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Abstract

:

Featured Application


Through the estimate of the Load Rating Factor of existing railway masonry arches, it is possible to identify and define an order of urgency for those bridges belonging to this structural type which fail to comply with current design codes, or which are most in need of thorough verification. As a result, the algorithm presented can be employed within a framework of risk assessment and prioritization of interventions.




Abstract


Most railway masonry arch bridges were designed according to codes that predate the 1950s; therefore, assessing their load-carrying capacity to comply with current codes is of the utmost importance. Nonetheless, acquiring the necessary information to conduct in-depth analyses is expensive and time consuming. In this article, we propose an expeditious procedure to conservatively assess the Load Rating Factor of masonry arch railway bridges based on a minimal set of information: the span, rise-to-span ratio, and design code. This method consists in applying the Static Theorem to determine the most conservative arch geometry compatible with the original design code; assuming this conservative geometrical configuration, the load rating factor, with respect to a different design load, is estimated. Using this algorithm, a parametric analysis was carried out to evaluate the Load Rating Factor of old arch bridges in respect of the modern freight load of the Trans-European Conventional Rail System, for different spans, rise-to-span ratios, and original design codes. The results are reported in easy-to-use charts, and summarized in simple, practical rules, which can help railway operators to rank their bridges based on capacity deficit.
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1. Introduction


Recent bridge failures all over the world [1,2,3], including the collapse of the Morandi bridge in Italy, which caused 43 deaths in 2018 [4], turned the spotlight on the state of the existing bridge asset worldwide [5]. In the wake of such accidents, verifying whether heritage structures have enough load-carrying capacity to comply with current codes has become an urgent need [6,7,8,9]. For those structures constructed prior to the most recent codes, which represent the majority of the railway infrastructures in many countries [10,11,12], the old age of the bridges and consequential lack of documentation makes it particularly complicated to acquire information from the infrastructure operators [9,13,14]. In principle, in order to properly understand the state of deterioration and residual capacity of an existing bridge [14,15,16,17], an extensive campaign of tests, monitoring, and assessment needs to be conducted [12,14,18,19,20].



However, the large number of structures typically managed by each operator makes it unfeasible to conduct, in the short term, an in-depth evaluation of every bridge [8,21,22]. Consequently, several national authorities have developed assessment procedures involving multiple levels of complexity: the logic is to assess all bridges with a first-level conservative procedure [23,24,25], which requires minimal knowledge of the structural extent, and then proceed with more refined assessment methods [26,27] only if a critical situation [28] or insufficient load-carrying capacity [29,30,31] is highlighted. Understanding what the original code design demand was, and comparing it with the current code design demand, is therefore a key step in carrying out the first level of verification [12,32,33], particularly for masonry arch railway bridges [11,34], most of which were designed according to pre-WW2 codes [8,21,35].



As for first level verifications, operators could perform extensive numerical simulations on their stock of bridges to evaluate their load-carrying capacity, as performed in [36] for a single masonry arch bridge. Nevertheless, recent developments in numerical simulation, applied to civil engineering, mainly focus on accurately studying complex structural behaviors and actions [8,9,37,38,39,40], rather than on providing expeditious methods of working with limited input data. In the literature, different theories about the safety of masonry arches can be found [41], among which are the Mery Method [42], the first rational approach to arches [43], and Heyman’s Safe Theorem [44,45]. Yet even the most recent methods for evaluating the capacity of masonry arch bridges [32,46], including those based on limit analysis [47,48] and probabilistic approaches [32], involve a thorough and comprehensive knowledge of the structural geometry and properties. In particular, all geometric [47] and material data [32] are required, in most procedures, in order to evaluate the arch capacity, with special consideration of the arch depth and fill properties [49]. It is, however, difficult to obtain such information without performing expensive inspections and samplings [11,50]. In addition, despite existing exhaustive numerical studies on the behavior of masonry arch bridges [8,36], the technical literature does not currently report any ‘fast and frugal’ methods for assessing the reserve capacity of a masonry arch.



