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Abstract. The paper presents a numerical analysis of corrugated steel plate (CSP) bridge with reinforced concrete (RC)
relieving slab under static loads. Calculations were made based on the finite element method using Abaqus software.
Two computation models were used; in the first one, RC slab was used, and the other was without it. The effect of RC
slab to deformations of CSP shell was determined. Comparing the computational results from two numerical models, it
can be concluded that when the relieving slab is applied, substantial reductions in displacements, stresses, bending mo-
ments and axial thrusts are achieved. Relative reductions of displacements were in the range of 53—66%, and stresses
of 73-82%. Maximum displacements and bending moments were obtained at the shell crown, and maximum stresses
and axial thrusts at the quarter points. The calculation results were also compared to the values from experimental tests.
The course of computed displacements and stresses is similar to those obtained from experimental tests, although the
absolute values were generally higher than the measured ones. Results of numerical analyses can be useful for bridge
engineering, with particular regard to bridges and culverts made from corrugated steel plates for the range of necessity
of using additional relieving elements.
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Introduction

Bridges and culverts made of corrugated steel plates
(CSP) are more often used as an alternative structure
to traditional steel or concrete bridges (Beben 2005;
El-Taher 2009; Janusz, Madaj 2009). The advantages that
determine choosing these types of structural solutions are
mainly: speed of implementation and low construction
costs (Kaplinski, Janusz 2006). The behavior of CSP
bridges and culverts under static loads has been the sub-
ject of much research (Bayoglu Flaner 2010; Manko,
Beben 2005b; Yeau ef al. 2009) and the analysis of the
behavior of the steel shell during backfilling has also
been investigated (Beben 2012; Machelski 2009; Manko,
Beben 2005a; Sargand et al. 2008). Sezen et al. (2008)
proved experimentally that the values of strains and dis-
placements of CSP culverts under static loads are higher
than in the case of dynamic loads. However, contradic-
tory conclusions were drawn in a dissertation work by
Beben (2005). EI-Sawy (2003) used the isoparametric brick
elements for soil modelling around the culvert. Finite ele-
ment method and test results indicate that this soil model
is insufficient. Taleb and Moore (1999) executed two-di-
mensional finite element analysis of CSP culvert while us-
ing the Coulomb-Mohr soil model. The results were also
in the low accuracy level in comparison to experimental

tests. Machelski et al. (2006) used isotropic elements
(PLANE2D) to model the soil media. Their predictions
were also too large in relation to the test results.

In many cases, it is impossible to apply the
minimum height of soil cover in the crown for such
CSP bridge structures (AASHTO 2010; Abdel-Sayed,
Salib 2002; CHBDC 2006; Pettersson, Sundquist
2007; Rowinska et al. 2004). In these cases, additional
elements must be used, which will distribute live loads,
arising from wheels of vehicles on a much larger area,
and thereby reducing direct pressure from vehicles
on shell structure. The result can lead to reduction of
internal forces in the steel shell. For this purpose, re-
inforced concrete (RC) slabs, geosynthetics and rein-
forced soil are usually employed (Bathurst, Knight 1998;
Beben, Manko 2008; Essery, Williams 2007; Janusz,
Madaj 2009; Vaslestad et al. 2002).

One of the first analyses concerning determination
of the effect of RC relieving slab on deformations of
CSP shell was performed by Duncan ef al. (2010) The
authors performed a two-dimensional analysis using the
finite element method (FEM). It was determined that the
use of relieving slab leads to a reduction of bending mo-
ments by about 40%, compared to a situation where such
slab is not used. The authors also propose formula used
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to designate thickness of relieving slab. Similar analyses
and tests were performed by Bakht (1985), Beben and
Manko (2008). Bathurst and Knight (1998) proposed re-
inforcement of soil above the CSP culvert by using cellu-
lar polymeric material. The authors conducted numerical
computations by using GEOFEM software based on FEM.
It was also concluded that application of reinforced soil
above the shell reduces construction costs and extends
applicability of corrugated steel structures. Pearson and
Milligan (1991) performed laboratory model tests of steel
culvert with reinforced soil by using steel flat bars. Tests
were performed for different heights of soil cover in the
crown, and for different locations of reinforcement above
the culvert crown. As a result of this reinforcement, re-
ductions in strains and displacements in the culvert were
of 50%. Guidelines for application of additional reinforce-
ments in the form of RC relieving slabs are defined in the
AASHTO LRFD (2010) and CHBDC (2006) standards.

