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ABSTRACT
The shear behaviour of a portal frame concrete bridge, previously
loaded to failure in a full scale test, was analysed using the non-linear
finite element method. The constitutive models for concrete were
based on fracture mechanics and both the smeared and discrete crack
approaches were used. Tue analysis based on the discrete crack
approach was successfully perfonned up to a stage where final failure
was initiated. Tue analysis based on the smeared crack approach,
however, could be performed until final failure, only if large residuals
were allowed. The analysis based on the discrete crack approach was
found to be laborious. The smeared crack approach is indeed more
general and significant progress will be achieved when the numerical
difficulties connected with this approach are reduced.
Tue use of fracture mechanics in cornbination with the non-linear finite
element rnethod is considered to be a most powerful tool for obtaining
a better understanding of the failure process. More research is
proposed, however, to make it possible to use the method in a rational
manner in the search for design methods that are based on the real
rnechanics of failure.
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INTRODUCTION

1.1

Background

Fracture mechanics has been used to form constitutive models for concrete in several non-linear
finite element programs. With these material models, concrete structures can be modelled more
accurately, taking the progressive cracking under increased load into account. Such an analysis
corresponds more accurately to the real physical behaviour of a structure than conventional
design models.
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Full scale tests have been carried out to evaluate the shear capacity of two highway concrete
bridges north of Goteborg, Sweden, in 1989, see Plos et al. /1-3/. The test results revealed
shortcomings in the conventional design models in the Swedish Concrete Codes, BBK 79 /4/. It
was found that further research was needed to develop models that describe more closely the
actual behaviour when a structure is loaded to failure. Accordingly, finite element analyses based
on fracture mechanics were made for one of the bridges tested, a portal frame bridge, in order to
improve knowledge of the real response of a large structure loaded to shear failure.

1.2

Aim and Scope

The objective of this study was to analyse the behaviour of a large and complex structure using
the non-linear finite element method and material models based on fracture mechanics. The
highway bridge tested was analysed, therefore, to study its behaviour when loaded to failure.
Another aim was to examine how well such an analysis can be performed with available finite
element programs and how laborious such an analysis is. Both discrete and smeared crack
approaches were used and various numerical solution methods were tested. The results of the
analysis were compared with the cracking observed during the test, as well as with the measured
loads, deflections and strains.
The finite element program ABAQUS, see HKS /5/, was used for the analyses. For the smeared
crack analysis, the concrete material model available within ABAQUS was used. For the analysis
based on the discrete crack approach, the non-linearity caused by cracking of the concrete was
modelled by non-linear springs between elastic solid elements. The reinforcement was modelied
using an option, called rebar in ABAQUS, that strengthens the concrete elements in a specified
direction. The bridge models were two-dimensional and the analyses were perfonned with the
assumption of plane stress state. Only the bridge deck slab was modelled in detail. The behaviour
of the support and wing walls, together with. the supporting earth around the walls, was modelied
by non-linear springs at the ends of the bridge deck slab. The complete load history of the bridge
was modelled, including traffic load before the test, addition of the steel plates to the bridge and
the final loading to failure.
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THE BRIDGE AND THE FULL SCALE TEST

The bridge analysed was a conventionally reinforced portal frame bridge with a free span of
21 m, see Figure 1. It consisted of a slab that was joined to wall supports and wing walls,
forming a frame. In the original design of the bridge, the reinforcement of the slab was shortened
and anchored in accordance with the variation of the bending moment caused by traffic loads. In
the test, however, the bridge was loaded so that the moment distribution was different from that
of the original design. To obtain a shear failure, it was necessacy to increase the moment capacity
of the bridge by gluing longitudinal steel plates to the underside of the bridge deck, see Taljsten
/6/. The underside of the bridge deck slab was cracked already, before the test, in an area of
about six meters, centred around the middle of the bridge span.
The bridge was loaded 4.00 m from one of the supporting walls to induce shear failure. The load
was applied using tension rods anchored in the rock foundation under the bridge. Tue bridge
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Fig. 1.
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Portal frame concrete bridge, loaded to failure in a full scale test and analysed with the
nonlinear finite element method.

