible joint  

In the case of a span made of trough beams, as shown in the figure in Table 2, 
but made of different materials [11, 12], it may take the following models:  

 rod layout (e1, p1) as a beam (using lateral load distribution); 

 flat grate (e1, p2;) with the main girders and the catwalk as beams;  

 orthotropic plate (e2, p2) when the elements are reduced to a uniform 
material;  

 plate-disc system (e2, p3) with various elements of the material of the 
plate and beams. 

Figure 2 shows an example of a composite beam in the form of a plate girder with 
a concrete bridge deck, but in a hybrid model. To connect both materials, a flexible 
connection was used, e.g. bolt or glue [5, 10]. The interaction of both subsystems 
[6] are tangential forces t, as shown in fig. 2. In this case, the horizontal displace-
ments (ε deformations) in the joint do not correspond. The condition of compli-
ance of deflections and curves in bar subsystems reduced to two axes of inertia is 
applied. 
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4. HYBRID  CONSTRUCTION  OBJECTS 

In the case of the hybrid model, as presented in Fig. 2, there are flexible connectors 
between the subsystems. In the hybrid construction, as presented in Fig. 3, a spe-
cially modeled contact layer is used between the subsystems. An example of an 
engineering soil and shell structure is distinguished by a particularly heterogene-
ous layered structure.  

 
 
 
 
 
 
 
 

Fig. 3. Model of the bridge soil and shell structure [7] 

Their characteristic feature, unlike classic bridges, is the adoption of backfill as 
the basic material of the structure. The influence of the road surface as load-bear-
ing elements is significant [7]. Of particular importance in this model is the map-
ping of the contact layer between the soil backfill and the steel interface, as shown 
in Fig. 3 - analyzed in this paper. 
The paper defines the principles of soil influence on the surface with the use of 
the object test results [8]. A strain gauge base is used for measurements. Ten-
sometric strain gauges are glued on to the corrugated sheet surface accessible from 
the inside, on the selected circumferential band of the surface. In each measure-
ment cross-section, the sensors were placed in pairs, in the apex and depression of 
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the corrosion, located in the direction of the circumferential strip of the surface, 
as in Fig. 4.  
The twin alignment of sensors, using the principle of flat cross-sections, allows 
determining the deformations in the axis of inertia of the cross-section of the cor-
rugated sheet and thus to determine the peripheral axial force from the dependence 
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Formula (4.1) includes the geometry of the corrugated sheet, e.g. SC a × f × g 
(wave length a its height f and sheet thickness g). To determine the change in 
curvature κ and the shell curvature radius ρ, the geometric relations of the plate 
and εD and εg can be used, and thereby find the bending moment as in the equation 

     fa

EI
sm Dg  
)(  ,           (4.2) 

where: A/a = 9.81 mm2/mm and I/a = 24165 mm4/mm are the geometrical char-
acteristics of the cross-section of the corrugated sheet SC 381×140 × 7 while E = 
205 GPa is the strength property of the material (steel). 
 

 

 

Fig. 4. Internal forces and soil influences on the surface 

 
From the function of internal forces n(s) and m(s) the normal interactions distrib-
uted along the circumferential band of the surface can be obtained as s 
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Identification of the function p(s) and t(s) enables a separate analysis of the surface 
as subsystems separated from the structure: the circumferential band and the back-
fill, as in Fig. 3. This general solution full fills the static condition of the compli-
ance of the contact actions between the soil and the surface. The principle of dis-
placement compliance is not taken into account, i.e. a slip is allowed at the joint 
of the subsystems, as in the composite beam shown in Fig. 2. This is an important 
advantage of this algorithm - in line with the principle of the structure's work.  