Aim of this study is numerical analysis of CSP bridge
with RC relieving slab under static loads. Numerical anal-
ysis of the bridge was carried out in three-dimensional
space using Abaqus/CEA ver. 6.11 software (ABAQUS
2011). Two models of the bridge were designed, first one
reflected the real structure, which means that it was with
RC relieving slab, and the other was without this slab. In
particular, the analysis is to determine the effects of RC
relieving slab and to check the necessity of its applica-
tion. The use of RC slab forced unfavourable conditions
during construction works of the bridge structure. The
computation results were compared to results from ex-
perimental tests (Beben, Manko 2008). Final conclusions
relate primarily to the advisability of using RC relieving
slab, and to the accuracy of the obtained results com-
pared to the results from experimental tests.

1. Short description of the bridge

The bridge in cross-section is a single-span arch struc-
ture with effective span of 10.00 m and a clear height of
4.02 m (Fig. 1). Steel shell consists of corrugated steel
sheets of 0.003 m thick, and corrugation dimensions
0.05%0.15 m, joined together by high tensile bolts. The
structure is situated at a skew of 58.81° relative to the
road’s axis, which determined its bottom and top lengths.
The steel arch structure was supported on two RC strip
foundations made of grade B30 concrete, placed within
Larssen sheet pile walls. The steel structure was stiff-
ened at its ends using the RC collars with dimensions of
0.30%0.50 m.

During the construction of the bridge it was nec-
essary to significant reduce of the designed soil cover
thickness above steel shell from 1.22 m to 0.65 m. It
resulted in the necessity to apply RC relieving slab with
a thickness of 0.20 m, which was placed 0.10 m above
the shell crown. The slab is extended about 1.50 m out-
side the contour of cross-section section from both sides
of the arch structure, and in the longitudinal section, it
covers the entire roadway width with a sidewalk (Fig. 1).

According to current standards on designing CSP
structures, the analysed bridge does not fulfil minimum
required values for the height of soil cover in the crown.
According to the AASHTO LRFD (2010), the minimum
soil cover for the analysed CSP bridge should amount
1.25 m, and the CHBDC (2006) suggests that this soil
cover should not be less than 2.97 m. In the case of de-
sign recommendations that are valid in Poland (Rowinska
et al. 2004), the soil cover over the analysed CSP shell of
the bridge should not exceed 1.66 m. However, it should
be noted that in the time the structure was constructed
(in 1998), the Polish guidelines were not yet established.

To build the CSP shell structure, constructional steel
was used with strength parameters corresponding to the
Polish standard of St3M. Basic dimensions of the bridge
are presented in Figure 1. A detailed description of the
bridge and construction works, as well as experimental
test results under static loads are presented in Beben and
Manko (2008).

2. Numerical model description
2.1. General remarks

For computations of CSP bridge, the Abaqus/CEA ver. 6.11
(ABAQUS2011)wasused, based onthe FEM (Zienkiewicz,
Taylor 2000). In the numerical models efforts were made
to reflect the actual geometry of the analysed bridge,
while not taking into account the secondary elements that
may affect the increasing complexity of models and con-
siderably extended time for computation. Therefore, due
to the complex shaped structure (inclination of slopes,
RC collars reinforcing inlet and outlet of the shell), nu-
merical models were slightly simplified, although main
parameters of the bridge (shell corrugation, shell span,
top shell length) were maintained. Elements, such as
slopes, RC collars, guardrails and drainage pipes were
neglected in the models. These elements should not sig-
nificantly affect the computational results, because they
are located outside the range of active loading, and at
the same time represent only additional equipments of
the bridge.