failure can be regarded as a typical shear failure, see Figure 2. Just prior to failure, the bridge
deck was extensively cracked at the bottom of the slab, mostly with vertical cracks, and some
vertical cracks had occurred at the top of the deck close to the supports, see also Figure l 5b.
As can be seen in Figure 2, the failure was caused by a crack that had a smaller angle to the
horizontal axis than the few previous inclined cracks. It occurred suddenly in a part of the deck
that was previously uncracked. One reason why this crack detennined the failure was that the
crack path did not cross any of the glued steel plates, i.e. the steel plates did not contribute to
holding this crack together, nor did they transfer forces across the crack.

3

FRACTURE MECHANICS MODELS

3.1

General

When concrete starts to crack, microcracking is localized in a crack band zone, in which a main
crack finally forms. A constitutive relationship can therefore be expressed as a combination of

Fig. 2. Shear failure of the bridge
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elastic response for the material continuum and an additional stress-deformation relation for the
crack band zone see Elfgren et al. 171.
In the smeared crack approach, the non-linearity of the crack band zone is expressed by an
elastic-plastic material model. The localized material non-linearity is smeared out and the material
response in tension is expressed as a stress-strain relationship for the material including cracks.
In the discrete crack approach, the non-linearity of the microcracking is approximated as being
localized to a discrete crack with no width before cracking starts. The material response in
tension is expressed as a stress-displacement relationship, describing the opening of the crack, in
combination with elastic materiat response for the material between the cracks.
The material properties for concrete, used in the analyses, were based on the measured compressive and splitting tensile strength. The measured compressive strength was recalculated to a
corresponding wet cylinder strength,.fcc == 42 _MPa, which was used in the analysis. The modulus
of elasticity was approximated to Ec = 42 GPa according to the Concrete Handbook Material,
see AB Svensk Byggtjanst and Cementa AB /8/. Poisson's ratio was approximated to be v= 0.2.
The fracture energy was approximated to 130 Nim according to test data presented by Pettersson
/9/ and Hordijk et al. Il Ol.

3.2

The Smeared Crack Model

The material model used to model the concrete in the smeared crack analysis was the concrete
model available in ABAQUS, see HKS /5/. The concrete model can be described schematically as
an elastic-plastic material model, based on the smeared crack approach. The elastic stress state is
limited by a Drucker-Prager yield surface when the stress state is dominantly compressive, and by
a "crack detection surface" in tension, see Figure 3. In compression, yielding is modelled using
associated flow with isotropic hardening. When cracking occurs in tension, the crack orientation
is stored and damage elasticity is used to model the material behaviour in the direction perpendicular to the crack. The stress components associated with an opening crack are not included in
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Concrete failure surfaces (a) in the p-q-plane (where pis hydrostatic stress and q is
deviatoric stress), and (b) in the crrcrrplane (plane stress: cr3 = 0). The relations are
shown for a stress state before yield in compression or cracking is initiated.
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the definition of the crack detection surface. Additional cracks will form only in directions
orthogonal to the existing crack.
When concrete is unloaded in compression, the material model provides for unJoading by using
the initial elastic stiffness. In tension, damage elasticity is used, and unloading is done using a
lower modulus of elasticity so that no permanent strain remains across a crack. Accordingly,
cracks will close completely if the stress across the crack becomes zero, see Figure 4.
The shape of the uniaxial stress-strain relationship in compression was chosen to match typical
test data presented by Kupfer and Gerstle /11/, see Figure 4. In tension, the stress-displacement
relation for the crack band was recalculated to a stress-strain relation. The strain values were
calculated by dividing the crack band opening by the mean crack distance, in order to represent
the actual overall behaviour of the bridge correctly. Consequently the mean distance between
bending cracks had to be predicted and was approximated here as the mean distance between
visible cracks registered during the test, s = 0.25 m. The tensile strength was finally approximated
to be fe, = 2. 5 MPa. The descending branch of the stress-strain relation in tension was approximated according to Figure 4, and the shape ofthe curve was smoothed to minimize numerical
problems due to sudden changes of the structural stiffness in the finite element analysis.
11

