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Abstract: Corrugated steel culverts are increasingly being used in road and railway projects as the
solutions alternative to small-span concrete and steel bridges. Their construction period is short, and
the structures have both technical and economical advantages. This paper describes full-scale static
test of an instrumented corrugated steel culvert with 2.99 m span and 2.40 m height. The corrugation
is 159 x 50 mm, and the steel thickness is 3.75 mm. The standardized railway loads configuration
UIC 71 for Europe was applied at 0.80 m soil cover. The present test was carried out in the Bridge
and Road Research Institute in Zmigrod, Poland, in 1998. Several full-scale field tests have been per-
formed to validate the long-term performance and great load bearing capacity of these structures, but
not very many structures have been tested in controlled conditions in a test facility, such as that de-
scribed here. The test results were compared with the results obtained from numerical analysis. Two
Finite Element Method (FEM) models of tested structure were built within the Cosmos/M software.
Various static systems with different boundary conditions were used for each FEM model.

Streszczenie: Przepusty z blachy falistej sa coraz czgsciej wykorzystywane w budownictwie drogowym
i kolejowym jako rozwiazanie alternatywne dla matych mostow betonowych i stalowych oraz przepu-
stow betonowych. Krotki czas wznoszenia powoduje, Zze konstrukcje tego typu charakteryzuja si¢ za-
réwno technicznymi, jak i ekonomicznymi zaletami. W artykule opisano statyczny test pelnowymiaro-
wego przepustu o rozpigtosci 2,99 m i wysokosci 2,40 m. Blacha o wymiarach faldy 159 x 50 mm miata
grubos¢ 3,75 mm. Zastosowano kolejowe obciazenie normowe wedtug normy europejskiej UIC 71. Opi-
sane badania przeprowadzono w Instytucie Badawczym Drég i Mostow w Zmigrodzie w 1998 przy na-
ziomie wynoszacym 0,8 m. Aby potwierdzi¢ dluga zywotno$¢ i wytrzymatos$¢ konstrukeji podatnych z
blachy falistej, do tej pory wykonano kilkanascie testow w pelnej skali w warunkach polowych, ale nie-
wiele konstrukeji bylo testowanych w tak kontrolowanych warunkach jak opisana ponizej. Otrzymane
wyniki empiryczne porownano z wynikami otrzymanymi Metoda Elementéw Skonczonych (MES).
Wykonano dwa modele numeryczne MES testowanej konstrukcji w systemie Cosmos/M. Dla kazdego
modelu MES zastosowano inny schemat statyczny rdzniacy si¢ warunkami brzegowymi.

Pe3rome: BononpomyckHsle TpyObI U3 BOJIHUCTOI JIMCTOBOM CTalW BCE Yallle HCHOJIB3YIOTCS B IOPOXK-
HOM U XKEJIE3HOJOPO)KHOM CTPOMUTENILCTBE B KadeCTBE aIbTEPHATUBHOIO pELICHHSA JUIL MAaJIbIX
OCTOHHBIX ¥ CTaJbHBIX MOCTOB, a TaKXKe OCTOHHBIX BOIOIPOIYCKHBIX TpyO. KpaTrkoe Bpems
TIOCTPOCHUS BBI-
3pIBA€T TO, YTO TAKUE KOHCTPYKIMH XapaKTepH3yIOTCS KaK TEXHHYECKUMH, TAaK U 3KOHMHUYECKHMHU
IpeuMyliecTBaMu. B HacTosILel cTaTbe onucaH CTaTUYECKU TECT MOJIHOPa3MEPHOH BOIOIPOITYCKHOM
TpyObI posteta 2,99 M u BeIcoTH 2,40 M. XKecTs pasmepa 3akara 159 x 50 MM xapakTepH3oBanach TOJI-
uwmHOi 3,75 MM. Bplta mpuMeHeHa jkeNe3HOIOPOKHAsT HOPMOBAs Harpy3Ka COrMIacHO €BPOIEHCKUM HOP-
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maM UIC 71. Onucannsle uccienoBanus Obumn nposenensl B MccnenoBarensckom WueturyTte dopor
u MocroB B XKXmurpozne B 1998 rogy npu nokposaom cioe tosmussl 0,8 M. 1 noATBep KaeHUs 1071-
TOBPEMEHHOCTH M CTOMKOCTH IOJATIMBBIX KOHCTPYKIWI U3 BOJHHCTON CTajM ObLIN BBITOIHEHB! MHO-
TOYHMCIICHHBIE TIOTHOMACINTAOHBIE TECTHI B TIOJIEBBIX YCIIOBHSIX, HO JIUIIH HEKOTOPHIE TIOIBEPraliCh TeC-
TaM, Kakue onucansl Hike. [lomyueHHble SMITMpUYEcKHe pe3yIbTaThl ObLIN CPAaBHEHBI C Pe3yJIbTaTaMy,
MOJYYEHHBIMH METOZOM KOHeuHbIX 31eMeHTOB (MKD). Bbutn BBINOJIHEHBI [Ba YMCIEHHBIX MOJEIIS
MKD Tectupyemoii koHcTpyKiuu B cucteMe Cosmos/M. st kaxmoit monen MKD Obuta mpuMmeHeHa
OTHAENBHAS CTaTHYECKast CXeMa, OTIIMYAIONIasiCA MPEAETbHBIMI YCIOBHAMH.