In this article, we propose an expeditious procedure to conservatively assess the reserve capacity of masonry arch railway bridges with a minimal set of information, namely the span, rise-to-span ratio and design code, employable within a framework of risk assessment and prioritization of interventions. The method, based on an iterative application of the Static Theorem [43,51], determines the most conservative arch geometrical configuration compatible with the original design code, through a shape-finding first step [41,48,52,53], and thereupon estimates the capacity reserve of bridges designed according to such code with respect to different loads. A parametrical analysis considering current European railway loads, as in [54,55], and a set of different spans and rise-to-span ratios was carried out, thus demonstrating the feasibility of the method to real railway bridges, and developing easy-to-use charts providing the reserve capacity of arches based on the design code. Since in older design codes dynamic effects were not always accounted for, the analysis was carried out both considering and neglecting the dynamic amplification factors required by most recent codes. The proposed method allows operators to promptly single out those bridges which require immediate attention, without the need of complex analysis. Hence, it provides a useful tool for ranking bridges by their priority for extensive tests, inspections, and formal assessments, as well as for programming maintenance, repair, and reconstruction works.




2. Numerical Methods


In order to assess the reserve capacity of a masonry arch without performing an in-depth analysis, where the ability of a bridge to withstand current codes load requirements is intended, a simple method that requires only few input data was developed.



The main aim of the method is presented in Section 2.1, whilst the numerical procedure, consisting of two analyses, and the numerical algorithm are outlined in Section 2.2 and Section 2.3, respectively. Lastly, indications regarding the load redistribution hypotheses are provided in Section 2.4.



2.1. Aim of the Numerical Method


The main aim of the method is to determine if a minimal reserve capacity can be guaranteed by evaluating the Load Rating Factor  V  [24] for a particular railway load, given only the span  L , rise-to-span ratio   f / L  , and design loads.



The Load Rating Factor  V  is associated with the load multiplier and provides an estimate of the ratio between capacity  C  and demand  D .



In general, for an arch which bears the permanent load  g  and the live load q, the total load  F  can be defined as in Equation (1):


  F = g + α · q  



(1)




where α is the load multiplier. The multiplier allows quantification of the live load increase in comparison to the reference value  q . For   α = 1  , the live load is the exact reference load, whereas for   α > 1   the live load is greater than the reference load. An evaluation of the critical load multiplier    α  c r      is carried out by increasing the load multiplier α and verifying the arch subjected to the load  F  for each and every increment. When the arch is not verified, it means that the load  F  is excessively high for the given arch, and any further increment of  α  would be pointless. The last, or rather the maximum, load multiplier  α  for which the arch is verified is the critical load multiplier    α  c r    .



In the case of moving loads, the procedure for the evaluation of the critical load multiplier is to be repeated for every position   k    of the load. For instance, given a single load, the load would be applied, in turn, at every coordinate    x k   . Instead, given a two-axial load, with each axis at a distance  a , the position of the two axes would be    x k    and    x k  + a  . The critical load multiplier of the whole structure would be the minimum of the critical load multipliers    α  c r , k     found for every position of the load, as in Equation (2).


   α  c r   = m i n  (   α  c r , 1    (   x 1   )  ,  α  c r , 2    (   x 2   )  ,  α  c r , 3    (   x 3   )  , …  )   



(2)







Finally, the Load Rating Factor  V  can be defined as the minimum of the critical load multipliers    α  c r    , as shown in Equation (3):


  V =   C − g  q  =    (  g +  α  c r   · q  )  − g  q  =  α  c r    



(3)








2.2. Numerical Procedure to Conservatively Assess the Reserve Capacity in Existing Masonry Arches


For the generic masonry arch geometry presented in Figure 1, the method for the evaluation of the Load Rating Factor  V  consists in two subsequential analyses, summarized hereafter and outlined in Figure 2:



	
Capacity analysis—Minimum depth and horizontal thrust definition






Being the span of the arch  L  and rise-to-span ratio   f / L   the only geometrical information available, a preliminary analysis for the minimum depth and horizontal thrust definition is necessary to univocally define the arch. These data are determined for a given design load, and the arch therefore requires such a depth to be verified (Section 2.2.1) for the given design load    q d   . The procedure is conducted as follows:




	1.a.