ABAQUS offers the opportunity to define a "shear retention factor that is used to reduce the
shear modulus in the crack plane. In the preliminary analyses, no significant difference could be
observed between different reductions of this factor. In the final analysis, the shear modulus was
directly reduced to zero when cracking started.
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The uniaxial stress-strain relationship, used in the smeared crack analysis. In tension, the
curve was smoothed to minimize numerical problems, while the total fracture enerb'Y
was kept constant.
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3.2

The Discrete Crack Model

For the discrete crack analysis, non-linear spring elements were used to model the cracks, while
the material between the cracks was modelled by linear elastic elements. The spring elements
were oriented both perpendicular and parallel to the cracks, providing force-displacement
relations between the nodes on either side of the crack. The force-displacement relations were
calculated from the stress-displacement relation for the crack band. The forces were calculated by
integrating the stresses along the crack, between the mid-points between the node of interest and
the nodes closest to it. The displacements in the spring properties were adjusted with regard to
differences between the crack distance in the model and the mean crack distance, measured in the
test.
The spring elements were given zero length at the stan of the calculation. However, since the
spring elements within ABAQUS require an elastic part of the force-displacement relation, a
small dummy length of one millimetre was introduced in calculating the elastic stiffuess. The
same elastic stiffuess was used in compression. The tensile strength was approx.imated to be
fc 1 = 2.5 MPa for the bending cracks in the discrete crack analysis.
In the analysis, the model had to be unloaded after it had been subjected to 11traffic load".
Unloading of the cracks, however, could not be modelied using non-linear springs. Instead, the
analysis was ended and a new analysis started with modified material behaviour in tension, where
cracking had occurred. Figure 5 shows how the force-displacement relation was changed for a
spring where cracking had started before unloading.
The shear properties parallel to the cracks were modelied with springs parallel to the cracks. The
shear springs were given elastic, perfectly plastic properties. The elastic properties corresponded
to the elastic shear stiffuess of the concrete across a crack band width of one millimetre, and the
yield strength was approximated to be equal to the tensile strength of the concrete. Linear elastic
Force
a) Response during pre.foading with "traffic load"
Actual force and displacement when loaded with
"traffic load"
C \
b) Response during reloading after previous
\,
load hos been removed

S
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Fig. 5.

Example of a force-displacement relation for a concrete spring perpendicular to a crack.
For "traffic load", the spring response follows curve a) from O over A and B to point C.
To enable the modeiling of the crack behaviour when the bridge was reloaded after the
"traffic load" had been removed, the force-displacement relation was redefined. The
partly cracked concrete was modelied by curve b), going from O over D, C and E,
which was used in the analysis of the test.

7

material was assumed between the cracks. The compression stresses were ascenained, from the
output of the analysis, to be within the elastic part ofthe concrete response.

3.3

Constitutive Models for the Reinforcement and the Steel Plates

The constitutive behaviour ofthe steeJ in the reinforcement and in the steel plates was modelied
by a linear elastic, perfectly plastic rnaterial model. The modulus of elasticity was approximated
to be Es= 200 GPa, and Poisson's ratio to be v= 0.3. The main reinforcement was ofthe quality
Ks 600, and the yield strength was approximated to/sy= 600 MPa. The steel plates had a yield
strength offsp = 640 ~a.
In the smeared crack analysis, the effect of the reinforcement was superimposed on the concrete
elements by the rebar option provided in ABAQUS. The specified rebars strengthened the
concrete elements in the direction of the reinforcement.
In the discrete crack analysis, the effect of the reinforcement in the bending cracks was modelied
by superimposing the force-displacement relation of the reinforcement on the corresponding
concrete relation perpendicular to the crack. In the shear crack, additional reinforcement springs,
acting in the reinforcement direction, were added to the concrete springs.
Before the cracking of the concrete, elastic material and complete interaction between
reinforcement and concrete were assumed. After cracking of the concrete, the force-displacement
relation for the reinforcement was modelied considering that the reinforcement force in the crack
was gradually transferred to the concrete by the bond between the reinforcement and the
surrounding concrete, see Figure 6.
The force-displacement relation was approximated by a linear relation up to the yielding point of
the reinforcement. In order to determine the crack width associated with the yield force, the shear
stress along the reinforcement was approximated to decrease linearly from a maximum stress,
fc 1 =fct> close to the crack, to zero where the whole yield force was transferred to the surrounding concrete, see Figure 7. Where the mean crack distance was too short for the whole yielding
force to be transferred to the concrete, the same decrease of shear stress was assumed. As in the
a)

b)
Force
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Fig. 6.
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wu= 1,6mm

