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Characteristic changes the bending moments  

in shell of soil-steel structures 

 

Abstract: There are two structural subsystems in the soil-steel structure model: a flexible 

corrugated steel shell and a soil backfill. A characteristic feature of the analyzed structures, in 

contrast to classic bridges, e.g. brick ones, is a very large influence of the soil backfill on in-

ternal forces and deformation of the steel shell. Usually, during construction, the stresses in 

the shell are many times greater than those arising from the operational loads. In the paper 

analyzes changes bending moments in the steel shell during the operation of the object as a 

result of deformation occurring during the construction phase. The test results indicate that the 

bending moments of the steel structure depends on the geometry of the bridge but with a large 

influence of the technology of the backfill process. The paper presents an algorithm for esti-

mating shell shape changes based on displacements occurring in the construction phase. The 

examples show a favorable reduction of bending moments in shells with a regular arc. An 

unfavorable geometry for box-shaped shells has been demonstrated. The results of the analy-

sis presented in the paper may be the basis for the measurement methodology in the monitor-

ing of soil-steel structure bridges, both during construction and in the operational phase. 
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Bridge facilities monitoring  

Bridge structures with large spans (lengths) and important communication are subject to mon-

itoring both during construction and during their operation. An example may be the observa-

tions of suspension bridges [2]. Particularly, research concerns prototype construction tech-

nologies. A good example are concrete overhang bridges [9]. Fig. 1 shows the results of 

monitoring in the form of a change of the grade line of a bridge built with the use of this tech-

nology. The presented diagrams show a very fast increase in deflections immediately after 

shorting the span supports and the lack of stabilization during the lifetime of the facility. The 

research [6, 9] analyzed the effects of rheological processes in concrete and prestressing steel 

[9]. Numerous studies show a very large influence of construction technology on the opera-

tion of the exploited structure [6]. Based on the deflections, the change in the creep function 

and bending moments are estimated.  
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1. Changes of the grade line of the Støvset bridge spans during its operation [9] 

 

  Soil-shell bridge structures are monitored more often during their construction than 

during their use. This is due to the fact that during the laying of the backfill, internal forces 

and deformation occur much greater than under the operational loads [4]. Fig. 2 shows one of 

the results of continuous monitoring of a selected facility over Piekielnica [8]. The defor-

mation of this shell differs significantly from that in other objects. Geodetic measurements of 

the coordinates of points on the coating were carried out on the inner surface of the corrugated 

sheet from the beginning of construction, i.e. from 1999.  
 

 

2. Changes in the shape of the object's shell over Piekielnica [8] 

 

  The comparison of the displacement diagrams presented in both figures shows their 

great similarity. The description of the behavior of these structures may be similar, however, 

the physical properties of both materials (concrete and soil) are completely different. The 

common feature of these effects is a very large influence of the construction phase on the op-

eration of the structure during its operation [4, 6]. Since 1998, the Rubierz railway ground and 

coating facility has been monitored as the first in Poland [7]. It is subject to further observa-

tion. Earlier studies of soil-shell objects included geotechnical phenomena. The analyzes were 
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focused on changes in soil pressures in soil and shell structures with the use of pressure gaug-

es [10].  

  Research on the behavior of soil-shell objects during their operation is carried out spo-

radically. The paper presents the methodology of carrying out measurements useful for the 

observation of changes in the shell geometry during the construction and operation of the ob-

ject. Geodetic measurements are sufficient for the implementation of such a procedure [4].  

 

Shell geometry groups 
For the determination of the shell geometry group of soil-shell objects made of corrugated 

sheets, the circumferential direction is distinguished as a line along with the wave of the sheet. 

This is the main direction of the shell operation, included in the static scheme, as shown in 

Fig. 3. Due to the characteristic changes in the shell deflection in the key, the soil-shell struc-

tures are divided into three groups [5]: open arched (A) and box-shaped (B), and closed (C). 

Fig. 3 shows changes in the spanner deflection w, together with an increase in the thickness of 

the backfill layer zg (in proportion to the height of the shell h). In the C shell initially, there is 

a negative value w, but later the graph is similar in shape to the A shell. In the further part of 

the work, the C type shell is treated as belonging to the A group. 
 

 

3. Characteristic changes in deflection of the shell key during soil backfill laying 

 

 A common feature of the shells circumferential band geometry (cross-section) is the 

shape of the upper part with a radius of curvature R. This feature is used in the work, assum-

ing that the remaining part of the cross-section in these shells can be any. In each of these 

cases, there is a different course of the function w(zg) depending on the level of backfill calcu-

lated from the foundation as zg. The forms of such functions are presented in many works 

listed in [4].  

