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Historical masonry arch bridges are a fundamental part of the road and railway networks in Europe. Very often, due to factors such as lack of maintenance, increase of traffic loads, etc., these structures need interventions in order to guarantee their adequate structural performance. For this reason, an important research effort has been devoted in previous decades to study the behavior of masonry arches and to identify innovative techniques able to increase their ultimate capacity, such as fiber reinforced polymer (FRP) composites. In this paper, the results of an experimental campaign carried out on masonry arches strengthened with one FRP layer applied at the structure intrados are used to calibrate a numerical analysis model. Then, the model is used to predict the contribution that this type of strengthening would have had on the well-known Prestwood Bridge. The numerical results show that the hypothetical intervention of the Prestwood Bridge would imply an increase in the ultimate load of the structure, although it would be significantly lower than that usually obtained for the case of arches tested in laboratory.
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INTRODUCTION

Masonry bridges in service within the railway and road lines worldwide are a significant part of the infrastructure heritage, mainly in Europe (Melbourne et al., 2007). Most of these bridges were built more than 100 years ago and have been, consequently, subjected to environmental chemical and physical actions, seismic events, increase in the traffic loads, etc. (Modena et al., 2015). For these reasons, the conservation, maintenance, and continuous operation of masonry bridges are a current challenge for transport infrastructure managers.

The starting point of any maintenance intervention on masonry bridges consists on the evaluation of their load-carrying capacity, and seismic resistance for the actual state of conservation and operating conditions. With this need in mind, in recent years, different calculation methods and guidelines (e.g., UIC guideline)1 for the evaluation of the ultimate (ULS) and serviceability limit states (SLS) of masonry bridges have been developed. Among the available methods for the structural analysis of masonry bridges, it is possible to find: simplified methods (Zhang et al., 2018), numerical method for assess the seismic capacity (Pelà et al., 2013; Zampieri et al., 2014, 2015a,b; Sarhosis et al., 2016; Mahmoudi Moazam et al., 2018; Marefat et al., 2019), methods based on the limit analysis (Basilio et al., 2014; Chiozzi et al., 2017; Bertolesi et al., 2018), analysis strategies able to take into account the settlement of the supports (Galassi et al., 2018a,b; Zampieri et al., 2018a,b, 2019) or geometry uncertainties (Cavalagli et al., 2017), macro-element models (Cannizzaro et al., 2018; D'Altri et al., 2019), and methods based on finite element modeling (FEM) (Brencich and Sabia, 2008; Costa et al., 2016; Scozzese et al., 2019), discrete element modeling (DEM) (Sarhosis et al., 2016, 2019; Forgács et al., 2017, 2018; Stockdale et al., 2019) or a combination of both (Milani and Lourenço, 2012).

A possible outcome of the initial masonry bridge capacity assessment is the need of a strengthening intervention. At this point, it will be required to select the most appropriate intervention technique, among the several possibilities available nowadays (Modena et al., 2015). Such decision depends on performance and strength targets and the restrictions that can arise during the execution of the strengthening. For instance, when the intervention must be carried out without interruption of the traffic on the bridge, the use of fiber reinforced polymer (FRP) composites, applied on the arch intrados, can provide a satisfactory increase in the arch strength (Oliveira et al., 2010). Due to the high tensile strength of the FRP, the formation of collapse hinges is postponed when compared to an unreinforced arch bridge in ultimate load conditions (Oliveira et al., 2010). Furthermore, the application of FRP does not substantially modify the mass and stiffness of the structure (Bertolesi et al., 2018), but does not improve the performance of the bridge for serviceability limit states (Modena et al., 2015).