Force-displacement relation a) for reinforcement springs over a crack in the
longitudinal direction of the reinforcement, and b) for springs modelling the dowel
action, acting perpendicular to the reinforcement.

8

Crack - ,~
F. =Js -As

L

sy

fes= fer

.- Shear stress
i

st tf ®Ea

"TI

Shear stress

I

Isy

Shear stress

i.. {a ~·u:~!:t ~

k,~k,tS2]
_,t_

2

I

s

..

Steel stress

i
Fig. 7.

A simplified assumption regarding the bond stress along the reinforcement is used for
determining the crack width when the steel yields, w sy If the distance between the
cracks is longer than twice the transfer length, /, see a), then wJJ' is calculated as twice
the reinforcement elongation along the transfer length. If the distance between the
cracks is shorter than 2·/, see b}, then wsy is calculated as twice the reinforcement
elongation along half the crack distance.

smeared crack analysis, the mean crack distance was approximated to be s = 0.25 m.
The dowel action of the reinforcement was considered in the shear crack by springs perpendicular
to the reinforcement direction. The shape of the force-displacement was approximated from test
results on studs, presented by Johnsson and Molenstra /12/ and Ollgaard et al. /13/, while the
maxirnum force and displacement values were calculated according to the CEB-FIP Model Code,
see CEB /14/.
The steel plates were modelled by truss elements and, in the discrete crack analysis, by springs
over the cracks in the directions of the plates. The force-displacement relation for the springs was
detennined in the same way as for the reinforcernent, and the crack width at steel yielding was
approximated to be wsy = 1. 5 mm.

4

FINITE ELEMENT ANALYSES OF THE BRIDGE

4.1

The Finite Element Model with tbe Smeared Crack Approach

The finite element model based on the smeared crack approach was two-dimensional and consisted mainly of plane stress elements. Eight-node quadrilateral elements, complemented with sixnode triangular elements, were used to model the bridge deck slab, see Figure 8. The concrete
material model available in ABAQUS was used in combination with the rebar option for the
reinforcement. Each layer of reinforcement was defined separately, strengthening the element it
belonged to in the longitudinal direction ofthe reinforcement. The steel plates were modelied by
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Element mesh and boundary conditions for the smeared crack model. The positions of
the superimposed reinforcement layers are shown in the magnified part.

three-node truss elements.
The boundary conditions for the bridge deck were modelied using simple supports and a pair of
non-linear springs at each end of the slab. The end cross sections ofthe bridge deck slab were
forced to remain planar throughout the analysis. the non-linear springs were used to model the
behaviour of connecting parts of the structure, as well as the influence of soil around the
structure. The properties of the springs were detennined by a simpler finite element analysis,
where the bridge deck consisted of non-linear beam elements. The stiffuess changes of the beam
elements were calculated from the registered crack development in the bridge during the test, and
the load-deflection relations of the springs were adapted, so that the deflections ofthe model
matched the measured deflections of the test.

4.2

The Finite Element Model with the Discrete Crack Approach

The finite element model based on the discrete crack approach consisted mainly of elastic, plane
stress elements and non-linear spring elements to model the crack behaviour. To model the
concrete between the cracks, four-node quadrilateral and three-node triangular elements were
used, see Figure 9. To model the cracks, spring elements were used in pre-defined crack sections.
The steel plates were modelled by two-node truss elements, attached to the bottom of the elastic
bridge deck elements, and by spring elements over the crack sections. Figure IO is a detail of the
lefl: end of the bridge model, showing the elements included in the analysis.

Fig. 9.