Bridge calculations were performed in three-
dimensional space. Non-linearity in computational mod-
els has been addressed by using incremental analysis —
the Full Newton method (ABAQUS 2011; Skrzat 2010).
To calculate the bridge behaviour under static load, two
computational models were used. The first model in-
cluded application of a RC relieving slab (as in the real
structure), and in the second model, this issue was not
analysed. Objective of this approach was to determine
whether the application of such constructional solution
was actually necessary. CSP bridge models are parts of the
3D space, which are in the dimensions of 14x14x6.2 m.
Modelling the soils placed at distance greater than 2 m
from the shell does not substantially affect the obtained
results of computations, while in this case, boundary con-
ditions are rather decisive, which reflect the real structure
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Fig. 1. CSP bridge: a) cross section and b) longitudinal section

in quite approximate manner. Hence, the RC foundations,
as an element of rigid support for the structure was omit-
ted in modelling process. On the other hand, due to com-
plex geometry of the shell, caused by the angle at which

it intersects with the cross-section axis of the bridge (an- S

gle of 58.81°), simplified model was adopted, in which
both axes intersect at right angle, which is to the disad-
vantage of the numerical model (smaller area taking over
the loads from the roadway).

The computational model is a finite element mesh
(Fig. 2) in the shape of C3D8R cuboids (solid type ele-
ments) and S4R tetrahedrons (shell type elements). Parts
of the model, such as RC slab and CSP were modelled as
shell type elements, and the other as solid type elements.

In each model, nodes have six degrees of free-
dom (U1, U2, U3 — displacement directions on the axes Fig. 2. Finite elements mesh of CSP bridge
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0X, OY, OZ, and UR1, UR2, UR3 - rotation directions
relative to the axis OX, OY, OZ), wherein nodes of ele-
ments with their edges laying on external surfaces of the
numerical model are blocked at all degrees of freedom —
rotations and displacements (total restraint).

Summarizing, in the numerical models of the ana-
lysed bridge, 57,718 finite elements were applied for the
computational model with RC relieving slab, and 63,472
elements for the model without the slab.

2.2. Material characteristics

Elements forming the bridge numerical models, which
are: CSP shell and RC relieving slab were modelled as
3D shell elements (S4R — shell). The remaining units (soil
and roadway layers) are defined as elements with proper-
ties of a solid (C3DRS8 — solid). The material parameters
were chosen based on available technical data (the CSP
elements, RC slab and asphalt properties obtained from
the producers of such materials and the backfill obtained
from the project of this bridge) and material character-
istics included in the Abaqus software (Fig. 3), that are:

— CSP shell was defined by shell-type elements as
an elastic-plastic material (Fig. 3) with a density
y = 22.5e3 N/m?, Young’s modulus E = 205¢9 Pa,
Poisson’s ratio v = 0.3, yield stress ¢ = 275¢6 Pa,
cross-sectional area 4 = 3.76e-6 m%/m, and moment
of inertia / = 1.145e-6 m*/m. In this case, adopted
curvature control accuracy was 0.01 m, due to the
complexity of shell itself and its curvilinear shape;

- backfill (medium size sand) was defined as elastic-
plastic material (solid-type element) with the hy-
perbolic Drucker-Prager yield criterion with density
y = 20.5e3 N/m?, Young’s modulus E = 100e6 Pa,
angle of internal friction o = 45°, dilation angle
o = 5°, and initial tension equal to 0 Pa. Further-
more, application of the Drucker-Prager model re-
quired determining the size of soil reinforcement,
due to the fact that the effect of cohesion on the
soil behaviour was eliminated. For this purpose, a
parameter describing the soil reinforcement in com-
pression was used, by fixing its size to 5¢6 Pa;