	
Evaluation of the minimum depth of the arch    s  m i n    , for which the arch is verified for the design code, and for which there can be no further load increases, i.e., with the hypothesis of critical load multiplier    α  c r   = 1  .




	1.b.

	
Evaluation of the design horizontal thrust    H  M A X , d       as the maximum of all the minimum horizontal forces related to the lines of thrust, for which the equilibrium is satisfied, for every position of the load on the arch of depth    s  m i n   ,    defined as the previous bullet point. Since   s    =     s  m i n     does not imply that the most restrictive value of    H  M A X , d     is found as well, a certain number of depths   s    >     s  m i n     can be stored with their associated    H  M A X , d     values, to define more configurations to employ in the following demand analysis. Small variations of    H  M A X , d     are found when the value of    s  m i n     is increased, and the most severe situation should be found for values of  s  directly next to    s  m i n    .









	2.

	
Demand analysis—Load Rating Factor  V  definition







Once the capacity analysis is concluded, the demand analysis is to be conducted for each  s  and    H  M A X , d     configuration. For such configurations, the Load Rating Factor is evaluated for the railway line load    q v   , for which the reserve capacity should be investigated. The procedure is the following:




	2.a.

	
Evaluation of the critical load multiplier    α  c r     of the line load, for which the arch is verified (Section 2.2.1) and the horizontal thrust  H  does not exceed    H  M A X , d    . In the case of moving loads, the critical load multiplier    α  c r , k     is evaluated for every position of the load moving on the deck, as indicated in Section 2.1.




	2.b.

	
Assessment of the Load Rating Factor  V  as the minimum load multiplier, or rather the minimum of the multiplier    α  c r , k    , i.e.,    α  c r   = min (  α  c r , k    ) for moving loads or    α  c r     for stationary loads.









The Load Rating Factor  V  of the whole structure is the minimum of the factors found for every  s  and    H  M A X , d     configuration.



It can be observed that additional inputs, i.e., the density of the materials  γ , the thickness of the arch  B , and the depths of the ballast  b  and filling layer  c , are necessary to evaluate the exact critical load multiplier of a single arch configuration. However, for the application of the full method (capacity analysis and demand analysis) to a stock of arches, conservative assumptions can be made on the additional data, e.g., no filling layer   c = 0  , which reduces the size of the input information, yet allows the obtainment of valid estimates of the Load Rating Factor  V . Indeed, considering that the minimum geometry of the arch is governed by the shape of the bending moment, rather than by its magnitude, assumptions on additional data have a limited effect compared to the definition of the transiting loads. In fact, the shape of the bending moment, induced by the ballast and filling layer, is less critical than the one caused by the transiting load, since the latter is more concentrated. In addition, the aim of the full method is to point out the bridges that require an in-depth analysis, i.e., bridges for which a reserve capacity cannot be guaranteed without performing an in-depth analysis. Conservative assumptions give the smallest arch geometry, thus leading to the most critical design situation to be verified. Finally, the same additional data are considered in both the capacity and demand analyses, further reducing their influence on the final output V.



2.2.1. Verification of the Arch


In order to carry out the reserve capacity assessment shown in the previous paragraph, a verification of the arch based on the Static Theorem is used. This method verifies, for each load condition, whether there exists at least one line of thrust, in equilibrium with the external loads, which is contained within the depth of the arch. This condition is sufficient for equilibrium and provides a lower limit of the load multiplier [56].



The arch is considered a masonry arch, given a span  L  and rise-to-span ratio   f / L  , that bears the permanent load  g , the reference live load  q , and the horizontal thrust  H , applied at heights    y  0 , l     and    y  0 , r    , as shown in Figure 3. The developed algorithm also enables the application of horizontal actions, e.g., seismic forces. Nevertheless, since more in-depth analyses are recommended when considering such actions [8,21], and the purpose of the algorithm is to provide a quick estimate of the capacity of old bridges with respect to the new traffic loads, only vertical forces are considered and represented in Figure 3.