Element mesh and boundary conditions for the discrete crack model.
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Sending crack springs:

' --, --'
,r-

Support springs
...,_

r

Reinforcement longitudinal response
superimposed on concrete normal response
Concrete shear response
Plane stress (concrete) elements

Steel plate springs
Steel plate elements
Shear crack springs:
Concrete normal response
Reinforcement dowel action
Concrete shear response
Reinforcement longitudinal response
Fig. 10. Detail showing, for the discrete crack model, the end with the shear crack. The solid
elements at both sides of the cracks are moved apart, here, and the springs across the
cracks are shown schematically. In the bending cracks, the reinforcement response was
superimposed on the concrete response in the springs perpendicular to the cracks. In the
shear crack, additional springs were added to model the reinforcement behaviour.
The orientation of the crack sections was determined from the crack distribution observed in the
test. In order to reduce the size of the model, and to minimize numerical problems in the analysis
the spacings between the crack sections were made larger than in the test. The load-deformation
relations for the springs were corrected for this, as mentioned in Section 3.2. The boundary
conditions were modelled in the same way as in the model based on smeared crack approach.

4.3

Solution Methods

The load history of the bridge was accounted for by performing the finite element analyses in
several subsequent load steps. In each load step a load, a prescribed deformation, or a combination of several loads or prescribed deformations, was applied. For each load step an incremental,
iterative method was used to find a solution.
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Fig. 11. Snap-through and snap-back behaviour in load displacernent response.
Various iterative solution rnethods were used in the analyses. The Newton-Raphson method is
the standard one in ABAQUS and is nonnally sufficient if the load increases monotonically.
Analyses of reinforced concrete structures often involve, however, local maximum points in loaddisplacement response with snap-through and snap-back behaviour, see Crisfield /14/, Figure 11.
To be able to handle this kind of response, an arc-length method was used. The arc-length
method available in ABAQUS is the modified Riks method. However, numerical convergence
problems arised often when this method was used. A quasi-Newton method in combination with
displacement control was found to be the most useful in some of these cases. In the smeared
crack analysis, where the numerical problems with the iterative solution methods became too
large, an incremental solution technique with no iterations was tested.
Graphic representation of the different solution methods used, for a one degree of freedom
system, is shown in Figure 12. With the quasi-Newton methods the inverted stiffhess matrix is
updated in an approximate way after each iteration, so that the stifmess matrix remains positive
definite, and is completely updated only after a specified number of iterations. With the arc-length
method the incremental load is treated as an unknown, and the next point of equilibrium on the
equilibrium path is sought at a certain distance from the latest point of equilibrium. The incremental solution technique, with no iterations, was performed by setting the tolerance for the residuals
in node forces to a very high value, thus suppressing the iteration process.
a)

c)

b)
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Fig. 12. Solution methods, used in the analyses, fora one degree of freedom system: a) A
Newton method (e.g. Regular Newton-Raphson or quasi-Newton), b) Arc-length
method, and c) lncremental solution method with no iteration.
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4.4

The Load History and Adding of Steel Plates to the Model

Before the bridge was strengthened with glued steel plates, prior to the test, cracks were found at
the bottom of the bridge deck. To enable accurate modeiling of the response ofthe bridge during
the test, the bridge model was loaded with a "traffic load", corresponding to the traffic load that
the bridge was exposed to during its service life time. The traffic load made cracks arise before
the steel plate elements were included and the concentrated test load was applied. In the analyses,
the traffic load was increased until visible cracks, with a crack width of at least 0.1 mm, were
found within the whole area where cracks had been detected before the test The load history is
shown in Figure 13.
In the analysis with the smeared crack approach, where the arc-length method was used, the
traffic load was applied as a uniformly distributed load along the bridge deck. In case of the
discrete crack approach, where the quasi-Newton method was used in combination with
deformation control, the bridge deck was subjected to a prescribed defonnation corresponding to
the elastic response of a uniform.ly distributed load. After this model had been subjected to traflic
load, the load-displacement relations ofthe springs were changed as shown in Figure 5, and the
rest of the load history was applied in a new analysis. The model with modified properties for the
concrete springs was subjected to dead load, before the steel plates were included. For both the
smeared and the discrete crack approach, the models were finally subjected to a concentrated
load to model the test itself. In the discrete crack analysis, the load was applied tlU'ough prescribed increasing deformation at the loading point.
a) The bridge models was first exposed
to the dead load of the bridge deck,
including pavement

b) The "traffi.c load" was then added to
model the preweracking ofthe bridge

c} After the traffic load was removed,
the steel plated was added to the
models, while the dead load was still
active

d) The bridge models were finally
exposed to the concentrated load
to model the test itself