In this paper, a non-linear continuum model for the analysis of masonry arches strengthened with FRP composites is presented, with the aim of providing numerical tools for the theoretical evaluation of the capacity of FRP-strengthened masonry bridges. As a first step, a finite element model, calibrated based on the experimental results found in Borri et al. (2011), is developed to evaluate the ultimate strength of an FRP-strengthened masonry arch tested in laboratory conditions. The model considers the bond-slip law at the FRP-masonry interface provided by the CNR-DT 200 R1/20132 and a non-linear stress-strain behavior for the masonry. Then, the model is extended for the case of the single-span Prestwood bridge, tested to collapse more than 30 years ago (Page, 1987; Cavicchi and Gambarotta, 2005, 2006, 2007; Sarhosis et al., 2019). Available experimental data from the original test and the results of the numerical models of the laboratory tested arches are used to predict the increase in strength provided by a hypothetical intervention of this structure by means of FRP. In this way, the numerical analysis is validated by combining not only the experimental information obtained under laboratory conditions but also that found during the testing of a real scale masonry arch. It is expected that the proposed methodology will be used for the development of future numerical models able to simulate the behavior and predict the load capacity of real scale FRP-strengthened masonry arches.



MATERIAL MODELING

The structural analysis of the masonry arch bridges is performed using the finite element software DIANA (DIANA FEA BV)3 through a continuum model of the masonry with a non-linear tension and compression stress-strain relationships called “Total Strain Crack Model” (TSCM), as shown in Figure 1. The TSCM provides reliable results when used for the modeling of quasi-brittle materials (such as masonry and concrete) as it allows capturing the phenomena of cracking and crushing of the materials.


[image: Figure 1]
FIGURE 1. Stress-strain diagrams (TSCM).


The TCSM allows to take into account the material deterioration (both in compression and in tension) with the definition of six internal variables (αk) where k = 1,2,.,2n (where n is the number of strain components). Internal variables k = 1,…,n monitoring the maximum strain, hence greater or equal than zero, and variables k = n+1,…, 2 × n monitoring minimum strain and hence smaller or equal than zero (Figure 1; n is the number of strain components). It is assumed that damage recovery is not possible which implies that the absolute values of the internal damage variables are increasing.

The loading–unloading–reloading condition is monitored with the additional unloading constraints (rk) which are determined for both tension and compression to model the stiffness degradation in tension and compression separately.


Constitutive Laws

The relationship between the cracking stress (σnn) and the cracking strain (εnn), in the normal direction respect to the crack, can be defined as:

[image: image]

Where:

-ft is the tensile strength;

-εnn, u is the ultimate tensile strain.

The function [image: image] describes the type of softening model used. If the softening behavior is related to Mode-I, the fracture energy [image: image] can be written as:

[image: image]

Where h is the equivalent length of the element.


Linear Tension Softening

For the case of masonry in tension, the stress can be defined by means of a linear tension softening relationship (see Figure 2A):

[image: image]

The factor α, considering the ultimate strain at cracking, can be written as:

[image: image]

When the ultimate strain is reached, i.e., εnn = εnn, u:

[image: image]

And the tensile strength will be equal to:

[image: image]

where E is the initial Young modulus of the material.


[image: Figure 2]
FIGURE 2. Stress-strain behavior for: (A) tensile linear softening; (B) tensile brittle; (C) compression constant.




Brittle Tension

For the case of brittle tensile behavior (see Figure 2B), after the elastic limit is reached, the stress at the next step is equal to zero and there is no longer tensile strength in the material. This relationship is used to describe the behavior of FRP in tension.



Elastic-Perfectly Plastic Compression

For compression, the masonry is modeled using a function that considers the crushing of the material. The compressive behavior shows a dependence between strength and ductility which increases with the increase of the isotropic stress. For the model, once the maximum compressive strength of the material is reached, the compressive stress remains constant with the increase of the strain (see Figure 2C).

[image: image]
 


Masonry-FRP Bond-Slip Behavior

Debonding of FRP from masonry substrates is generally associated with Mode-I or Mode-II fracture failure modes. However, for the cases analyzed in this paper, it is assumed that spike anchors, designed to absorb the normal tensile stresses between the composite and the masonry substrate, were used as part of the strengthening strategy and therefore, Mode-I is not taken into account in the numerical analysis. Failure Mode-II is considered through the bond-slip relationship shown in Figure 3, which models the bond behavior between the FRP and the masonry substrate.


[image: Figure 3]
FIGURE 3. Bond-slip relation between composite and masonry substrate.


