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Abstract. Since the preservation of monuments is very important to human societies, different methods
are required to preserve historic structures. In this paper, 3D model of arch stone bridge at Pont Saint
Martin, Aosta, Italy, was simulated by 1660 integrated separate stones using ABAQUS® software to
investigate the seismic susceptibility of the bridge. The main objective of this research was to study a
method of preservation of the historical stone bridge against possible earthquakes using FRP
techniques. The nonlinear behavior model of materials used theory of plasticity based on Drucker-
Prager yield criterion. Then, contact behavior between the block and mortar was modeled. Also,
Seismosignal software was used to collect data related to 1976 Friuli Earthquake Italy, which
constitutes a real seismic loading. The results show that, retrofitting of the arch stone bridge using FRP
techniques decreased displacement of stones of spandrel walls, which prevents the collapse of stones.

Keywords: historical stone bridge; spandrel walls; finite element simulation; ABAQUS; modeling;
dynamic loads; earthquake resistant structure

1. Introduction

FRP is a composite material used to strengthen masonry structures against the most critical
failures. Strengthening with FRP enhances stress resistance of the structure (Lourenço and Oliveira
2006 and Lorenzis, Dimitri, and Tegola 2007 and Saileysh Sivaraja et al. 2013).Until now, several
buildings such as masonry buildings, bell tower, arch bridge, etc. have been retrofitted using FRP
techniques. Current technology enhances strength of the stone arches and masonry structures,
which is directly connected to the surface of the stone (Anania, Badalà, and D’Agata 2013 and
Foraboschi 2004). In addition, the use of embedded FRP bars in mortar improved seismic
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Fig. 1 The Roman Arch Bridge of Pont St Mart

Fig. 2 Bridge cross section (Frunzio, Monaco, and Gesualdo 2001)

performance and integrity of stones (Milani and Bucchi 2010).
This research involves a structural analysis of an arch stone bridge in Saint Pont Martin, Aosta,

located in LYS Valley, Italy, which is currently in good condition (Franciosi 1986). Stones from
Rome have been used to construct the bridge. The span of bridge is 31.4 m and its radius is 16.5 m
radius, as shown in Fig. 1. Fig. 2 shows the cross-sectional view of the bridge. (Frunzio, Monaco
and Gesualdo 2001 and Page and Ives 1991).

100



Finite element modeling of the influence of FRP techniques...

(a) Tetrahedron quadratic mesh of the bridge (C3D10M)

(b) Right wall

(c) Left Wall

Fig. 3 numbering of finite element model in ABAQUS software
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Table 1 Material properties

Material
Modulus of

elasticity (N⁄mm2)
Poisson

ratio
Cohesion
(N⁄mm2)

Friction
Angle (°)

Density
(kg/m3)

Compressive
yield stress

(N⁄mm2)

Dilation
Angle

(°)

Arch 3000 0.2 1.2 50 1600 6.6 35

Spandrel
walls

2500 0.2 1 48 1400 5.2 32

Filling 1500 0.05 0.5 32 1300 1.8 17

Foundation 7000 0.25 1.8 58 1300 12.55 40

FRP 22000 0.3 -- -- -- -- --

2. Finite element model

2.1. Behavioral model of materials

Most materials used in the bridge were cut stones. Four different materials were used in the
construction of the bridge, with its structural elements arch, walls, filling materials, and
foundations, with the characteristics reported in Table 1 (Frunzio, Monaco and Gesualdo 2001). In
addition, major efforts were made to formulate yield criteria in order to express the behavioral
model of various materials over the past 100 years. Most of such criteria are good for only one
particular material. In several cases, theory of plasticity of stone is based on Drucker–Prager yield
criterion. (Yu et al. 2006)

To model masonry materials by finite element method, masonry materials (brick-stone) were
modeled either as a continuous environment or a discontinuous environment where blocks are
separated by mortar or contact elements, thus sliding between blocks may be possible. This
analysis method requires very extensive computational work for real world structures. However, it
is a valuable method, compared with time-consuming and costly experiments. Modeling of the
behavior of contact between the blocks is an effective and efficient method for numerical
simulation of masonry structures. Although, due to lack of archaeological knowledge, other
modelling could be acceptable.

In this study, for seismic retrofitting the FRP is used. The FRP were modeled using 4100
“shell” elements, and for this purpose “S4R" element with 4 nodes and 6 degrees of freedom (three
translational and three rotational) per node was chosen from the element library of the
“ABAQUS.CAE". The thickness and length of FRP was about 1.0 mm and 0.5 m, respectively.
Since the models used both shell and solid elements, “shell-to-solid couplings” were used to
transition from FRP elements to stone elements. Each internal constraint of the shell-to-solid
coupling distributes the forces and moments acting at its shell node as forces acting on the related
set of coupling surface nodes on the solid elements.