 The deformation of the circumferential band of the coating defined by displacement w 

and u can be accounted for in the change in the curvature of the perimeter strip of the corru-

gated sheet. For this purpose, the change of the shape of the coating is used, as in Fig. 4a, and 

geodetic measurements. The shell deforms to a design shape in the form of a radius segment 

of a circle R – changing to value Ruw. Based on the initial value Ro (after installation) the 

change in curvature of the circumferential band is determined as in the formula 

      
uwo

uwo
uw

RR

RR

⋅

−
=κ                    (1) 
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 When using strain gauge measurements, the unit strains on the edge of the upper and 

lower waves are determined as shown in Fig. 4b. Assuming the principle of flat sections, the 

change in curvature is obtained from the equation  

      
f

Dg εε
κε

−
=                      (2) 

 

 

b) 

 

 

4. Diagram of the circumferential strip of the shell 

a) the scheme of the arc-shaped shell during construction 

b) unit deformation measurement system 

  

 Usually, the shell point analyzed is the key, as it is the highest in the cross-section, as 

in Fig. 3. In this cross-section, the greatest changes occur in curvature. Geometric parameters 

of the shell: L, H, R are the main dimensions of the cross-section, as in Figure 4a. This draw-

ing shows a characteristic change in the shape of the shell during construction. The study ana-

lyzes the deformation of the circumferential band during the operation of the object but with-

out the participation of moving loads. 

 

Curvature changes as a function of time  

The study analyzes the change in curvature at a selected point in the circumferential band as a 

function of time. The following characteristic moments from the construction and operation 

period of the facility are distinguished:  

• to as the moment of completing the shell installation; 

• tk when the greatest uplift occurs in the shell key w; 

• tp is the time of construction completion; 

• te the situation during the operation of the facility is analyzed. 

Fig. 5 shows the curvature changes diagrams in the analyzed types of shells: A and B. Addi-

tionally, a shell with intermediate properties, marked as AB, was introduced. 

 The changes in curvature are included in the work in the equation  

     kpktft κκκκ −+= ))(()(  ,        (3) 

using a deformation function that depends on the time f(t) and two parameters κk = κ(tk) and 

κp = κ(tp). The curvature change function is continuous with the characteristic points shown in 

Fig. 5. The assumption of shell deformation and formula (1) shows that κo = κ(to) = 0. 

 
 

 

a) 
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5. Changes in the shell curvature during construction and operation 

 

Deformation formula 

The deformation function can be obtained directly from formula (3)  

      
pk

k t
tf
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)(  .        (4) 

A special feature f(t) is standardized at the time of construction completion and the beginning 

of operation tp . Then 

      1)( == pp ftf  .         (5) 

At the remaining characteristic points, f (t) takes the following values: 

1. t = to 
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 In general terms, the deformation function can be related to the initial value fo but de-

termined after construction as in the formula of the form  
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 The deformation function f (t) is determined based on measurements on the object 

with the use of curvature changes and formulas (1) or (2). The shape of the graph is influ-

enced by the geometry of the shell, as well as the technology of laying the backfill: the meth-

od of its compaction, the use of soil reinforcement as well as the working break periods [4].  

 Characteristic figures are presented in Fig. 6 f(t) for the three types of shell geometry 

A, AB, and B. The shape of the function results from the following curvature relations that 

arose during the construction: 

4. A type (arch) when κk > κp > 0; 

5. AB type when κk > -κp  and κp < 0; 

6. B type (box) when κk < -κp  and κp < 0. 
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6. Characteristic forms of the deformation function 

 

 Thus, based on the value relation κp in reference to κk the shell qualifies as type A (or 

AB) and B. The comparison of f (t) diagrams for arc and box shells shows symmetry with 

respect to the time axis, but only in terms of to < t < tk. In the next time interval, the values of 

f (t) are reduced in the coatings A, in the case of box-shaped shells the function f (t) may not 

be stabilized. This is a significant difference in assessing the safety of both types of shells. 

The coatings with AB characteristics are unique. It is important that the qualification is also 

influenced by the technology of laying the backfill. Of course, the smooth diagrams presented 

in Fig. 6 are in practice subject to disturbances, in particular, the formation of discontinuities 

during the working breaks [1, 4]. 

 

Box-shaped shell 

The most commonly used coatings in bridge engineering are A and C type shells. B-type 

shells are built in railway facilities. Such an example of an object was realized in Lidköping 

(Sweden) with the assumption that it would be the subject of detailed research [9]. The work 

uses the results of strain gauge measurements, which have been converted into a function of 

bending moments, as in Fig. 7 (supplemented with deflections in the shell key). In this case, 

the relationship is used to obtain the curvature change 

     )( gzMEI ⋅=κ  ,             (10) 

where EI/a = 4,95 MNm
2
/m, as in the case of sheet metal SC 380×140×7. Thus, the function 

κ(t) may be similar to κ(zg) and M(zg) when the increase in backfill thickness is proportional 

to the passage of time t.  
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7. Change of deflection and bending moment in the shell key 

 

Arc-shaped shell 

The functions f (t) in arc-shaped shells are treated as models (the most common) in soil-shell 

structures. In the case of box-shaped shells, the function f (t) is not reduced during operation. 

