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The paper considers the interaction between rigld circular culverts
and thelr surrounding soil,The finite element method has been employed,
Detalled Investigations have been performed to study the fundamental
behaviour of rigid culverts under different cover depth,thickness,
installation and bedding conditlons.

Cette étude est basde sur 1'interaction entre les buses et leur
environnement.La méthode des éléments finis a été utilisée.Des études
dans le détall ont été faites pour évaluer le comportement de fond des
buses sous des couvertures et des épalsseurs différentes alnal que
leurs conditions d'installation et de remblayage.

INTHODUCTION

Moderate to large diameter rigld condults are frequently used as buried
culverts for the drainage of water across road and other embarkments.
The eulvert,being a structure burled In the ground,interacts with the
surrounding soil.The soil contributes to the performance of the culvert
in two ways.The earth fill above the culwvert helps distribute the
surface loads more evenly on the culvert and even reduce thelr
Intensity.Moreover,the culvert,being confined in the soil mass, Is in a
state of triaxial loading,thus gaining a considerable structural
advantage.Due to the deformation and rigid body movement of the rigid
culvert,stress redistribution takes place in the culvert-soil system,
Thus the behaviour of a rigid culvert buried in a soll mass poses a
complex problem and must be addressed by applying the principles of
soll-structure interactlon.There Is a general lack of knowledge
regarding the real behaviour of burled rlgid culverts under different
installation and bedding conditions. It is the purpose of this paper

to attempt to bridge this gap in understanding the behaviour of rigld
culverts.

ANALYTICAL REPRESENTATION OF THE INTERACTION PROBLEM

The finite element method can be used successfully for the two
dimensional analysls of burled culverts.The real challenge,however,lis
to construct analytical models that behave something like the real
world;while at the same time,striking a balance belween rigorous
mechanics and engineering simplicity.Three types of elements have been
used in the computer program developed to study the Interactlon of



buried rigld culverts with soil, Line element with circular are,
Livesley(1375),having three degrees of freedom{horizontal and vertical
displacement and a rotatlon) at each node,was used to represent the
clreular culvert.Eight noded isoparametric quadrilateral element with
two degrees of freedom{horizontal and vertical displacement) at each
node was used to represent the soll and the bedding. Thin layer
Interface element,Desal et al(19B4),was used to represent the culvert-
soll interface. Spline functions have been used to represent the
non=linear materlial properties of the soll,The tensile strength of the
soll is neglifible which results in tensile fallures within the soil
mass and at boundaries.This introduces a further non-linearity In the
problem which has been tackled by a dynamie configuration and stiffness
regeneratlon scheme,Rahman{1978),5era){1966), Incremental method of
analysis has been adopted in this study for agcommodating the non-
linear behaviour of soll.

LOADS ON STRUCTURES AND MATERIAL PROPERTIES

In the two dimensional plane straln analysis of the culvert-soil
system,only a slice of unit thickness through the culvert,bedding and
the soil Is considered.The vertical load comprises the dead welight of
the culvert,the soil and the bedding and the live loads due to highway
or rallway traffic.The unit welght of concrete used in the culvert and
bedding was 23.563 kN/m3,The unit weight of the original soil and the
embankment backfill were 18.849 kN/m3 and 14,136 kN/m3 respectively.
In calculating live loads AASHTO MS18 loads have been used.Te simulate
the worst leading condition the 72 kN wheel load has been placed on
the embankment just above the crown of the culvert.For all the analyses
in this paper the culvert material was assumed to behave linear
clastically having a modulus of elasticity E and Polsson's ratlo v equal
to 2.068 x 107 kN/mZ and 0,2 rcsgective]y. Concrete cradle bedding had
a value of € equal to 1.773 x 107 kN/m? and v equal to 0.20. The soll
properties were obtained from two sets of octahedral shear stress and
octahedral shear straln curves., The set of curves shown in Flg. 1 were
used to represent embankment fill. The curves used in this study to
represent orlginal soll were 50% steeper than the curves shown In

Fig. L.