- road structure (crushed stone) was defined as elastic-
plastic material (solid-type element) with the hyper-
bolic Drucker-Prager yield criterion with density y =
18.0 €3 N/m3, Young’s modulus E = 60e6 Pa, angle
of internal friction /= 17°, dilation angle a = 10°,
and initial tension equal to 0 Pa. As in the case of
basic backfill model, Drucker-Prager model-type
reinforcement was applied, determining soil re-
inforcement parameter under compression equal
to 5e6 Pa;

- RC relieving slab was modelled as an elas-
tic material (shell-type element) with density
v=25.0e3 N/m>, Young’s modulus E =29.0 €9 Pa and
Poisson’s ratio v =0.17;

- roadway layer (asphalt) was modelled as an
elastic material (solid-type element) with density

Fig. 3. Model of CSP shell elaborated in Abaqus program

¥ =21.0 €3 N/m3, Young’s modulus E = 6.9 9 Pa
and Poisson’s ratio v =0.41;

- boundary conditions: total restraint was applied,
namely rotations and displacements along each axis
of the shell’s sides and base were blocked. The CSP
bridge was modelled as an structure firmly embed-
ded in the environment. This is because, that the
lateral earth pressure phenomenon at each direction
of displacements and the rigid support of the shell
on massive foundations were occurred;

- calculation step was defined as 7 = ¢ + At, where ¢ is
the initial time equal to # = 0 s, while A¢ is time in-
crement, during which the set static load is applied,
according to the three schemas used during experi-
mental tests (Beben, Manko 2008). Accordingly, At
equals to the time in which load in applied, and it is
usually adopted in the value of 1 s. In calculation step
(T'=1s), successive iterations for increments caused
by load being applied at that time, and their effect
on operation of the structure are computed in the
software. Thus it is necessary to define the calcula-
tion step, the assumption of geometric non-linearity
of the bridge (specified also in material character-
istics of various components of the structure, i.e.
soil, steel, concrete), which has an important effect
on deformations occurring in the structure, caused
by the applied forces. Then, specifying the meth-
odology for solving the system of equations, direct
method of numerical analysis was assumed, while
applying the Full Newton type algorithm for the so-
lution. Adopted load change in the time of perform-
ing subsequent iterations is linear during the entire
calculation step, which corresponds to applied static
loads. Furthermore, to clarify the non-linear analysis
of the numerical model for subsequent initiated iter-
ations, parabolic extrapolation from previous states
of construction loads was adopted.

2.3. Properties of contact zones

Bridge modelling consisting of so many different layers
(roadway elements, RC slab, soil, CSP elements) with
different physical properties requires determination of
their interactions (Beben 2009). These interactions shall
be determined between all layers, which are in direct con-
tact, even if any of these have similar physical properties
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(soil—crushed stone). For modelling interactions between
different materials with predefined physical properties,
which are incorporated into the bridge, contact elements,
also called interfaces were used (ABAQUS 2011).

Interactions at the interface of materials be-
ing interconnected (crushed stone—asphalt, crushed
stone—soil, soil-RC, soil-shell) were modelled as rigid
elements of the beam transferring their specific types
of interactions from master to slave surfaces (Elshimi
2011). These elements analyse phenomena occurring
in the time of interaction between two materials, that
is normal forces (rigidity) and friction forces (fric-
tion coefficient). Furthermore, Abaqus software al-
lows specifying the nature of surface interactions by
defining the type of slide between contacting surfaces.
Due to the nature of construction and operation of the
entire bridge, which transfers loads to the last of its lay-
ers, that is corrugated steel plate, the type of interaction
that occurs between the layers (asphalt—crushed stone,
crushed stone—soil, so0il-RC) is defined as “finite slid-
ing”, which means not sliding. Basic argument for the
establishment of this type of interaction is the fact that
only in the last contact layer (CSP—soil) small sliding
of backfill surrounded by steel plate can occur. In this
case, an interaction was adopted in which small sliding
is present.