Fig. 8 shows the results of the research on the specific coating of the object over Piekielnica 

[8]. The shell is classified as the arc (type A) based on its shape, in this case, it behaves like 

type B, i.e. box geometry. Characteristic values of f (t) are presented in Tab. 1. 

 Tab. 1 compares the geometric parameters of three examples of objects. Shamal 

Bridge near Dubai, with the largest span in the world, was adopted as the A structure.  
 

 

8. Function f (t) of the object over Piekielnica 

 

 

 

 

-20

-15

-10

-5

0

5

10

15

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

M
  

lu
b

  w

Zg  [m]

w  [mm] M  [kNm/m]

-4

-3

-2

-1

0

1

2

3

4

1 10 100 1000 10000

f(
t)

czas     [dni]



Transportation Overview - Przegląd Komunikacyjny 1/2021 

 

 

39 

 

Tab. 1. Geometric parameters of shells 

Object Shell dimensions  [m] Deformation function values 

L H R fo fk fp fe 

Dubai 32,60 9,570 29,68 0,759 1,518 1 - 

Piekielnica 13,46 5,004 9,930 -1,581 -3,162 3,185 

Lidköping 8,085 2,440 8,820 -0,734 -1,468 - 

 

Changes in bending moments  

 The deformation function f (t) is useful for tracking the change in bending moments during 

the operation of the object, as in the formula  

     [ ]kpktfEItM κκκ −+= ))(()(   .       (11) 

as in Fig. 6. When the object is classified as group A, the moment values will be reduced. 

This is positive for the shell because it will be subjected to compression to a greater extent as 

in the natural arcuate geometry. Objects of group B show a tendency to increase M during 

operation. They may be larger than during construction at the time tp. This is confirmed by the 

example of the f (t) diagram of the object over Piekielnica [8], presented in Fig. 8. In general, 

the function f (t) is used to determine the convergence of bending moments during the opera-

tion of the object - it is the basis for the decision to monitor the object.  

If strain gauges are used and the curvature κε change hence obtained as in formula (2), 

the change in the radius of curvature can be followed Ruw, using the formula (1). Then the 

changes in curvature are assumed to be consistent κuw = κε and hence the radius of curvature is 

obtained after shell deformation as 

      
1

)(
+⋅

=
εκo

o

R

R
tR   .     (12) 

 However, one should remember the difference in the method of determining the radius 

of curvature Ruw it is determined based on geodetic measurements and displacements u and w, 

the perimeter section, as in Fig. 4a. Whereas R(t) is determined in the analyzed cross-section 

from geometrical relationships, as in Fig. 4b. The justification for the correctness of such a 

solution is given in the paper [3].  

 Using the principle given earlier on the basis o Ruw you can also track changes in 

bending moments as in the formula 

      
uwo

uwo

RR

RR
EItM

⋅

−
=)(   .     (13) 

 

Summary  
During the construction of soil-shell structures, internal forces and deformations in the shell 

occur much greater than under operational loads. Hence, the monitoring of these facilities is 

usually limited to the construction phase, in addition to facilities with new types of sheets and 

atypical geometry. During the operation of the facilities, measurements are performed sporad-

ically. Exceptionally, the first soil-shell facility built in Poland, Rubierz [7] is subject to ran-

dom and further observation.  

 The paper presents an algorithm for tracking changes in shell geometry, including the 

process of building and operating an object. In this way, it was shown that the behavior of the 

object depends not only on the design geometry of the shell but also on the technology of lay-
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ing the backfill. Based on the characteristic deformation of the shell, included in the function f 

(t), changes in bending moments - the main component of normal stress, are forecast. During 

service life in A-type coatings, the bending function f (t) is reduced, which is favorable for the 

operation of the shell in the facility. In objects of type B, the function f (t) bending moment 

increases with time and its predicted change can be estimated after the construction is com-

pleted. On this basis, a decision can be made to monitor the facility.  

 In the example of the geometry of the A-type object, analyzed in [8], already at the 

stage of construction completion, it turned out that it belongs to group B. From the form of the 

f (t) function, the lack of its stabilization is visible, so the object was monitored [8]. Examples 

of unique objects are presented in Figures 1 and 2. They were selected from the overwhelm-

ing number of well-functioning bridge structures. The examples given in the paper are to indi-

cate the need for monitoring bridge structures also in the phase of their operation.  
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