1. INTRODUCTION

Corrugated steel culverts are being increasingly used in road and railway projects
as the solution alternative to bridge and tunnels. Several full-scale fields tests have
been carried out to validate the long-term performance and load bearing capacity of
these structures. In contrast to the above, only few tests of life-size structures have
been performed under fully controlled laboratory conditions.

The experimental data obtained under such conditions allow us to verify software
tools used for numerical analysis as well as to optimize and design more economic struc-
tures. It is of the key importance to have high-quality test results when designing flexible,
long-span buried structures with minimum cover for live railway and road loads.

2. DESCRIPTION OF THE STRUCTURE TESTED

The structure tested was located in the test stand shown in figure 1. The test stand
has the form of an 80.0 m long and 12.0 m wide reinforced concrete foundation with
a system of anchors and a steel frame. The steel frame serves as a support structure for
the system of two hydraulic actuators with a modern control and feeding system en-
suring full control over the static and dynamic loads in real time [1].

The culvert tested had the span of 2.99 m, the height of 2.40 m and the length of
14.4 m. Soil cover of 0.80 m was used while testing railway loads. The steel material
had the quality FE 360 B FN according to European Standard EN 10025. The mini-
mum Yyield stress was 245 MPa. The corrugation was 150 x 50 mm, and the steel
thickness, 3.75 mm. The steel plates were joined by bolts, 20 mm in diameter, with
minimum tensile strength of 830 MPa. The bolts and the joints are shown in figure 2
and the properties of steel plate are listed in table 1 [1].

Table 1

Properties of the steel plate

Moment of inertia | Section modulus | Radius of gyration
1 /4 i
Units [mm] [mm?/mm)] [mm®*/mm)] [mm>/mm)] [mm]

Name | Plate thickness Area A
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[ Value | 3.75 | 472 ] 1479.8 | 55.1 | 17.7 |

Fig. 1. View of the culvert tested
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Fig. 2. Cross section of the steel plate and the bolts [mm]

The test bin was 12.0 m long, 5.0 m wide and 4.0 m high. It was constructed of
railway sleepers and steel beams. The backfilling material used in the test was a semi-
gravel with a maximum grain size of 32 mm. The backfill was placed in the layers of
the maximum thickness of 20 cm before compaction. The required degree of compac-
tion was 97% Standard Proctor, except for the 500 mm closest to the structure where
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94% Standard Proctor was sufficient. The cross section of the test stand is shown in
figure 3 [4].

railway sleepers
and steel beams

concrete foundation

Fig. 3. Cross section of the culvert tested [mm]

3. LOADS

The loads from two hydraulic actuators were distributed through two layers of
wooden sleepers and a 20 mm thick steel plate of the area of 2.60 m x 3.15 m. The
cross section and the load distribution system are shown in figure 4 [2].
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Fig. 4. Cross section and the load distribution system [mm]

The standardized configuration of railway loads UIC 71 for Europe was applied.
Due to the distribution effect of rails, sleepers and ballast bed, the axle loads from the
locomotive (4 x 250 kN) produce a uniform area load which equals approximately
52.0 kN/m” at a base of the ballast bed at the depth of 0.5 m [1]. At the depth of 0.8 m
the uniform load is 51.0 kN/m?. The dynamic load factor is 1.37 at 0.8 m cover, accord-
ing to the formula given by the European Standard. The resulting pressure which was
applied during railway standard static test equalled 51.0 x 1.37 = 69.87 kN/m” [1].