The dependency of master and slave contact
surfaces were determined based on the modulus of
elasticity of materials being in contact with each other
(interaction) and the nature of the behaviour of the
structure. Slave was a surface build of the material with
lower modulus of elasticity (Young’s modulus), and the
surface with higher modulus of elasticity was described
as master. In numerical model without RC relieving slab,
three types of contact areas (CSP—soil, soil-crushed stone
and crushed stone—asphalt) were identified. For individ-
ual layers, following master—slave dependencies were
adopted, that is: (a) crushed stone — asphalt — slave —
master; (b) crushed stone — soil — master — slave;
(c) soil — RC slab — slave — master, (d) soil — CSP
shell — slave — master.

The type of surface, being in contact with one an-
other was the basis for determining two types of interac-
tion properties specifying friction coefficients between
the layers, and surface rigidity formed by these layers.
Selecting these two types of interaction properties is
the result of specific nature of soil-CSP shell interac-
tion, compared with other contact surface properties with
relatively similar characteristics (soil-concrete, asphalt—
crushed stone, crushed stone—soil). Crucial element, dis-
tinguishing this type of interactions from others, is the
smooth surface of the shell, which implies lower friction
coefficient. Therefore, following friction coefficients were
adopted: for soil-CSP shell contact surface in the value
of 0.3 and for other surfaces of 0.6. However, connection
rigidity was established at the level of 2x10° kN/m —
for soil-CSP shell contact surface and 2x10° kN/m — for
other surfaces.

3. Results of numerical calculations

To compare the computational and measurement results,
the same load was used in real field tests of the CSP bridge
under static load. During bridge tests, two heavy trucks
with the total weight exceeding 500 kN were used (Beben,
Manko 2008). Three load schemes, i.e. one asymmetrical
load scheme (scheme No. I: both trucks positioned at one
curb on the headwater side) and two symmetrical load
schemes relative to the bridge’s longitudinal axis (scheme
No. II: the two trucks positioned in such a way that their
longitudinal axes coincided with the longitudinal axis of
the bridge and their rears touched at half of the bridge’s
effective span and scheme No. III: the trucks positioned
on both sides of the bridge’s longitudinal axis so that their
rear axles were situated at half the bridge’s effective span),
were realized. To be able to perform direct comparison of
the computational and measurement results, forces rep-
resenting pressures from wheels of trucks, which were
used as loading were set in the computational model al-
most at the same place as in the time of experimental tests.
Figure 4 shows computational model of the bridge with forc-
es, constituting the load from the vehicle wheels (for scheme
No. III). A detailed description of all schemes for static
loads is given in Beben and Manko (2008).

Selected displacement and stress results obtained from
the two models of the CSP bridge are shown in Figures 5
and 6. Results are presented as bridge model intersected
along the longitudinal axis of the shell, so load distribu-
tions in both models could be observed. Based on these
results, an effect of the RC relieving slab on deformations
of the steel shell can be established. In turn, Figure 7
shows maps of distribution of the vertical displacements
at the bottom of the steel shell of the bridge. Figure 8
presents comparison of distribution of CSP shell dis-
placements from the load scheme No. I between the two
analysed computational models.

In all load schemes, the displacements are dis-
tributed relatively uniformly over the entire width of
the steel shell. Maximal displacements are located at
the shell crown and amount f™*2.33x10~ m and
fmax = (.78x10° m for the model without and with
the RC slab, respectively. Maximal displacements were
obtained from the load scheme No. III (Fig. 4). In addi-
tion, it was noted that vertical displacement distribution
is a more uniform process in the model with RC slab than

Fig. 4. Calculation model of CSP bridge with applied load
according to scheme No. 111
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Model with RC slab