2.2. Numerical model of the bridge

The bridge was modeled as 1660 separate stones. The numbering of selected blocks are
presented in Fig. 3. By using penalty method, the coefficients of friction between the stones and
coefficient of friction between the stones and mortars were 0.7 and 0.6, respectively. All materials
were modeled using Drucker–Prager failure criterion model. In this study, the bridge was analyzed
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Fig. 4 Seismic acceleration

Fig. 5 Seismic velocity

Fig. 6 Seismic displacement

under seismic and dead load, in presence and absence of FRP. All surfaces of the arch and
spandrel wall were retrofitted using FRP, and the interaction between FRP and surface of stones
was analyzed using solid shell coupling. Specifications of FRP are provided in Table 1.

2.3 Earthquake

Since the objective of this research was to study a method of retrofitting arch stone bridge, a
real seismic loading was required. For this purpose 1976 Friuli Earthquake, Italy, was used. The
earthquake data was obtained using seismosignal software. This was an 8 magnitude earthquake
with duration of 7 seconds, as shown in Figs. 4 to 6. Seismic loading was applied to the bridge in z
direction.
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Fig. 7 Displacement(m) in the Z direction of the bridge retrofitted with FRP

3. Results and discussions

The maximum displacements of blocks in z direction before and after retrofitting with FRP are
shown in Figs. 7 and 8. As can be seen, retrofit of bridge structures using FRP significantly
reduces the displacement of stones. Experimental results demonstrated that strengthening of
masonry with FRP has a very significant effect on the arch resistance against the earthquake. This
effect may increase arch’s strength by 20 times (Baratta and Corbi 2007, Tao, Stratford and Chen
2011)
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Fig. 8 Displacement(m) in Z direction of non-retrofitted bridge

Obtained results from the stone bridge that was under seismic load, indicates that the blocks on
the right wall of the bridge before retrofitting with FRP has been little displacement. However, the
displacement of the blocks with the FRP reinforcement has been reduced dramatically. (Figs. 9
and 10)
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Fig. 9 Displacement(m) in the Z direction of the right wall of bridge
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Fig. 10 Displacement(m) in the Z direction of the left wall of bridge
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Fig. 11 Expansion of cracks in the bridge

Fig. 12 Cracks (m) between the blocks before and after retrofitting
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Fig. 13 Displacement(m) in the Z direction of the left parapets of bridge

Obtaining results from the left wall show that the displacement of some blocks before
retrofitting with FRP is up to 0.25 meter that causes destruction of the bridge. By retrofitting the
left wall using FRP, the displacements of wall blocks effectively reduced and at the maximum is
about 0.1 meter that preserves the lateral wall of the bridge. (Fig. 10) Therefore, good tensile
strength of FRP increases the integrity and solidarity of the blocks. Consequently, the walls of the
bridge retrofit using FRP decreased 50% displacement in the Z direction, which helps maintaining
the structure of the bridge after an earthquake.

The cracks between the blocks in consequence of the loss of strength and adhesion of the
mortar has been created (Fig. 11). Therefore, to prevent cracks, the researchers offer a number of
ways. One of these methods is retrofitting bridges using FRP. Reducing adhesion between the
blocks is a factor of destruction of the bridge. In addition, preventing the cracks between the
blocks, keeping the bridge safe, in dealing with accidental loads such as earthquakes, scouring and
treated.

The results of this study suggest that the use of FRP retrofitting bridges in earthquake is one of
the appropriate procedures. They show that the cracks of some blocks before retrofitting with FRP
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Fig. 14 Displacement(m) in the Z direction of the right parapets of bridge

is up to 0.12 meter. These cracks can cause damage to the bridge structure which led to the
complete collapse of the bridge structure. By retrofitting using FRP, the cracks of wall blocks
effectively were reduced. (Fig. 12) High tensile strength of FRP in both directions reduces the
displacement of blocks. Hence, retrofitting bridges using FRP decrease up to 90 percent of cracks.
This increases the seismic capacity of the bridge significantly.

In addition, the results show that the maximum displacement of left parapets blocks of the
bridge before retrofitting with FRP is about 0.45 m, which leads to the bridge parapet collapse
progression or to damage larger than acceptable. With parapet retrofitting using FRP, maximum
and minimum displacement of left parapets blocks is obtained as 0.39 and 0.26 m, respectively.
Although, it reduces the lateral displacement parapet bridge, it could not prevent from collapsing
parapet. (Fig. 13). Furthermore, the maximum displacement of right parapets blocks without FRP
is 0.16 m. With parapet retrofitting using FRP, maximum and minimum displacement of left
parapets blocks is obtained as 0.10 and 0.08 m, respectively, which, provides a robust repair
method for damaged parapets. (Fig. 14)

4. Conclusion

This research involved a structural analysis of an arch stone bridge in Saint Pont Martin, Aosta,
Italy. Based on the results from the numerical study, the following conclusions can be drawn:

1. By retrofitting the bridge spandrel wall using FRP, the displacements of wall blocks
effectively reduced that preserves the lateral wall of the bridge. Therefore, good tensile strength of
FRP increases the integrity and solidarity of the blocks. In addition, the walls of the bridge retrofit
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using FRP decreased 50 percent displacement in the Z direction, which helps maintaining the
structure of the bridge after an earthquake.

