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ABSTRACT: Two finite element models are created using a commercially available finite ele-
ment package: a simple soil-arch interaction model and a full bridge model. The simple soil-
arch interaction model is mainly used for parametric studies within the service loading range.
The material for both arch and soil in the simple soil-arch model is assumed to be within its
elastic limit and the interface between the arch and soil is characterised as a friction contact in-
terface. The full bridge model, however, has been created for predicting the failure of the same
corresponding experiment. In the full bridge model, the smeared cracking approach is adopted
for modelling the masonry behaviour, while the nonlinear behaviour of the soil is simulated
with a Drucker-Prager material model. The same friction contact interface is adopted for the full
bridge mode. The full bridge model is capable of reproducing the essential features observed in
full scale experiments

1 INTRODUCTION

In the past decades comprehensive research has been carried out on masonry arch bridges.
However, the performance of the backfill has generally not been the focal point and only a very
limited range of fill types have been tested to date. Additionally, rigid abutments have been
adopted in most laboratory tests which are less representative to those found in practice. Al-
though it is well accepted that soil-arch interaction has a significant influence on the load carry-
ing capacity of many masonry arch bridges, the complex nature of the soil-arch interaction is
not well understood.

The work reported in this paper is part of the study of soil-structure interaction in masonry
arch bridges. An experimental programme comprising tests on a series of 3m span masonry
arches between movable abutments and with different backfill is currently ongoing and the new
purpose-built large-scale plane-strain test rig enables the collection of high quality data (see
Acknowledgement). These data are used to validate the finite element work that is presented in
this paper. Two finite element models are created using commercially available finite element
package ANSYS 9.0: a simple soil-arch interaction model and a full bridge model. The simple
soil-arch interaction model is mainly used for parametric studies within the service loading
range. The material for both arch and soil in the simple soil-arch model is assumed within elas-
tic limit and the interface between the arch and soil is characterised as a friction contact inter-
face. The full bridge model, however, has been created for predicting the failure of the same
corresponding experiment. In the full bridge model, the smeared cracking approach is adopted
for modelling the masonry behaviour, while the nonlinear behaviour of the soil is simulated
with a Drucker-Prager material model. The same friction contact interface is adopted for the full
bridge model.

The simple soil-arch interaction model provided a valuable tool for predicting the effect of
different parameters on the behaviour of soil-arch interaction. The full bridge model is capable



516 ARCH’07 — 5th International Conference on Arch Bridges

of reproducing the essential features observed in full scale experiments.

2 NUMERICAL MODELLING APPROACHES FOR MASONRY AND BACKFILL
2.1 Masonry modelling approaches

Masonry is a composite material of bricks and mortar. In general, the approach towards its nu-
merical representation can focus on the micro-modelling of the individual components, or the
macro-modelling of masonry as a composite. Unlike masonry material modelling where great
interests are in the level of micro-modelling, the modelling methods of masonry arch bridges
have mainly concentrated on global aspects rather than on the simulation of its constitutive ma-
terials. The current study models the brickwork arches using a macro-modelling approach.

The smeared cracking method is adopted in which the cracking is modelled through an ad-
justment of material properties which effectively treats the cracking as a “smeared band” of
cracks, rather than discrete cracks. The complex behaviour of masonry is assumed to be iso-
tropic before cracking and orthotropic after cracking. Cracking is permitted in three orthogonal
directions. A detailed review of the modelling approach has been reported elsewhere (Wang,
2004).

2.2 Backfill modelling approaches

Different constitutive models have been proposed for soil modelling. These constitutive models
are essentially pressure-dependent plasticity models. The differences are based on the shape of
the yield surface in the meridian plane (either curved or straight meridians, with or without ten-
sion cut-off and/or compression cap), the shape of yield surfaces in the deviatoric stress plane
(either circular or noncircular yield surfaces), and the use of flow laws (either associated or non-
associated flow rules). The choice of the model to be used depends largely on the kind of the
material, on the experimental data available for calibration of the model parameters, and on the
range of pressure stress values that the material is likely to experience. A brief description of the
modelling approach relevant to the current study is discussed here. A more detailed description
of different constitutive models and their applicability have been reviewed by Chen et al. (Chen
et al. 1990).