AMALYSES SCHEME

For all the analyses presented in this paper the internal diameter of
the culvert has been kept constant at 1.524 m.Two types of Installation
conditions have been considered.Flg.2 shows both positive projecting
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embankment (PPE) and negative projecting embankment(MPE) Installation
condition.ln some of the analyses a concrete cradle bedding(CCB),Flg.2
has been provided below the invert of the culvert.In this study the
culvert thickness has been varied from 7.2 mm to 152.4 mm.The cover
depth above crown has been considered to be a varlable and has a
minimum and maximum value of 1.52% m and 7.2 m respectively.

EFFECT OF INSTALLATION CONDITIONS AND DEPTH OF COVER ABOVE CROWN

To study the effect of installatlen conditions on the performance of
buried rigid culverts,the depth of cover above crown over a 76.2 mm
thick,1.524% m diameter concrete culvert was varied from 1,526 m to
7.62 m.This series of analyses were performed for both PPE and HPE

installation conditions. Mo special bedding was provided under the
Invert of the culvert.

The maxlmum moment and maximum axlal stress eccurred in the culvert at
crown and springline respectively.In Fig.3 moment at crown and axial
stress at springline are plotted against depth of cover for both the
installation conditions. It has been observed that there is an optimunm
depth of cover at whilch moments at different sections of the culvert
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Fig.3 Varlation of(a) moment at crown and (b} axial stress at

springline with depth of cover for PPE and NPE Installation
condition

are less than those for the same culveit with other depths of cover,
The axlal stress,on the other hand,is found to be Increasing steadily
with an inereasing depth of cover, However, concrete is strong in
compression, and the axial stresses at varlous sections of the culvert
for all the depth of cover considered remained well within the
allowable compressive stress of the culvert.On the other hand , concrete
is very weak in tension,and consequently it is the moment that governs
the design of the culvert sectlon.As such adoption of moment as the
design criterion is logical. Based on thls eriterion,fTor the culvert
under consideration,optimum depth has been found to lie between 5.5 m
and 6.5 m Tor both the installation conditions.

Stresses in structural members develop due to the combined effect of
live and dead loads.As the depth of cover increases, effect of dead
load Increases due to increasing soll pressure.On the other hand, 1ive
loads are distributed over a larger area when depth of cover is
increased. As such effect of Live load decreases with an Inereasing
depth of cover. Combination of varying contributions frem dead load
and live load is considered to be responsible for ylelding an optimum
depth of cover at which design stresses are minimum.



It has also been observed from the results obtained that under MPE
Installation conditlon, & culvert Is subjected to greater amount of
stresses and deflections.The ratio of these values to those under PPE
Installation conditlon increases with Increasing depth cover above
crown upto the optimum depth.

In PPE condition, backfill soil is uniform om both sides of the culvert
Flg.4(a). As such live load appllied on the surface directly above the
crown can dissipate freely over a large area of the soil mass.On the
other hand,in WPt condition soll In the exterior prisms is more dense
than the soll in the interlor prism,Fig.4(b). This non uniformity of
the soll results in the formatlon of weak shear planes as shown Lln
Fig.4{b). This weak shear plane hinders effective transfer of load
from the Interior prism to the exterior prism. Thus in NPE,the portion
of live load transmitted to the culvert Is greater than that In PPEC
eondition.In Flg.5,the difference between nodal vertical stresses in
the soll Ein HPE and PPE conditions is plotted at varlous nodes along
the vertical centre line of the culvert-soil system. 1t is observed
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from this figure that the difference of vertical nodal stress between
HPE and PPC condition Is positlve at all the polnts, Therefore, soll
directly above and below the culvert is stressed to a higher degree

in WPE condition.Creater load Is thus transmitted to the culvert under
MPE condition. This explains the higher stresses and deformations in
culverts Installed In NPE condition. With the Increase In cover depth,
the rate of decrease of the effect of live lgad is less pronounced in
HPE gondition due Lo the presence of weak shear planes mentloned
earller, The ratio of the stress values of NPE and PPE condition is,
therefore, increased.