Model without RC slab

Fig. 5. Displacements distribution along longitudinal axis of bridge for two considered models and three static load schemes: al),

a2) I; bl), b2) Il and cl), ¢2) III

in the model without the slab. In the calculation model
with RC slab, maximal stresses occur at quarter points
(o5 =10.2MPa), and for the model without slab, the
highest stresses (o/3* = 56.2MPa) are slightly shifted
towards the shell crown. In both cases, maximal stress
values were obtained from the load scheme No. II.
Figure 9 shows maximal stresses and displacements
distributions in steel shell for each of the three schemes of
loading for computational model with RC slab. In these
graphs, there is more clearly seen that maximal stresses
in the shell occur at quarter points, and displacements
at the shell crown. Stress and displacement distributions

in the model without the RC slab, for the same cross-
sections have slightly different course, that is, uniform
distribution is not present and maximum stress values are
displaced towards the shell crown.

4. Result analysis and discussion
4.1. Effect of RC relieving slab

For load schemes No. II and III for the calculation model
without RC slab, the displacements distribution in steel
shell indicates that displacements do not proceed evenly,
but are concentrated at the shell crown along the transverse
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Model with RC slab

al)

bl)

cl)

Model without RC slab
a2)

b2)

c2)

Fig. 6. Stress maps in steel shell of bridge for two considered models and three load schemes: al), a2) I; bl), b2) II; cl), ¢2) III

axis of the bridge (Figs 5(b2), 6(c2), and Fig. 8). In load
scheme No. III for the model without RC slab, maximum
displacements also were found that amounted 2.33x1073 m.
The applied force in those place (except for the load from
front wheels) is a total value that amounts more than 400 kN
(42.5 kN 4 x 4 x 58.5 kN = 404 kN), which is quite a
heavy load on such a small thickness of the soil cover in
the crown (0.65 m). Detailed result analysis allows to ob-
serve a positive effect of RC relieving slab to behaviour of
lower-lying structural elements, particularly of CSP shell
(Figs 5-6 and 8). In models with applied RC slab, even
and gentle displacement distributions from bottom of the
steel shell can be observed (Fig. 8). However, in the case
of a model without the RC slab, at such reduced height of
soil cover, the effect of acting loads is visible in the form
of local and relatively large deformations at selected points
of the shell (even load distribution does not occur).

Stress distributions in the model with the RC
slab, shown in Figure 6 clearly highlight quarter points
occurring in half-height of the shell (see also Fig. 9).
The maximum stresses at these points reach the value

little more exceeding 10 MPa (Table 1, Figs 6(al)—(a3)).
However, in the model without the RC slab, loads are
transferred to the CSP shell in a more direct manner,
which results in shift of the maximum value from quar-
ter points toward the shell crown. At these points, the
maximum stress values reach 56 MPa. Derived from the
model with RC slab stress maps for each of the three
schemes allow observing the behaviour of CSP bridge.
After applying the quasi-concentrated force (result-
ant load from the rear wheels of trucks) on the shell
crown, active soil pressure phenomenon (maximum
displacements) and uplift of the quarter points (maximum
stresses) were noted. Similar “engagement” phenomenon
of the quarter elements of the shell can be also observed
in models without relieving slab (Fig. 6(a2)—(c2)). How-
ever, despite the fact that in this place, uniform fields
with similar stress values were distinctly marked, their
maximum values are located closer to the shell crown,
rather than exactly at the quarter points. This is caused
by the direct load of road surface of the bridge operat-
ing directly on the CSP shell. Reduced height of the soil
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¢)

Fig. 7. Bottom view of bridge (model with RC slab) on
displacements distribution in steel shell according to load
schemes: a) I; b) II; and c) III

cover in the model without RC slab does not allow ef-
fective inclusion and usage of passive pressure of the
soil. Soil passive pressure phenomenon (Janusz, Madaj
2009; Machelski 2008; Pettersson, Sundquist 2007) has
a decisive effect on the behaviour of the entire structure
during load transfer, whereas reducing the amount of soil
cover results in uneven distribution of displacements and
stresses occurring in steel shell.