This bond-slip model used a constitutive law based on the “Total Deformation Theory” (Vecchio and Collins, 1986). This theory expresses the tension as a function of the relative tangential displacement (s) between the two materials. The function used to describe the relationship between normal tension (tn) and the relative displacement (Δun) is linear, while the relationship between the tangential stress (τ) and the relative tangential displacement is assumed to be non-linear as described by the following relations:

[image: image]

Where kn is the normal stiffness.

It is possible to describe the tangential stiffness as the partial derivative of the tangential force (τ) with respect to the relative tangential displacement (s). Therefore, the tangential stiffness matrix will be composed of the following terms:

[image: image]
 

Material Behavior Definition for the Model

The tensile and compression behavior of the masonry are defined by means of two stress-strain relationships. For compression, an elastic-perfectly-plastic behavior is considered, while for tension, an elastic law with linear softening (finite fracture energy value) is used. The tensile behavior of the FRP, is modeled considering an elastic-linear behavior with finite strength.

The bond between the FRP and the masonry substrate is defined with a bilinear bond-slip law defined by the CNR-DT 200 R1/2013 based on the characteristics of the masonry substrate. The maximum tangential bond stress can be expressed as follows:

[image: image]

Where ΓF is the fracture energy of the post-elastic branch and su is the ultimate slip.

The angular coefficient of the ascending linear branch (K1) is defined with Equation (11), where Ga and Gm are, respectively, the tangential elasticity module of the adhesive and the masonry block, while ta is the nominal thickness of the adhesive and tm lo thickness of the masonry block that participates in the deformability of the interface. The coefficient c1 ranges between 0.5 and 0.7.

[image: image]

The fracture energy (ΓF) of the post-elastic branch is defined by Equation (12), where kb is a corrective coefficient of geometric type defined by Equation (13). The coefficient kg is defined by experimental tests and is defined equal to 0.093 mm for the case of brick masonry. The values fcm and ftm are the average compressive and tension strengths of the masonry, respectively.

[image: image]
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The ultimate slip (su) is assumed equal to 0.4 mm for clay brick masonry according to CNR-DT 200 R1/2013.




MODEL CALIBRATION

In this section, numerical models for one unstrengthened and one FRP-strengthened masonry arch are calibrated based on the experimental tests carried out by Borri et al. (2011) on specimens subjected to a mid-span concentrated load. The arches are made of a single row of clay brick with a span L of 2,000 mm and an arch rise f equal to 1,000 mm (Figure 4A). The thickness of the arch is 125 mm while the depth is 250 mm. For the strengthening, one 100 mm width FRP layer and spike anchors were applied at the arch intrados (see Figure 4B).


[image: Figure 4]
FIGURE 4. (A) Geometrical properties of the masonry arches tested by Borri et al. (2011); (B) FRP strengthening configuration according to Borri et al. (2011); (C) Mesh adopted for the finite element analysis.


The density, compressive (fc) and tensile (ft), elastic modulus (E) of the bricks and mortar used by Borri et al. (2011), are reported in Table 1.


Table 1. Brick units and mortar mechanical properties (Borri et al., 2011).

[image: Table 1]

The masonry compressive strength (fk) and elastic modulus (Em) of the masonry were calculated according to the Eurocode 64, using Equations (14) and (15):

[image: image]

[image: image]

Where the coefficient K, the mortar compressive strength (fm) and the compressive strength of the brick (fb) are assumed 0.44, 6.95, and 20.99 MPa, respectively. Considering that the tensile strength of the masonry (fctm) was not available, four non-linear analyses were performed in order to determine a value of fctm compatible with the experimental available evidence. For the masonry, Table 3 includes the values of the density, fk, Em, type of constitutive law in compression and tension, Gt, and thickness (t) used in the model. Table 2 also includes values of elastic modulus, ultimate tensile strength, and thickness of the FRP layer. As expressed before, the bond-slip law for FRP and masonry substrate interface proposed by the CNR-DT 200 R1/2013 is used for the development of the numerical models. Considering an FRP width equal to 100 mm, with the FRP mechanical properties reported in Table 2, it is possible to determine the parameters of the bond-slip law shown in Table 3.