A real force used in each actuator is listed in table 2. Three standard static loads
were applied at regular time intervals (about 20 minutes) [1].

Table 2
Loads
Name Number Soil Dynamic Area of Total force F' Total
ofloads | cover 2 factor ¢ rigid plate | for two actuators | pressure p
Units -] [m] -] [m?] [kN] [kN/m?]
Standardized loads 3 0.8 1.37 8.19 572 69.84

4. INSTRUMENTATION AND MEASUREMENT

The instrumentation comprised the following elements:

Strain gauges. Strain gauges were placed at 14 locations inside the steel structure.
Two gauges were fitted to each location, one at the top of the corrugation and one at
the bottom (a total of 28 strain gauges). The location of all strain gauges is shown in
figure 5a. This configuration allowed axial and bending strains to be measured.
Dummy gauges were installed to provide temperature compensation. Electroresistant
strain gauges of Hottinger Baldwin Masstechnik (HBM) 6/120LY41 type were in-
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stalled. Strain gauges had 6 mm measurement base, 120 Q) resistance and the factor &
of 2.02. The measurements were preformed with the tension-metric bridge UPM 100
also from HBM. The UPM 100 was connected to Macintosh computer equipped with
“Beam” software [1].

Earth pressure cells. Earth pressure exerted onto the steel structure by the sur-
rounding soil was measured by the earth pressure cells. Eight of them were installed at
the steel structures, about 6 cm from steel plates. Additionally two earth pressure cells
were installed at the top of both sides of the structure at the distance of 1.5 m from the
axis of symmetry. The location of the all earth pressure cells is shown in figure 5b.
Each cell was protected by 3 cm layer of dry sand and durable foil. The earth pressure
cells during installation are shown in figure 6. Magneto-elastic pressure cells from
Wroclaw University of Technology were used. Recording system PPN-3 with
“Dynusing” software was used to collect data from earth pressure cells [1].

a) b)
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| Fill side | X - Strain gauges
! ! ==-=- Displacement gauges
T — - Earth pressure cells

Fig. 5. Instrumentation of the culvert tested:
a) the strain and the displacement gauges, b) the earth pressure cells [mm]
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Fig. 6. Earth pressure cell during installation

Displacement gauges. Three displacement gauges were installed in the same plane
(one vertical gauge and two horizontal gauges). The displacement gauges allowed
a relative displacement of the metal culvert to be measured. The maximum vertical and
horizontal diameters were measured by displacement gauges. The W50TS type inductive
gauges were used from HBM. Each gauge had a measuring range of £50 mm and the
precision class of 0.4. The locations of all displacement gauges are shown in figure 5a
[1].

After each load strain gauges, earth pressure cells and displacement gauges were
resetted.
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Fig. 7. Displacement gauges

5. TEST RESULTS

All the results of displacement and earth pressure tests are listed in tables 3 and 4,
and the recordings of strain gauges are shown in figure 13. The average values from
three loads are given. All of them were obtained 20 s after reaching a full load assumed.

The stresses in steel structure were calculated based on strains taking into consid-
eration that the elastic modulus of steel is £, = 205 GPa. The stresses at each measur-
ing point (paired strain gauges per a point) were allocated to axial stresses and bend-
ing stresses according to the following equations:

o, t0y
~ut% 1
a 5 ()
c,—C
sz—Az B (2)

where:
o, — the axial stresses,
op — the bending stresses,
oy — the stresses at the point 4 (at the crest of corrugation),
op — the stresses at the point B (at the valley of corrugation).

6. MODELLING OF THE STRUCTURE

The analyses of the soil-structure system were carried out using the computer
software Cosmos/M system. This software allows the simulation of live loads together
with deadweight of soil and structure. The results presented show the calculation
which included the deadweight of soil and structure.

The culvert was modelled by the 4-node shell elements, and the soil — by 8-node
solid three-dimensional elements. The whole FEM model includes 2 560 SHELL4 ele-
ments for modelling the steel structures, 20 480 SOLID elements for modelling the soil
and 1 280 elements for modelling the wooden bin. Static models of soil-structure sys-
tems are shown in figure 8 and the finite elements for model 2 are presented in figure 9.
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Fig. 8. Static systems of FEM models:
a) system 1 with rigid test bin, b) system 2 with wooden test bin

The modulus of elasticity for the soil (semigravel) was assumed to be £ = 90.0 MPa,
the angle of internal friction: @ = 35° and the cohesive strength ¢ = 0.1 Pa. The Poisson
ratio for soil was v =0.2 and the density y=20.0 kN/m’. The modulus of elasticity for
steel plates was E = 205 GPa, the Poisson ratio v = 0.3 and the density y=78.5 kN/m’.
The parameters for soil were determined from in situ test, while the parameters for
steel being assumed according to Polish Standards.