Fig. 13. The load history applied to the bridge models in the analyses.
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To enable the inclusion of the steel plates in an unstressed condition to the already deformed
bridge model, three nodes, a, b and c, were defined at the same positions in the undeformed
element mesh, at each connection between the bridge deck elements and the steel plate elements.
The nodes a were connected to the bridge deck elements, and the nodes c to the steel plate
elements, while the nodes b were not attached to any elements. The deformations, u,, of the
nodes were coupled with the following equation, valid in both degrees offreedom.

Prescribing the deformations of the nodes c to zero, in the first part ofthe analyses, the free
nodes b obtained the same deformations as the bridge deck nodes a. When the plate elements
were made active, the deformations for the free nodes, u/bJ, were fixed to their current values,
and the boundary conditions were removed for the steel plate nodes c. Further deformations of
the bridge gave the steel plate nodes deformations that were equal to the additional deformations
of the bridge deck nodes.

4.5

Execution of the Analyses

Several numerical problems were found in the smeared crack analysis. ABAQUS reported both
numerical problems with the plasticity algorithm in the material model and convergence problems
on structural level. The dead load and the "traffic load" were applied using load control and the
standard Newton-Raphson method for iteration. The concentrated load was applied using the
modified Riks method. However, the numerical problems became too great when using a reasonably small tolerance, even though the concrete response relation was smoothened in tension. To
get a result from the smeared crack analysis, the tolerance was set to a very high value, so that
the program should not iterate. Although this method resulted in quite large residuals, even when
the load step was divided into the maximum number of increments allowed, it nevertheless gave
valuable results regarding the crack distribution.
Convergence problems occurred in the discrete crack analysis as well, but they could be solved
by modifying the force-displacement relations for the springs that were cormected to the nodes
where maximum residuals were found. The response relations were smoothed so that the spring
stifmesses changed more gradually and, in a few springs, by giving the unloading branch in
tension a more gradual slope. By this means, these few springs were provided with considerably
greater fracture energy, however the influence on the response ofthe whole structure caused by
the increased fracture energy at these few locations was considered to be minor.
Springs where the reinforcement response was superimposed on the concrete response usuaHy
achieved a short descending branch in the force-displacement relation when cracking was
initiated. To avoid numerical problems, the relations were approximated with a corresponding
relation without any dip in the combined response, see Figure 14.
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Fig. 14. Example of approximated force-displacement relation for a spring with superimposed
reinforcement and concrete response.

4.6

Results of the Analyses

For the smeared crack approach, suppressed iteration in combination with the Riks method gave
quite high residuals. Nevertheless, the analysis gave a good picture of the crack pattem in the
bridge deck slab, see Figure 15, and it seems that a smeared crack analysis such as this can serve
. to determine where the necessary crack sections should be pre-defined in a discrete crack
analysis. This can be of great value when the structure has not been tested and experience is not
sufficient to detennine where cracking possibilities should be provided.
The analysis based on the discrete crack approach was perfonned until the initiation of the shear
crack at the load level where failure occurred in the test, see Figure 16. The direction and
magnitude of the principal stresses along the pre-defined shear crack were calculated from the
result of the analysis, see Figure 17. Biaxial compression was found to occur at both ends of the
crack path at crack initiation. The effect of the reinforcement on the shear crack initiation,
accordingly, was negligible. The greatest principal tensile stress, 1. 75 MPa, occurs at the middle
of the shear crack, acting at an angle of about 40° to the longitudinal axis of the bridge.

a)

b)