5. THE EFFECTS  OF  WORK  OF  HYBRID  STRUCTURE  

As an example of the research on contact interactions, the work presents the results 
of measurements of a test structure built in Rydzyna, with a record span L. = 
17.594 m of sheet metal SC 381×140×7 [8]. The geometrical parameters of the 
circumferential band of the shell related to the axis of inertia of the corrugated 
sheet in the object are: height H. = 5.459 m and the radius of curvature at the 
crown R = 13.735 m. The thickness of the backfill above the surface was hn = 1.12 
m.  
The test used a loader changing its position along the circumferential band of the 
surface. The position of the vehicle on the object was defined as a coordinate rel-
ative to the shell crown xp. The loader traveled in an incremental manner of Δxp = 
1.5 m. The axle loads in the loader (without load) were similar: P1 = 114.3 kN 
(reference axis) and P2 = 104.7 kN. The wheel base was 3.4 m. The position of 
the vehicle wheels was symmetrical in relation to the analyzed surface measure-
ment line. 
Figures 5 and 6 show changes in contact interactions as a normal force p(xp) and 
the tangent (xp) at the midpoint of the surface (crown). The value is given on the 
horizontal axis of these graphs xp as a force distance P1 from the surface crown as 
the first axis loading the structure. 
The figure legend marks the graph created during the primary travel and the sec-
ondary travel (return). During both runs, the vehicle position marked as xp was 
identical. The specific vehicle positions are:  

 xp < L/4 = 4.4 m where there is an increase in contact interactions; 
 xp = 0 when axis P1 of the loader is located above the crown; 
 xp = - 1.7 m when axles P1 and P2 of the vehicle are equidistant from 

the crown; 
 xp = - 3.4 m when axis P2 is above the crown.  

The start and end of the measurements took place when xp = 21 m. When xp = -9 
m, the direction of travel was changed without the vehicle turning. 
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Fig. 5. Change in soil normal action on the surface crown 

During the primary and secondary travel, the diagrams in Figures 5 and 6 are dif-
ferent, in particular when the vehicle is in the area of the shell crown. There is a 
very significant difference in the value of soil pressure. During the primary travel, 
there is no second wave with an extreme value p(xp) when xp = -3.4 m, i.e. when 
the second axle of the loader is above the analyzed point P2. Such extremes are 
visible on the secondary travel.  

Figure 6 shows the diagrams of tangential interactions t in the shell crown. Maxi-
mum values t are greater than p, but this only applies to the vehicle loading effect 
and not to the cumulative effects with the weight of the backfill. The essential 
difference t with regard to pressure p is that, during the primary and secondary 
travel, functions t(xp) are very similar. It is important to reduce the impact p and t 
when the vehicle returns to its initial state. Thus, the impact of the soil on the 
surface disappears after the vehicle exits, so there is a return to the initial state and 
a hysteresis loop [13]. 
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Fig. 6. Tangential effects of soil on the circumferential band of the coating 

6. SUMMARY 

The paper discusses the classification of bridge structures and their models of the 
geometry of the supporting system. The use of hybrid models was also indicated 
in the case of homogeneous and mixed structures. The contact interactions be-
tween subsystems were analyzed using the example of a hybrid structure and a 
hybrid model used in the soil-steel structure.  
The algorithm presented in the work, used for determining normal components p 
and tangents t was based on the results of strain gauge measurements on the struc-
ture. This type of research methodology allows obtaining data that are difficult to 
obtain in direct research. Ground pressures p can be determined using pressure 
gauges. However, the determination of tangential forces along the length of the 
circumferential band is very difficult. This is due to the displacement incon-
sistency, i.e. the formation of a slip in the contact of subsystems. The example of 
the results given in the paper demonstrates a significant improvement in the ob-
servation of contact forces.   
A characteristic feature of the construction example and the hybrid soil-steel struc-
ture model is the significant difference of displacements, internal forces, and con-
tact actions (as demonstrated in the paper) during the primary and secondary (re-
turn) travels [9]. When the analyzed quantities return to their initial state after the 
vehicle has passed, a characteristic hysteresis loop appears [13]. This phenomenon 
in bridge structures is poorly recognized and concerns moving loads, with chang-
ing position [3, 6, 9, 10].   
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