2. Retrofitting of arch stone bridge using FRP reduces expansion of stones of arch bridge
structure, which in turn stabilized the structure of the bridge. The results show that the cracks of
some blocks before retrofitting with FRP is up to 0.12 meter. However, by retrofitting using FRP,
the cracks of wall blocks effectively were reduced. Hence, retrofitting bridges using FRP decrease
up to 90 percent of cracks. This increases the seismic capacity of the bridge significantly.

3. The results show that the displacement of left parapets blocks of the bridge before retrofitting
with FRP leads to the bridge parapet collapse progression or to damage larger than acceptable.
With parapet retrofitting using FRP, the displacement of parapets blocks is reduced and it provides
a robust repair method for damaged parapets.

References

Anania, L., Badalà, A. and D’Agata, G. (2013), “The post strengthening of the masonry vaults by the Ω-
Wrap technique based on the use of C-FRP”, Constr. Build. Mater., 47, 1053-1068.

Baratta, A. and Corbi, O. (2007), “Stress analysis of masonry vaults and static efficacy of FRP repairs”, Int.
J. Solid. Struct., 44(24), 8028-8056.

Bfer, G. (1985), “An isoparametric joint/interface element for finite element analysis”, Int. J. Numer.
Method. Eng., 21(4), 585-600.

Carpenter, N.J., Taylor, R.L. and Katona, M.G. (1991), “Lagrange constraints for transient finite element
surface contact”, Int. J. Numer. Method. Eng., 32(1), 103-128.

Chen, W. F. and Zhang, H. (1991), Structural plasticity, Springer New York etc.
Cundall, P.A. (2013), “A computer model for simulating progressive large scale movements in blocky rock

systems”, Proc. Symp. Rock Fracture (ISRM), Nancy, 1.
Foraboschi, P. (2004), “Strengthening of masonry arches with fiber-reinforced polymer strips”, J. Compos.

Constr., 8(3), 191-202.
Franciosi, V. (1986), “The masonry arch (in Italian), Restauro Nn”.
Frunzio, G., Monaco, M. and Gesualdo, A. (2001), “3D FEM analysis of a roman arch bridge”, Historical

Constr., 591-598.
De Lorenzis, L., Dimitri, R. and La Tegola, A. (2007), “Reduction of the lateral thrust of masonry arches

and vaults with FRP composites”, Constr. Build. Mater., 21(7), 1415-1430.
Lourenço, P.B. and Oliveira, D.V. (2006), “Strengthening of masonry arch bridges: research and

applications”.
Milani, G. and Bucchi, A. (2010), “Kinematic FE homogenized limit analysis model for masonry curved

structures strengthened by near surface mounted FRP bars”, Compos. Struct., 93(1), 239-258.
Oden, J.T. and Martins, J.A.C. (1985), “Models and computational methods for dynamic friction

phenomena”, Comput. Method. Appl. Mech. Eng., 52(1), 527-634.
Page, J. and Ives, D. (1991), “Deterioration and repair of masonry arch bridges”, Brick and Block Masonry,

3, 1591-1598.
Rafiee, A., Vinches, M. and Bohatier, C. (2008a), “Application of the NSCD method to analyse the dynamic

behaviour of stone arched structures”, Int. J. Solid. Struct., 45(25), 6269-6283.
Rafiee, Ali, Marc Vinches, and Claude Bohatier. 2008b. “Modelling and analysis of the nîmes arena and the

arles aqueduct subjected to a seismic loading, using the non-smooth contact dynamics method”, Eng.
Struct., 30(12), 3457–67.

Rafiee, A., Vinches, M. and Bohatier, C. (2008b), “Modelling and analysis of the Nîmes arena and the Arles
aqueduct subjected to a seismic loading, using the Non-Smooth Contact Dynamics method”, Eng. Struct.,
30(12), 3457-3467.

111



Mahdi Mahdikhani, Melika Naderi and Mehdi Zekavati

Sivaraja, S.S., Thandavamoorthy, T.S., Vijayakumar, S., Aranganathan, S.M. and Dasarathy, A.K. (2013),
“Preservation of historical monumental structures using Fibre Reinforced Polymer (FRP)-case studies”,
Procedia Eng., 54, 472-479.

Tao, Y., Stratford, T.J. and Chen, J.F. (2011), “Behaviour of a masonry arch bridge repaired using fibre-
reinforced polymer composites”, Eng. Struct., 33(5), 1594-1606.

Hong, Y.M., Ma, G.W., Qiang, H.F. and Zhang, Y.Q. (2006), Generalized plasticity, Berlin/Heidelberg:
Springer-Verlag.

CC

112