For the sake of convenience, the thickness of steel plate was assumed to be equal
to the height of corrugation, i.e., 50 mm. The modulus of elasticity was accordingly
reduced to keep the required value of EI. The reduced modulus of elasticity for steel
plate was calculated from the following equation [3]:

E = E(Lj ~15.375 GPa, 3)
50

where:
t =3.75 mm — the thickness of steel plate,
E — the modulus of elasticity for steel.
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Fig. 9. FEM model for system 2

Element SHELL4. SHELL4 is a 4-node quadrilateral thin shell element with
membrane and bending capabilities that make it ready for the analysis of three-
dimensional structural and thermal models. The shear deformation effect is ne-
glected. Six degrees of freedom per node (three translations and three rotations) are
considered for structural analysis. The element of constant thickness is assumed to
be isotropic for structural problems. Stress components including von Mises stresses
are available in the element coordinate systems at the centroid of the element for top

and bottom fibres [5].

v L 3.4
A XYZ: Global Cartesian
Y Coordinate System
(&5 =2 Xyz:

Element
Coordinate System

3 ®® - Face numbers for
Applying Loads and
Boundary Conditions
(pressure is positive
when applied inward)

- X

Fig. 10. The SHELL4 element

Material properties used in SHELL4 element are as follows: EX — the modulus
of elasticity in the first material direction, NUXY — Poisson’s ratio relating the first
and the second material directions, DENS — the density. A linear elastic material
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model was used to model steel. The nodal input pattern for this element is shown in
figure 10 [5].

Element SOLID. SOLID is an 8-20-node three-dimensional element for the analy-
sis of structural problems. Three translational degrees of freedom per node are consid-
ered for structural analysis. The nodal input pattern is shown in figure 11 for the local
node numbering of a 20-node element. Nine constants have to be defined in the case
of using orthotropic or anisotropic model. The nine values are used to determine the
coordinates of three points defining the material coordinate system. The first direction
of the material coordinate system (denoted by a in figure 11) is defined by
a vector connecting the point 1’ with the point 2'. The b-axis (the second material di-
rection) lies in the plane of the three defined points and goes from the a-axis toward
the third point. The c-axis (the third material direction) completes a right-hand Carte-
sian coordinate system. Stress components in either the global or element coordinate
direction including the von Mises stresses are available at all nodes and the center of
the element. The directions of the stress components are shown in figure 12 [5].

Y

XYZ: Global Cartesian Coordinate Systenr
Xyz: Element Coordinate System
abce: Material Coordinate System

@ ®@®®© Face numbers for Applying Loads

and Boundary Conditions (pressure
is positive when applied inward)

X

Fig. 11. The SOLID element

Material properties used in SOLID element are the following: EX — the modulus of
elasticity in the first material direction, NUXY — Poisson’s ratio relating the first and
second material directions, DENS — the density, FRCANG - the angle of internal fric-
tion, COHESN — a cohesive strength, SIGYLD — the yield stress for bilinear elasto-
plastic models, ETAN — the tangent modulus for bilinear elastoplastic models [5]. The
Drucker—Prager elastic—perfectly plastic model was used for modelling the semi-
gravel.
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Fig. 12. The directions of the stress components in the SOLID element

7. THE RESULTS OF FEM ANALYSIS

The measured and computed bending moments in the steel structure are shown in
figure 13a. For the system 2 their distribution is seen to be in close a agreement with
the distribution of test results. The values numerical bending moments for the system
2 are higher than these for the system with the rigid test bin.

—— - Distribution for system no. 1
-==- = Distribution for system no. 2
® - Empirical daota

p——i - 0.5m = Culvert's scale

Fig. 13. Distribution of: a) the bending moments [kNm], b) the axial forces [kN]

The measured and computed axial forces in the steel structure are shown in figure
13b. The predicted axial forces are not in good agreement with the measured values,
being higher at the crown and on the sides of the culvert and significantly higher at the
bottom of the structure in the case of system 1. The distribution of axial forces in the
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system 2 is in closer agreement than the distribution in the system 1, being slightly
lower at the crown, slightly higher on the sides and slightly higher at the bottom of the
culvert in comparison with the test results.