Table 2. Masonry and FRP mechanical properties.

[image: Table 2]


Table 3. Bond-slip constitutive law parameters.

[image: Table 3]

The FE model consists of 2D plane strain elements (Figure 4C). The quadratic interpolation and Gauss integration type was adopted for the eight node quadrilateral isoperimetric strain elements. The thickness of the arch was divided into 6 elements for a total of 1,152 elements. The boundary conditions were applied by restraining the nodes of the elements located at the left and right extremes of the arch. The load was applied by means of a displacement at the node located at the arch crow with 50 steps increment. For the analysis, non-linear material and non-linear geometry were considered. The iteration type for the iteration scheme was a Newton Raphson algorithm with 0.01 energy norm.


Unstrengthened Masonry Arch

The mechanical parameters used for the analysis of the unstrengthened arch are shown in the first row of Table 3. The load-arch crown displacement curves obtained from the numerical analyzes of the unstrengthened arch (N.A._U), considering four different values of masonry tensile strength (0.03, 0.04, 0.06, and 0.08 MPa), were compared with the maximum load (Fmax=0.70 kN) and corresponding displacement value (dFMax=1.50 mm) recorded experimentally by Borri et al. (2011), as shown in Figure 5. Results show that the numerical analysis with fctm=0.03 MPa gives the better agreement with the experimental data in terms of Fmax. However, that model highly underestimates the corresponding value of dFmax as the predicted value is equal to 0.24 mm (around six times lower than the experimental one). It is also possible to see that fctm has an almost proportional influence on the maximum load predicted by the remaining models. Values of dFmax seem to be not related with the masonry tensile strength, as results of this parameter for models with fctm equal to 0.04, 0.06, and 0.08 MPa are similar.


[image: Figure 5]
FIGURE 5. Numerical Load—Arch crown displacement curves for the unstrengthened arch.




FRP-Strengthened Masonry Arch

Experimental and numerical load-arch crown displacement curves for the FRP-strengthened arch are shown in Figure 6A. As expressed above, the experimental arch was strengthened using s spike anchors aimed to prevent the debonding of the FRP layer from the masonry substrate. It is highlighted that the experimental curve presented in Figure 6A is a discrete approximation of the curve found in Borri et al. (2011), as all the points in the graph were not available.


[image: Figure 6]
FIGURE 6. Experimental and numerical Load-Arch crown displacement curves for the FRP-strengthened arch: (A) with ftm= 0.03, 0.04, 0.06, and 0.08 MPa; (B) with ftm = 0.06 MPa, and with (N.A._S_BS) and without (N.A._S_PB) perfect masonry-FRP bond.


In Figure 6A, it is possible to observe that the numerical analysis of the strengthened arch (N.A._S) with a value of ftm equal to 0.08 MPa is the closest to the experimental test in terms of Fmax and dFmax. However, it considered that numerical analysis with ftm= 0.06 MPa, appropriately conservative results in good agreement with the experimental evidence. It is also highlighted that the difference in the value of ftm that predicts better results for the unstrengthened (ftm = 0.03 MPa) and strengthened (ftm = 0.06 or 0.08 MPa) conditions might be attributed to a random distribution of the tensile strength that cannot be controlled during the construction of the specimens.

In Figure 6B, the finite element analysis performed with the use of the bond-slip law at the FRP and masonry interface and a tensile strength of 0.06 MPa (NM_S_BS in Figure 6B) is compared with an analysis assuming perfect bond between the masonry substrate and the FRP layer (NM_S_PB in Figure 6B). For the latter case, the maximum tensile strength of the FRP was limited to that obtained for an effective bonded length of 100 mm and a maximum tangential stress of 2.9 MPa (i.e., 207 MPa). Results show that the curves obtained numerically are practically the same, although both underestimate the experimental Fmax. For this case, this result suggests that a simplification of the numerical analysis assuming perfect bond provides similar results than that of a model that uses a more refined FRP-masonry bond interface law. Therefore, such simplified model might be used for a fast and preliminary evaluation of the increase in strength provided by the FRP strengthening, as long as the maximum tensile force in the composite is limited to a value based on the bond strength at the masonry-FRP interface.