The best known failure criterion in soil mechanics is the Coulomb criterion, which is the first
type of failure criterion that takes into consideration the effect of the hydrostatic pressure on the
strength of granular materials. This criterion states that the resistance to failure of a material is a
constant shear strength plus a friction-like force, i.e.

rT=c—0,tang €))

where 7 is the shear stress, and G, is the normal stress (compressive stress as a negative quan-
tity and tensile stress as a positive quantity), ¢ and ¢ are the cohesion and the angle of internal
friction, respectively. The coulomb’s failure criterion is an irregular hexagonal pyramid in the
principal stress space. The cross-sectional shape of this pyramid on the n-plane is shown in Fig.
1

%

Figure 1 : Drucker-Prager and Coulomb criteria on the n-plane
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The Drucker-Prager criterion, formulated in 1952, was a major advance in the extension of
metal plasticity to soil plasticity where the influence of a hydrostatic stress component on fail-
ure is introduced by inclusion of an additional term I, in the von Mises expression.

f(I]’JZ):aI]+J2_k:0 )

where I, is the first invariant of stress tensor, and J, is the second invariant of deviatoric
stress tensor. o and k are material constants.

The Drucker-Prager criterion can be made to match with the apex of the Coulomb criterion
for either point A or B on its n-plane as shown in Fig. 1. For Point A, where the cone circum-
scribes the hexagonal pyramid (the outer cone), the two surfaces are made to coincide along the
compressive meridian (Lode angle = m /3), and the Drucker-Prager parameters o and k are re-
lated to the Coulomb constant ¢ and ¢ by

2sin ¢ 6¢ccos¢
= k=
5 (3-sing)”  /3(3—sing) ®

While for point B (the inner cone) the two surfaces are matched along the tensile meridian
(Lode angle = 0), and will have the constants

2sin ¢ 6ccosg
= k=
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As the material constants in ANSYS DP model are chosen to match with the compressive
meridian of the Coulomb criterion, therefore, the outer cone yield surface is selected. The corre-
sponding yield surface in p-q plane is shown in Fig. 2, where p is the mean stress or hydrostatic
stress and ¢ is Mises equivalent deviatoric stress.
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Figure 2 : Drucker-Prager criterion in p-q plane

The flow theory of plasticity is based on three basic assumptions: (1) the existence of an ini-
tial yield surface; (2) the evolution of subsequent loading surfaces (hardening rule); (3) the de-
termination of an appropriate flow rule. For the current study, the model is developed using
Drucker-Prager material model implement in ANSYS, therefore, the yield surface does not
change with progressive yielding, hence there is no hardening rule and the material is assumed
elastic - perfectly plastic.

2.3 Contact interface modelling approaches

A variety of numerical approaches have been proposed for the modelling of interface problems.
All the methods are essentially attempts to prevent the overlapping of the finite element mesh
and to give a satisfactory stress distribution over the contact regions. As the current model is
created by ANSYS, a simple frictional contact surface for the soil-arch interface in conjunction
with the Augmented Lagrangian method is adopted.
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3 SOIL-ARCH INTERACTION FINITE ELEMENT MODEL

In order to validate the approach, a flexible and smooth strip footing on stratum of clay ana-
lyzed by Zienkiewicz et al (1975) was re-analysed using Drucker-Prager model implemented in
ANSYS. The collapse load predicted by ANSYS DP model using associated flow rule is more
than twice that of the load predicted by the Coulomb criterion adopted by Zienkiewicz et al.,
The load predicted by the Coulomb criterion is close to the loads given by the Terzaghi and
Prandtl solutions.

As a result, the analysis with the Drucker-Prager material constants matched with the com-
pressive meridian of the Coulomb criterion does not agree with the well-known Terzaghi and
Prandtl solutions. It is generally suggested that Drucker-Prager outer cone over-predicts the
strength of soil (Griffiths, 1990). Therefore, the selection of the material constants using the
Drucker-Prager criterion is critical.

3.1 Simple soil-arch interaction model
3.1.1 Geometry and model

The geometry of the simple soil-arch interaction model is shown in Fig. 3. The arch is of 3m
span with span to rise ratio of 4:1. The thickness of the arch ring is 215mm. The geometry of
soil is control by SSSL, SLSL and h_soil (see Fig. 3). The arch and soil were both modelled us-
ing SOLID45 (8-node solid element), while contact element CONTACT173 and target element
TARGET170 (4-node interface elements) are used for modelling the interface between soil and
arch barrel interface. A typical meshed simple soil-arch interaction model is shown in Fig. 4.
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Figure 3 : Geometry of simple soil-arch interaction model
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Figure 4 : FE mesh, loading and boundary condition for simple soil-arch interaction model

3.1.2 Boundary condition and loading

The boundary condition for the simple soil-arch interaction model is shown in Fig. 4. The arch
barrel was fixed at both supports, and the plain strain condition is assumed for the soil.