The measured and numerical displacements in the steel structure are listed in table
3. The displacements in selected points are seen to be in close agreement, especially in
the case of FEM model 2. The difference between test and FEM analysis (model 2) is
0.17 mm (7.3% of the value tested) in the case of vertical displacement and 0.24 mm
(12.1% of the value tested) in the case of horizontal displacements.

In the second model, the predicted and measured earth pressures at selected points are
generally in reasonable agreement. The predicted earth pressures at the point 11 (over the
crown) are not in good agreement with the measured values, being significantly lower
(table 4) for both models. This indicates that the steel shell behaves like flexible structure
and the high value obtained in the test at the point presented probably results from error
(the gauge presented was located directly under hydraulic actuators).

Table 3
Comparison of the displacements at selected points

Point D1 D2 D3

Units mm mm mm

Average test results 0.95 -2.33 1.03

FEM for model 1 0.16 -1.26 0.16

FEM for model 2 0.87 -2.16 0.87

Table 4
Comparison of the earth pressures

Point 1 2 3 4 5 6 7 8 11 13
Units kPa |kPa |kPa |kPa |kPa |kPa |kPa |kPa |kPa |kPa
Average test results 52.7 |51.6 0.1 32.1 271 214 [26.6 |31.6 [26.7 [50.3
FEM for model 1 29.3 [29.3 |47 22.0 [22.0 [16.5 |16.5 |157 3.2 15.7
FEM for model 2 37.0 [37.0 0.0 25.7 [257 ]20.8 |20.8 [18.0 9.1 18.0

Cosmos/M system allows several results to be presented graphically. The follow-
ing distributions for two FEM static systems are shown in figures 14—17:

— the von Mises stress o, for steel,

— the normal stresses in the x-direction (o;) in the soil surrounding buried structure,

— the normal stresses in the y-direction (o;) in the soil surrounding buried structure,

— the displacements with deformation.

Figures 15 and 16 show the distribution in the middle cross-section of the system
(under live load). For each figure the same scale was used. The von Mises stress Gyon
is calculated from the stress components as shown below [5]:
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Tum =20, -0, +(0,~0.) +(0,~0.) +3(] + 2+ L), (4)

where:
o; — the normal stresses (i — x, y, z direction),
7, — the shear stress in the x—y plane,
7. — the shear stress in the x— plane,
7,. — the shear stress in the y—z plane.

Fig. 14. Comparison of the von Mises stresses in steel for:
a) FEM system 1, b) FEM system 2
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Fig. 15. Normal stresses in surrounding soil in the x-direction obtained for:
a) FEM system 1, b) FEM system 2 [N]
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Fig. 16. Normal stresses in surrounding soil in the y-direction obtained for:
a) FEM system 1, b) FEM system 2 [N]

Fig. 17. Comparison of the displacement with deformation for:
a) FEM system 1, b) FEM system 2

8. SUMMARY AND CONCLUSION

The comparative analyses presented prove that the assumed static system of the
structure tested has fundamental influence on the results obtained in the numerical
analyses. Simplification of static system, i.e., assumption that the cover bin on the test
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stand is stiff, has caused distortion of numerical results in comparison with results
obtained from tests. Comparison of the results of the displacement at three crucial
points of the structure (table 3 and figure 17), stresses in the soil (figures 15 and 16)
and internal forces (figures 13 and 14) indicates that distortion was both qualitative
and quantitative in character.

Non-uniform vertical pressure under the plate can be the cause of the differences
between measured and calculated values. Two actuators on a 20 mm steel plate will
not produce a uniform (standard) vertical pressure under the plate. Measurements of a
vertical deformation at different positions across the loading plate (under edges, cor-
ners and centre, etc.) would have shown that the deformations are not uniform.

In this kind of structures, a crucial issue is the interaction between structure and
surrounding soil. Close proximity of non-ideal rigid walls, which were made from the
wooden railway sleepers, had significant impact on the behaviour of the structure
tested which should be taken into account when modelling the static system.

The full-scale test, analyses and conclusions presented will come in useful during
preparation for next future full-scale laboratory tests. We should try to eliminate the
influence of the test stand if it is possible, otherwise we should make detailed numeri-
cal models allowing accurate reflection of real environmental conditions.
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