The Table shows the maximum values of displace-
ments and stresses in the CSP shell, and the calculated
relative reductions (in percentage) of these values result-
ing from the application of RC relieving slab. Compar-
ing the two computational models, it was noted that the
reduction of both displacements and stresses in the steel
shell is quite important. For displacements, it is in the
range of 53-66%, while the stresses reduction is more
significant, i.e. within the limits of 73-82%.

It was also observed that blocked the possibility of
large displacements at the steel shell crown, as a result of

Model with RC slab

Model without RC slab

an 3 P 43 300weES

Fig. 8. Displacement maps in steel shell of bridge for two
considered calculation models (with and without RC slab) for
first static load scheme
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Fig. 9. Maximum stresses and displacements for model with
RC relieving slab in cross section of bridge
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Table 1. Comparison of maximum displacements and stresses
in steel shell calculated for two numerical models

Model Load schemes:

Analysed values

type I il 111

. Sl 1.57 198 2.33

Displacements (10-3 m)

S 0.73 0.74 0.78
Relative reduction of
displacements (%) 33 62 66

Ol 37.6 56.2 393
Stresses (MPa)

o, 102102 95

Relative reduction of

stresses (%) & 82 76

Note: f,,1, 0,,; — model without slab, f,,, 7,,, — model with slab.

using RC relieving slab and more active operation of pas-
sive pressure of the soil, generates an increase in stress at
quarter points of the steel shell. It follows that displace-
ments reduction, resulting in application of RC relieving
slab causes better use of the steel shell and reduces its
non-uniform effort. This is best illustrated by stress and
displacement graphs for the load scheme No. III, where
almost the entire force (404 kN) is centred at the smallest
possible area above the shell crown. This leads to a redis-
tribution of loads by RC slab relieving on the maximum
possible area of the soil above the shell. This prevents
that the steel shell achieves too significant displacements,
and thus it causes as uniform as possible stress distri-
bution along the whole cross-section of the steel shell.
However, in the case of the model without relieving slab,
displacement and stress distributions are rather concen-
trated at the shell crown, adopting much higher values
(Fig. 6(c2)).

It should also be noted that, despite non-compliance
with the recommended standards on the minimum height
of soil cover for CSP structure, it seems that displace-
ment and stress values are at low level (even for the mod-
el without RC slab). This is undoubtedly connected with
favourable cross-sectional shape of the bridge (arch),
which causes that the load distribution is more uniform
than for example in the box culvert type of structures.

As a result of FEM computations, bending moments
and axial thrusts in the CSP shell were also derived for the
two computational models. The maximum bending mo-
ments occurred in the load scheme No. II and amounted
to —0.25 kNm/m (for the model with RC slab). However,
in the model without slab, the maximum moments were
obtained at the level of —1.37 kNm/m. Maximum bend-
ing moments were at the shell crown. However, the maxi-
mum axial thrusts were also reported for the load scheme
No. II, but at the quarter points, and their values for the
model with and without the RC slab were —38 kN/m
and —214 kN/m, respectively. Therefore, it can be noted
that this type of CSP structure carries out the loads more
thanks to axial thrusts than bending moments. Besides,
as in the case of displacements and stresses, significant
reduction of bending moments and axial thrusts caused
by the use of RC relieving slab can be seen.

4.2. Comparison of computational and experimental
test results

Figures 10 and 11 present comparison of displacements
and stresses obtained from experimental studies (Beben,
Manko 2008) and numerical computations. As shown in
these graphs, the displacements and stresses obtained from
numerical analysis differ from the values obtained from
experimental tests. In three of the analysed load schemes,
maximum relative differences of calculated and measured
displacements are in the range of 60—71% and for stresses
25-63%. However, compared to the results obtained with
the use of calculation models developed in Robot Millenium
and Cosmos/M software (Beben, Manko 2008), they are
much more satisfactory. This is caused by improved abil-
ity for modelling interactions between different materials,
and more accurate mapping of soil behaviour (using the
Drucker-Prager model) in Abaqus software.