MASONRY ARCH BRIDGE: PRESTWOOD BRIDGE

The FEM calibration carried out in the previous section is extended to the case of the well-known Prestwood bridge, for which experimental data from a destructive test is available (see Figure 7A). First, using the ultimate experimental load and previous numerical analyzes developed by other authors (Cavicchi and Gambarotta, 2005; Sarhosis et al., 2019) a FEM of the original structure, was performed. Subsequently, a second model, in which a layer of FRP is applied at the arch intrados, was developed using the analysis strategy and the bond-slip law previously calibrated.


[image: Figure 7]
FIGURE 7. Prestwood bridge (A) collapse; (B) geometrical properties.


The Prestwood bridge is a single-sided masonry bridge with a span L = 6,550 mm, arch rise f = 1,428 mm, width s = 3,800 mm and thickness t = 220 mm (see Figure 7B). The mechanical properties of the materials and used for the FEM of the bridge are shown in Table 4.


Table 4. Prestwood bridge: material mechanical properties.

[image: Table 4]

As before, masonry was modeled with using the TSCM stress-strain relationship (see Figure 1). The filling was modeled using 2D finite elements considering a perfectly plastic elastic constitutive law with a Mohr-Coulomb failure criterion (see Table 4).

The bridge was tested in situ by applying a distributed load over a 300 mm long section over the entire thickness of the arch at one quarter of the span (see Figure 7B). The load was applied in the model through a 300 × 3,800 mm rigid zone. The numerical model and the mesh discretization are shown in Figure 8A. The numerical analysis, the iteration type and the iteration scheme are the same defined for the numerical analysis of the arch tested by Borri et al. (2011) (see section Model Calibration) but in this case, 100 steps of displacement increment were required.


[image: Figure 8]
FIGURE 8. (A) Model mesh discretization; (B) plastic zones contour at ultimate load; (C) cracking pattern contour at ultimate load condition; (D) Prestwood bridge: Experimental collapse mechanism.



Unstrengthened Bridge

The results of the numerical analysis of the Prestwood bridge (unstrengthened bridge, NA_US) are presented in this section. Figures 8B,C show the plastic zones location cracking pattern contour obtained from the model at ultimate load condition, respectively. Results show that the collapse mechanism and plastic hinge location are in good agreement with the available experimental results shown in Figures 7A, 8D.

As pointed out by other authors (Cavicchi and Gambarotta, 2005), Figure 8B shows that the filling, in addition to act as a permanent load applied to the arch, provides the structure with an additional strength that cannot be neglected.

Figure 9 shows the load-arch control displacement point curve for the unstrengthened condition obtained from the numerical analysis. The arch control displacement point corresponds to the node located at the middle of the arch thickness underneath the center of application of the load. Figure 9 also includes the value of maximum applied load obtained from the measurements on site (228 kN) (Page, 1987). As seen in Figure 9, the maximum applied load predicted by the numerical analysis (245 kN) is in good agreement with the experimental one, which validates the FEM.


[image: Figure 9]
FIGURE 9. Numerical Load-Arch displacement control point curve (unstrengthened and strengthened conditions) and experimental maximum applied load (unstrengthened condition) for Prestwood bridge (Page, 1987).




Strengthened Bridge

This section presents the results of the numerical analysis aimed to predict the contribution of the application of an FRP layer to the Prestwood bridge strength. The model was developed using the numerical analysis strategy shown in Model Calibration for the modeling of the experimental tests conducted by Borri et al. (2011). The masonry-FRP interface was modeled by means of the bilinear bond-slip law proposed by the CNR-DT 200 R1/2013 with the parameters shown in Table 5. The FRP strengthening consist in one layer of the composite applied to the entire surface of the intrados of the bridge, shown in Figure 10A. The mechanical and properties of the FRP composite can be found in Table 3.


Table 5. Prestwood bridge model: bond-slip constitutive law parameters.