EFFECT OF BEDDING COMDITIONS

In order to investigate the effect of bedding cenditions on the
performance of buried rigid culverts,two types of bedding condltions
viz.conerete cradle bedding and no bedding have been studled. The
culvert was installed In PPE condition and the depth of cover was
varied from 1.524 m to 4.572 m.Analysing the results of the above study
it has been observed that a CCB under the invert of the culvert
reduces the moments at crown and springline.At the same time moment at
Invert 1s almost eliminated, In Fig.s6, total deflection at crown and
change in vertical diameter of the culvert are plotted agalnst
increasing cover depth, By comparing the curves considering no bedding
and concrete cradle bedding cases, Lt is observed that although the
total deflection at crown is increased by 10%-17% due to the provision
of a bedding,the change Ln the vertlcal dlameter s reduced to 44%-53%
of the diameter change under no bedding condition at varieus cover
depths, This Indicates that a bedding reduces deformatlons and thus
moments in the rigid culvert.

A bedding gives firm support over the lower 120° sector of the culvert.
The vertical component of the forces acting on the culvert is
transmitted to the bedding., This results in an almost uniform shear
stress In the Lnvert reglon whieh ultimately yields very small values
of bending moments at the invert.

In fig.7, vertical nodal stress is plotted along the vertical centre
line of the eulvert-soll system. Both no bedding and concrete cradle
bedding cases of a 1.524 m diameter,76.2 mm thick rigid culvert under
PPE condition have been considered,
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Critical analysis of Flg.7 shows that nodal stresses remain more or
less unaltered above the crown of the culvert due to the inclusion of
the CCB.However,the stresses are greatly increased beneath the bedding
and the value of the nodal stress adjacent to the bottom of the
bedding is found to be about 57% higher than the corresponding nodal
stress under no bedding condition.This phenomenon can be explained by
consldering that the stiffness of the bedding material is very high

in comparison to the adjoining soll. Thus the bedding attracts a
greater amount of load of the structure-soll system.As such soll below
the bedding 1s subjected to greater amount of stresses. AL the same
time due te the higher share of load,the bedding and the culvert as an
integral body undergoes greater amount of rigid body movement. That is
why the ecrown of the culvert shows greater amount of deflection when
bedding is provided. The net amount of diameter change In the vertical
direction is,however,significantly reduced as CCB adds to the overall
stiffness of the structurc.

EFFECT OF CULVERT THICKHESS AND IWSTALLATION CONDITIONS

To asgertain the effect of change in the thickness of the rlgld
culvert, thickness of a 1.524 m diameter culvert was varied from
76.2 mm to 152.4% mm under both PPE and NPE installation conditions,
Bedding was not provided and the depth of cover was kept constant at
1.524 m.

1t has been abserved that with the Lnerease in the sulvert thlekness,
moments and forces in the culvert increase.The rate of increase in the
magnitude of these forces ls less Ln case of NPE than in PPE condition,
Total deflection at crown does not vary significantly with the
varlatlon of the culvert thickness. Tha change In vertlcal dlameter,
however ,due to the change In thickness is significant. This change for
a 152.4 mm thick culvert has been found to be only 37.60% of the change
in vertical diameter of a 101.6 mm thick culvert.

With the increase in the thickness of the culvert, the relative
stiffness of the eulvert wilth respect to the adjolning solil Is
Inercased, Creater amount of stress Is,therefore,shared by the culvert
materlal.The soil In the exterlor prism of the culvert-soll system is
more Tlexible in the case of PPL condliion than in the case of HPE
condition. The relatlve change In the stiffness of the culvert with
respect to soll Is, therefore, less in the case of NPE condition in
comparison to PPE conditien. This is consldered to be the reason why
the stresses In the culvert under NPE condition increases at a rate
lower than that under PPC condition with the increase in the culvert
thickness, The phenomenon regarding deflection ean be explalned by
considering that the total deflection at tho crown is due mostly to
the rigld body movemenl of the culvert in Uhe so0ll, which ls somewhat
independent of the culvert stiffness. On the other hand,the change in
the vertlcal diameter of the culvert ls Influenced slgniflcantly by
the structural stiffness of the culvert, which is higher for tLhe
thicker culvert.