\u.+-1-l--+----~- - - - - - - - - - 1

I
Fig. 15. Crack pattern in the bridge deck stab: a) according to the finite element analysis based
on the smeared crack approach. The thicker marks represent visible cracks at maximum
load level (crack width, w ~ 0,1 mm). b) These can be compared with the crack pattem
obtained in the test.
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Fig. 16. Results from the discrete crack analysis at maximum load level. Figure a) shows the
deformed shape, with the deformations magnified about 13 times, and Figure b) the
opened cracks in the model. Cracks visible to the eye (w ~ 0, 1 mm) are marked with
thicker lines.
The greatest tensile stress is rather low compared with the tensile strength, as evaluated from
splitting tests performed on test cylinders from the bridge. According to the Concrete Handbook
Material, see AB Svensk Byggtjanst and Cementa AB /8/, the axial tensile strength is about 80 %
of the splitting tensile strength. However, the scatter in the relation between axial and splitting
tensile strength is large, as well as in the splitting tests.
The principal tensile stress does not aet perpendicular to the pre-defined crack path. A shear
crack starts, however, as a zone of microcracks that are perpendicular to the principal tensile
stress and connect only later to a major shear crack, see Bazant and Pfeiffer /16/ and Hordijk et
al. /10/. Thus, the global crack direction does not have to be perpendicular to the principal tensile
stress at crack initiation. Since the final crack path had to be pre-defined in the discrete crack
model, this behaviour could not be taken into account in a direct manner in the analysis. It should
be noted that this behaviour can not be modelled with the smeared crack concrete model in
ABAQUS either, since cracks are only allowed to form perpendicular to each other. Even if the
initial microcracks are modelled correctly, the final shear crack may not form at the correct angle.
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Fig. 17. Principal stresses along the pre-defined shear crack at crack initiation. Thicker arrows
are used to show tensile principal stresses ( •

compressive principal stresses ( · --· · ).
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4.6

Comparison With Test Results

The deflections calculated in the analysis were considerably larger than the deflections measured
during the test, see Figure 18. A possible reason for this may be uncertainty regarding the stiffness of the supports. The originally calculated stiffnesses of the support springs were decreased
during the first part of the analysis in order to match the crack pattem observed before the test.
However, the unrealistic crack pattem, obtained with the original higher stiffnesses, may have
been caused by other circumstances. The "traffic load" is indeed unknown and was modelled in
a simplified manner, and the concrete strength may have varied between different parts of the
bridge.
The tensile strength was reduced in the first part of the analysis in order to obtain a crack
development that matched the observations on the tested bridge. The tensile strength was finally
approximated to be f cr = 2.5 MPa, which is about 70 % of the splitting tensile strength measured
on the cores drilled out of the bridge.
The crack pattem obtained in the analyses agrees well with cracks observed in the test, see
Figures 15 and 16. According to the analysis. the shear crack is initiated in the middle of the
crack path at an angle that agrees very well with the angle in that position of the shear crack in
the test, see Figures 17 and 2. The principal stress direction, measured on the bridge, was nearly
the same as in the analysis and the principal stresses were of the same magnitude.
There are probably several reasons why the tensile stress at crack initiation in the analysis was
found to be smalter than when it was calculated from the splitting tests. One reason may be the
large scatter in the measured splitting strength, and in the relation between splitting strength and
load P (HN ]
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Load-deflection response obtained in the analysis based on the discrete crack
approach. The result of the analysis is compared with the response obtained in the test.
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normal tensile strength. Another reason may be that the stiffnesses in the support springs too low.
as mentioned above. A greater rigidity of the supports would have given greater longitudinal
tensile stresses at the top of the slab close to the support. This would have lead to greater
principal tensile stresses in the shear span, as the longirudinal tensile stresses are transferred to
the bottom of the slab.
The difference between analysis and test results could also be caused by the faet that the elements
in the analysis were quite large in relation to the local phenomena when a crack is initiated. Local
peaks in the stress field could not be considered in the analysis. The frame corners were not
included in the model, and the vertical reaction forces acted on the model at one node at each
support. Since the shear crack ended close to one of the frame comers, this simplified way of
modelling the supports may also have affected the accuracy of the analysis.
The results give rise to several suggestions for improvements of the analyses. Instead of reducing
the stiffnesses of the supports, the load history of the bridge should be estimated in an alternative
manner to achieve the correct pre--cracking. A higher stiffness of the support springs would give
a better agreement with the measured load deflection relation. It would also. lead to higher
principal tensile stresses in the shear span, and a smaller disagreement with the measured tensile
strength. Further improvements could be achieved with a higher degree of discretisation, with
more elements in the shear zone. Possible local maxima in the stress field would then be easier to
detect. If the frame corners had also been included in the model, the distribution of the reaction
forces into the structure would be accounted for in amore realistic manner.