A vertical patch load (width of 219mm) was applied at the quarter span position and the
maximum applied pressure 0.3N/mm? is determined by controlling the maximum tensile stress
in the arch barrel which is no greater than the assumed tensile strength of the material
(0.5N/mm?® based on previous experimental data for similar brickwork arches (see Melbourne et
al. 2007).
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3.1.3 Material

The material properties for the arch and the soil are given in Table 1. The coefficient of friction
for the interface is assumed to be 0.7 except for the study of the influence of this parameter
(varies from 0.3 to 0.9).

Table 1 : Material properties for simple soil-arch model

Arch barrel soil
Young’s modulus N/mm’ 16000 1000*
Poisson’s Ratio 0.2 0.2
Density Kg/ m® 2200 2000

*varies from 200 to 10000N/mm? for relative stiffness studies

3.1.4 Results and discussion
3.1.4.1 The influence of the geometry of the soil

Fig. 5 shows the influence of SSSL, SLSL and the depth of fill above the crown (h_soil) on the
maximum tensile principal stress in the intrados of the arch barrel (S1max), and the maximum
von Mises stress (SEQV) in the soil.

The influence of the horizontal extent of the soil on both side of the supports on stress and
displacement is generally insignificant especially when they are over 1m. This indicates that at
this level of loading, only the soil immediately surrounding the arch barrel has interacted with
the arch barrel. The rest of the studies are based on SSSL = 1m and SLSL = 2m.

The influence of the depth of fill above the crown on the maximum tensile principal stress in
the arch barrel is significant. When the fill cover approaches 1.2m the model predicts that it is
unlikely for the arch barrel to crack before the yielding of the soil. It also suggests that when
there is sufficient fill cover, the load can be dispersed directly to the base of the soil.
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Figure 5 : Influence of the geometry of the soil

3.1.4.2 The influence of relative stiffness of arch barrel to the soil

The influence of the relative stiffness of arch barrel to the soil is studied by keeping the
Young’s modulus of the arch constant (E_arch=16000N/mm?) and varying the Young’s
modulus of the soil (E_soil) from 200 to 10000N/mm®. The influence on stress in arch barrel
and soil is shown in Fig. 6.
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Figure 6 : Influence of relative stiffness between arch barrel and soil
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The influence of relative stiffness is clearly very significant not only on the value of the
maximum stresses but also on the positions of where these stresses occur. For most case (except
for the E_ratio < 4), the maximum tensile stress occurs in the intrados of the arch barrel indicat-
ing that if the same yield criteria is used for both soil and arch, the yielding or cracking will ini-
tiated from the arch barrel intrados.

3.1.4.3 The influence of contact stiffness on soil arch interface

Special care should be taken when selecting the values of contact stiffness between arch barrel
and soil interface. Normal contact stiffness is used to enforce compatibility between the contact
surfaces. If the contact stiffness factor (KFN) is too small, the amount of penetration of contact
surface into target surface may be too great resulted in fictitious soft interface and the solution
can be incorrect. On the other hand, if the stiffness is too big, the determination of the true con-
tact status normally requires more iterations, and in some cases, convergence difficulties are in-
evitable.

The study has shown that the normal contact stiffness factor of 0.1 gives reasonable stress
levels in the arch barrel and prevent overlapping between interfaces (penetration smaller than
0.1mm), it also leads to efficient solutions in terms of the number of iterations.

3.1.4.4 The influence of mesh density

The art of using the finite element method lies in an appropriate mesh density to solve a prob-
lem. If the mesh is too coarse then the inherent element approximations will not allow a correct
solution to be obtained. Alternatively, if the mesh is too fine the cost of the analysis can be out
of proportion to the results obtained. It is therefore important to use a sufficiently refined mesh
to ensure that the results from FE simulation are adequate.

As far as the deflection is concerned even a coarse mesh will result in easy convergence. For
the convergence of stress, at least four elements are need across the thickness of the arch barrel.
For the maximum principal stress at an integration point, the convergence is much slower and
the difference between stress from integration point and stress extrapolating from integration
point always exists even with a finer mesh (more than eight elements across the thickness).
Mesh sensitivity will, therefore, exist when cracking is based on the stress at integration points.
The rest of the studies are based on four elements across the thickness of the arch barrel.

3.1.4.5 The influence of abutment fixity and soil boundary conditions

The influence of the boundary condition on the bottom face of the soil is studied by changing
from perfectly smooth and rigid to perfectly rough and rigid. The influence on the maximum
displacement and the stress level in both arch barrel and soil is shown in Table 2.