Complete courses of displacement and stress graphs
were in similar shapes as the real values. Comparison of
calculated and measured values presented in Figures 10
and 11, clearly demonstrates that some heterogeneities in
the applied materials, such as soil and the steel shell can
be occurred. It should be noted that exact parameters of
the backfill were not known to the authors of this article.
Additional effect on too high values of computational
results can be also caused by the time, which has elapsed
from the moment of constructing the CSP bridge (built in
1998), and by other associated phenomena, such as i.a.
soil consolidation. The computational model assumes oc-
currence of the same soil around the shell which is in other
areas of the backfill; furthermore, steel shell was mod-
elled as a homogeneous structure (without connections
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between the CSP sheets). Some clearances on bolt con-
nections can occur in the actual bridge. Computations
indicate in some sense, an idealized behaviour of the ana-
lysed CSP bridge under static load.

Based on the measured strains at the top and bottom
of corrugations, bending moments and axial thrusts oc-
curring in the steel shell were also calculated. Maximum
bending moments were at the level of —0.10 kNm/m and
axial thrusts reached the value of —15 kN/m. It needs
to be noted that measurements were performed only at
the shell crown, and the maximum axial thrusts occur at
quarter points, which was confirmed by the performed
calculations. Comparing these values with results from
numerical computations (model with RC slab), it can be

seen that they are smaller. Bending moments and axial
thrusts obtained from measurements and calculations in-
dicate low effort of the steel shell, which is undoubtedly
caused by application of RC relieving slab.

Developed calculation model of the CSP bridge
allows obtaining reasonable displacement and stress val-
ues, despite the fact that in most cases they are larger than
the measured values. The maximum calculated values are
located directly under the concentrated forces represent-
ing the load derived from wheels of trucks, while in the
case of measured values, they are slightly offset.

Conclusions

As a result of numerical computations of the CSP bridge
obtained from two models and comparing the obtained
results with the experimental values, following conclu-
sions can be drawn:

1.1t is clearly indicated that there are beneficial ef-
fects of the RC relieving slab on reducing displace-
ments and stresses, as well as on bending moments
and axial thrusts in the CSP bridge. It should be
noted that in the model with the slab, distributions
of displacements and stresses are more uniform than
in the model without the RC slab. In the model with
the slab, maximum displacements occur at the shell
crown and maximum stresses at quarter points. It
was also observed that in the model without the
RC slab, maximum stress values are slightly dis-
placed towards the shell crown. Maximum bending
moments occur at the shell crown, and maximum
stresses and axial thrusts at the quarter points.

2.1t should be clearly pointed that computational
values obtained from the model without the reliev-
ing slab are at low level (except for axial thrusts).
The proposed computational model gives secure (in
favour of the bridge) values, which suggests that
there the RC relieving slab at the bridge was not
needed, despite that the minimum values of the soil
cover height in the shell crown recommended by
standards and regulations were not met. Analysed
computational models of the CSP bridge do not
indicate increased values of internal forces.

3. Calculated displacements, stresses, bending mo-
ments and axial thrusts are greater than values
derived from experimental studies. The computa-
tion results are significantly closer to the real values
derived from experimental tests than those obtained
using Robot Millenium and Cosmos/M software
(Beben, Manko 2008). The shape of displacement
and stress curves does not differ substantially from
those obtained during experimental studies.

4. Differences between the obtain computations and
experimental test results can be caused, among
others, by:

- inaccurate mapping of the soil in the calculation
model (exact physical and strength parameters were
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unknown). Furthermore, numerical analysis should
consider the effect of rheological processes on RC slab
and soil consolidation, which is quite a complex task;

- the angle of the shell was not considered in the nu-
merical model, which reduces the steel surface of the
shell that undertakes loads from higher situated layers;

- complex geometry of the bridge, which is manifest-
ed by the fact that the numerical model is not an ac-
curate reflection of the existing bridge; many details
are omitted or simplified, such as the RC collars
strengthening the shell inlet and outlet, and bolted
joints between CSP sheets.
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