5

CONCLUSIONS

The shear failure of the bridge tested was analysed using the finite element method based on nonlinear fracture mechanics. Both the smeared and discrete crack approaches were used to model
the cracking of concrete. The analyses were performed using the finite element program
ABAQUS, HKS 151.
Numerical problems were found in the non-linear analyses. The analysis based on the smeared
crack approach could be carried out only by allowing large residuals. Although this analysis
resulted in large errors in the static equilibrium, it gave a good picture of the crack pattem in the
bridge deck slab. Consequently, it can be useful in detennining where the necessary crack
sections shall be pre-defined in a discrete crack analysis. Since the smeared crack approach is
more general, it is likely to be used in the future as a powerful tool for detailed analyses, when
the numerical problems connected with this method is reduced.
The discrete crack analysis was perfonned until initiation of the final failure. The analysis shows
that the shear crack that led to failure started in the middle of the shear span at about half of the
slab height, and had an inclination of about 40° to the longitudinal ax.is of the bridge. This
corresponds very well to the angle of the mid part of the shear crack obtained in the test. The
edges of the shear crack path were exposed to biaxial compression at crack initiation.
The maximum principal tensile stress at crack initiation was, in the analysis, quite low compared
with the normal tensile strength detennined from splitting tensile tests. An explanation for this
difference can be found in the large scatter, both in the splitting test results and in the relation
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between the splitting tensile strength and the ax.ial tensile strength. Other reasons for the difference may be the uncertainty in the modelling of the rigidity of the supports, and the unknown
load history that led to cracking of the bridge during its service life time. The difference that was
found between the analysis result and the test result, for the load-deflection relations, is probably
also due to these reasons.
It should be noted that neither of the approaches, in the way they were applied here, is absolutely
general in the sense that the response of the structure can be completely unknown. When using
the discrete crack approach, one has to know the crack pattern in the structure to be able to predefine the crack sections and to specify the correct properties for the crack elements. In the
smeared crack approach, used together with the rebar option in ABAQUS, or generally if
complete interaction with the surrounding concrete is assumed for the reinforcement, one has to
know the mean crack distance in the structure. The reason for this is that the reinforcement in a
concrete structure acts as a "crack distributor". The reinforcement acquires a greater force in a
section where cracking is initiated. This force is gradually transferred to the surrounding
concrete. Consequently, maximum concrete tensile stress cannot occur close to an already
initiated crack. In order to model this behaviour correctly, the bond between the reinforcement
and the concrete has to be included in the model. If complete interaction is assumed, all concrete
elements along a tensioned reinforcement bar will crack, regardless of how small the elements
used.
Shear failure is a term that includes several different failure modes and occurs for quite different
stress states. Shear failure is actually a whole class of failures and the factors that determine a
given failure may vary. To obtain a better underst.an.ding of shear failure, it is not sufficient to
perfonn a large amount of different tests, in which the shear force is considered to be the main
reason for the failure, and to evaluate the shear capacity from the tests by statistical methods. 0n
the other hand, to analyse the shear tests individually, using the non-linear finite element method
in combination with fracture mechanics material models, will lead to a bener understanding of the
failure process, and the results can serve as a basis for improved design methods.
The use of non-linear fracture mechanics together with the finite element method is believed to be
a most powerful tool for describing the mechanical behaviour and obtaining a better understanding of the failure process. Although this method of analysis is still under development, it is
already being used in research to improve simplified design methods. In the future it can serve as
a tool of analysis used to facilitate improved design of complex structures.
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