Table 2 : influence of soil boundary condition

S1max USUM SEQV

Soil bottom face boundary conditions N/mm? mm N/mm?
Perfectly smooth and rigid 0.4863 0.2389 0.2029
Perfectly rough and rigid 0.4762 0.2336 0.2038

Table 3 : influence of abutment fixity

S1max USuM SEQV

abutment boundary conditions N/mm? mm N/mm?
Both sides fixed 0.4863 0.2389 0.2029

Both sides free to move horizontally 1.327 0.4104 0.2094

The influence of the soil boundary condition within elastic range of loading is not as signifi-
cant as the abutment fixity of the arch barrel, see Table 3.

Although the maximum horizontal movement on both side is less than 0.2mm at the current
load level, the maximum principal stress in the arch barrel has nearly tripled, and the position of
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the stress has moved from quarter span intrados to the extrados of left-hand abutment, which in-
dicates that the crack will start from here rather than the quarter span intrados.

3.2 Full bridge models

In order to study the fixity conditions of abutments, two full bridge models are created: one with
abutments comprised top and bottom parts, the other with the same size but only comprised one
part for each abutment.

3.2.1 Geometry and model

The geometry of the full bridge model is shown in Fig. 7, based on the experimental data re-
ported by Gilbert et al. (Gilbert et al. 2006) and http://www.sustainablebridges.net (SB4.7.1,
2007).

The arch was modelled using 8-node solid element with cracking and crushing capabilities,
while the soil was modelled using the same element but with Drucker-Prager properties. The
same interface elements as the simple soil-arch model are used for the full bridge models.

A typical meshed simple soil-arch interaction model is shown in Fig. 8.
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Figure 7 : Geometry of full bridge model

Figure 8 : FE mesh, loading for full bridge model

3.2.2 Boundary condition and loading

The boundary condition for the full bridge model was similar to that of simple soil-arch interac-
tion model except the soil was constrained by a rigid tank which is fixed in all directions. The
lower section of the abutments were fixed at the bottom face. A vertical patch load (width of
219mm) was applied at quarter span position.

3.2.3 Material

The material properties for arch and soil are given in Table 4. The coefficient of friction for the
interface of top and bottom abutment is 0.7 (based on the laboratory data), and 0.01 for the rigid
tank and soil interface. The initial study assumes a friction coefficient of 0.7 for the rest of soil-
structure interfaces.
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Table 4 : material properties for full bridge model

Arch barrel soil
Young’s modulus N/mm® 16000 1000
Poisson’s Ratio 0.2 0.2
Density Kg/ m’ 2200 1910
Uniaxial tensile cracking stress N/mm? 0.48
Uniaxial compressive stress N/ mm?> 24
Cohesion N/ mm’ 0.0224
Internal angle of friction degree 46.4

3.2.4 Results and discussion

Fig. 9 shows the displacement vector from the FE full bridge model when all the cracks have
occurred in the arch barrel. The arch failed by the formation of ‘hinged’ mechanism plus the
sliding between top and bottom parts of the abutments. All these essential features are similar to
the large-scale bridge test.

Initial study has shown that the maximum load predict from the FE model is very sensitive to
the material properties such as cohesion, angle of friction, dilatancy, tensile strength of the
brickwork, density and relative stiffness between brickwork and soil. If associated flow rule is
adopted and the same material properties described in 3.2.3 are used, the maximum load pre-
dicted by the same FE model is 2.7 times higher than that using non-associated flow rule. The
latter is 1.3 times of the experimental result. Therefore, interpretation of these parameters from
lab tests is critical.

The parametric study is forming part of the ongoing research programmes and will be re-
ported elsewhere in due course.
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Figure 9 : Displacement vector after all the crack occurred (P=164kN/m)

4 CONCLUSIONS

The following conclusions can be drawn from the current finite element analyses:

e Under the service load level, the soil-arch interaction is limited only to the soil im-
mediately surrounding the arch barrel;

o The relative stiffness of the arch and the soil is a very important factor on soil-arch
interaction;

e The fixity of the abutments affect the load at which the 1% crack occurs and will in
turn affect the load redistribution in the bridge;

e The full bridge model can predict the essential feature observed in full scale experi-
ments;

e The load carrying capacity from the FE model is very sensitive to the material prop-
erties like density, cohesion of soil, the internal angle of friction, dilatancy and the
tensile strength of the brickwork.
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