[image: Table 5]


[image: Figure 10]
FIGURE 10. (A) Arch FRP strengthening, (B) normal and tangential stress distribution between FRP and masonry substrate, (C) lateral view of spike anchors, (D) influence area of the i-th spike anchor.


Due to the curved surface of the arch, the tensile force Nt on the FRP requires the development of tangential stresses (τn), and normal tensile stresses (σn) at the masonry-FRP interface for the system to be in equilibrium (see Figures 10A,B).

The numerical model was developed considering that the tangential stresses (see Figure 10B) are resisted by the bond strength at the FRP-masonry interface. In addition, it was assumed that the normal tensile stresses (σn) are resisted by anchors placed at the arch intrados (see Figures 10C–D). Under this consideration, the force acting in each anchor (Fc), for a given area of the strengthening (A), is equal to:

[image: image]

Figure 9 shows the numerical load-arch control displacement point curve for the strengthened condition. It is possible to observe that the presence of the FRP layer provides an increase in peak load of 43 and 33% with respect to the unstrengthened experimental and numerical peak applied loads. It is worth noticing that the peak load was defined as the condition for which the ultimate strain of the masonry in compression or the FRP in tension is reached. For this case, this condition is attained due to crushing of the masonry. For this reason, the FRP material is not fully exploited and the stress developed in the composite at ultimate conditions is about 60% of the stress that could developed under debonding conditions (τf = 1.1 MPa). When results in Figures 5, 6, 9 are compared, the increase provided by the strengthening is significantly lower for the Prestwood bridge than for the arch tested by Borri et al. (2011). This result can be explained by the presence of the infill and the lower material properties of the masonry of the Prestwood bridge.

Figure 9 also shows that the presence of the FRP layer does not influence the initial stiffness of the strengthened bridge when compared to the unstrengthened condition. However, the value of displacement at peak load for the strengthened condition (2.42 mm) is lower than that obtained from the unstrengthened model (3.44 mm). This result implies that in addition to an increase in the peak load, the FRP system provides a reduction in the corresponding displacement when compared to unstrengthened conditions.




CONCLUSIONS

In this paper, a numerical analysis procedure to evaluate the structural performance of FRP-strengthened masonry arches was calibrated based on experimental evidence found in the available literature. Then, this method was extended to the well-known Prestwood bridge in order to evaluate the possible increase in strength provided by an eventual intervention by means of FRP applied at the arch intrados. The main conclusions that can be drawn from this study are:

• For both unstrengthened and strengthened conditions, the value of mean tensile strength of the masonry plays a crucial role on the overall structural performance of the arches. Numerical results show that higher values of maximum load attained by the arches are expected for higher values of masonry tensile strength. However, the value of the displacement associated to the maximum load seems to be independent of the tensile strength.

• Different values of mean tensile strength for the unstrengthened and strengthened conditions were required to calibrate the numerical models performed in this study, although the experimental data was taken from arches constructed and tested under the same laboratory conditions. These results suggest that even under such ideal conditions, it is possible to find a significant dispersion in the values of the mechanical properties of the materials, that might affect significantly the overall structural performance of the specimens.

• A simplification of the numerical analysis that assumes perfect bond between the masonry and the FRP composite instead of the use of a bond-slip law at the matrix-FRP interface might provide reliable results as long as the maximum tensile strength in the composite is limited to that would be attained under debonding conditions.

• The increase in strength provided by the application of an FRP layer to the intrados of the arch of a real bridge analyzed in this paper with respect arches tested under laboratory conditions is lower. The reduction in the effectiveness of the strengthening can be attributed to the following reasons: (i) The scale factor between the arch size and the area of FRP applied for the specimens tested in the laboratory are not similar to those found in real bridges; (ii) The presence of the filling material (not found in most experimental tests) increases the normal stress acting in the arch and consequently reduces the beneficial effect of the strengthening; (iii) Mechanical properties of the masonry in real bridges might be generally lower than those used in laboratory, due to the age of construction and conservation state.

The above conclusions were drawn based on the results obtained during the numerical analysis of the chosen study cases. However, it is hoped that the procedure described in this paper will help researchers to develop future numerical models of masonry arches with different types of load, geometric and strengthening conditions.
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