STRESSES IN SOIL

The contour llnes of the vertical stresses In a culvert-soll system
are shown Ln Fig.8. In the case under consideration, the culvert is
7.2 mm thick and has a dlameter of 1.524 m. It Is Installed in PPE
condition and bedding is not provided.



Live 1oad ;5 knim?
S0 u \\_
48.0
&20
R
3Ln
350
37.0

55
B0

12.0

18.0

25.0

330

Flg.8 Locl of eqgual vertlcal

stresses
1]
£ Deptha 0.3700 M
L Depth «0.0016m
z
o
20

0 001 Qo 003 O0OD& 005

Ey

Fig.? Stress-straln curves at two
locations in the centre line

of the culvert-soll system

A distinet eolum of high
stresses ls observed directly
under the loading points. This
high stress value Is reduced
by about 26% at a point Just
above the crown.The values of
vertleal stresses reduce very
rapidly at points away from
the loaded region. Soll under
the bottom of the culvert
suffers a higher stress in
comparison to soll at the
same elevation away from the
culvert.,

The stress straln curves at
two nodes along the line of
symmetry of the same system
are shown in Flg.9. The soll
mear the top of the embankment
is found to be highly stralned
in comparison to the soll at a
greater depth but at the same
stress level. This is because
soll elements become stiffer
with the Increase in depth
having a higher value af
confining stress. This also
polnts out elearly that
contributions of soil at
greater depths to the
settlement of the structure
are smaller. The argument is
further substantlated by
comparing the variations of
stress and straln with depth
under the same location of

the culvert-soll system as
shown in Fig.7 and Fig. 10
respectively., The steep
gradient of stralndistribution
along depth demonstrates that
contributions of soil at
greater depths to the
deformation of structure

diminish rapldly. This leads to the useful Infarmatlon that a large
extent of soll need not be included in the analysis of rigid culverts
burled in soll, The finding eonfirms that of Nazneen(1986) who
investigated the interaction of building structures with soil,

It becomes apparent from the variation of stress with depth as shown
in Flg.7 that the reductlon in soil stresses with depth is only barely
noticeable near the surface and Is absent at higher depths. Even near
the surface the gradient of soll stress variatlen is Tar from the steep
gradient of a Boussinesg type varlation with a stress ordinate
asymplotic to Lhe upper soll boundary, The reason for this may be
attributed to the stiffress of the burled culvert and fts bedding not
accounted Tor in the Boussinesq solution.



CONCLUSIONS

There is an optimum depth of
caver above crown at which
deslgn moment 1s the
smallest, This optimum depth
is independent of the Ey

installation conditions of un_ﬂ.ﬂ._ﬂlﬂL_ﬂ'ﬂ_D'Dﬁ__D’nﬁ_
the culvert. A culvert is
subjected to greater amount
of stresses and deformatlons
under negative projecting
embankment lnstallation
condition. Concrete cradle
bedding contributes to the
reductlon of design moments
and deformations of a rigld
culvert, The share of load
carried by the eulvert ls
increased due to an increase
In its thickness. Thicker
culverts are also subjected
to smaller deformations.

A large extent of soil need
not be included in the

1,524

Depth from the top of the embankment [m)

analysis of buried rigid 5.0} 4
culverts. Maximum vertical r"
soll pressure is found to 56

pccur directly above and

under the culvert and It

reduces rapidly at points Fig.lD Variation of modal strain in
away from the culvert. The soll with depth

variation of vertical soil

pressure with depth ls less pronounced than a Boussinesqg type
distribution.
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