The arch will be subjected to a bending moment    M q    and a bending moment    M g   , associated, respectively, with the loads  q  and  g , the sum of which gives the total bending moment    M F   . Defining    M H    as the resisting moment of the arch, the equation that describes the line of thrust    Y ¯   ( x )    can be written as follows:


   Y ¯   ( x )  =    M  t o t    ( x )     H  =    M F   ( x )  −  M H   ( x )     H  =    M F   ( x )  −  M l   (     L 2  − x  L   )  −  M r   (     L 2  + x  L   )     H   



(4)




where   M l   and   M r   can be calculated as:


  M l  ( x )  = H  y  0 , l    



(5)






  M r  ( x )  = H  y  0 , r    



(6)







The condition for which the arch is verified establishes that, given the external load  g  and  q , there exists at least one value of  H  for which the line of thrust is contained within the depth of the arch.





2.3. Numerical Algorithm


The procedure is carried out by means of a numerical algorithm. The arch is discretized into blocks, the number of which, i.e.,    n  b l o c k s    , can be defined by the user to increase accuracy, or decrease computation time. Three main sections (Sections 1–3 of Figure 4) are identified, and possible lines of thrust    Y ¯   ( x )    are defined by varying the values of  H ,    M l   , and    M r    in Equation (4). The arch is considered to be verified if there is at least one line of thrust crossing the three sections that, for every  x , is contained in   d  ( x )   . Figure 4 shows all possible line of thrust that cross the three main sections. Rejected lines of thrust, that are not contained in   d  ( x )    for every  x , are depicted in red. In this configuration the arch is assumed to be verified, since at least one line of thrust is accepted (green lines).



For the line of thrust to cross the main sections, one and three, and for the equilibrium at the base sections to be satisfied, the values of the bending moments    M l    and    M r   , and therefore the values of   H  y  0 , l     and   H  y  0 , r    , must necessarily be lower than    R l  s ’   and    R r  s ’  , respectively.


  0 < H ·  y  0 , l   ≤  R r  ·  s ′   



(7)






  0 < H ·  y  0 , r   ≤  R r  ·  s ′   



(8)







As a consequence, the algorithm will employ only the values of    y  0 , l     and    y  0 , r     shown in Equations (9) and (10):


  0 <  y  0 , l   ≤    R l   H  ·  s ′   



(9)






  0 <  y  0 , r   ≤    R r   H  ·  s ′   



(10)




where    R l    and    R r    are the vertical reaction forces at the base extremities of the arch, as shown in Figure 4, and    s ′  =  L 2  −      L 2   2  + s + 2 r s     is the base horizontal section of the arch, with the arch internal radius   r =    L 2    8 f   +  f 2   . It is important to notice that, as shown in Figure 4, for arches with a rise-to-span ratio   f / L = 1 / 2  ,   s ′   coincides with the depth of the arch  s .



In addition, for equilibrium conditions, and for the line of thrust to cross the main Section 2, the total bending moment in the midspan    M  t o t    (  x = 0  )    must have a value between   H ·  (  f + s  )    and   H · f  .


  H · f ≤  M  t o t    (  x = 0  )  =  M F   ( 0 )  −    M l   2  −    M r   2  ≤ H ·  (  f + s  )   



(11)







Therefore, given the hypothesis of Equations (7), (8) and (11), it is necessary to find values of H,    M l    and    M r    such that:


     M F   ( 0 )  −    M l   2  −    M r   2    f + s   ≤ H ≤    M F   ( 0 )  −    M l   2  −    M r   2   f   



(12)






  0 <  M l  ≤  R l  ·  s ′   



(13)






  0 <  M r  ≤  R r  ·  s ′   



(14)








2.4. Hypotheses on the Load Redistribution


Different hypotheses can be made on the load application, and a simplified redistribution of the load can be employed. In particular, for the analysis conducted within this paper, a uniform transversal load distribution and a longitudinal load distribution on crosspieces were applied. The transversal load was redistributed on a thickness   B = 3.5    m   , and the longitudinal load was distributed on three crosspieces with a thickness of   t = 0.25    m    and axes at a respective distance of   i = 0.5    m   . The longitudinal distribution angle was   α = 15 °   in the ballast, and   β = 30 °   in the fill and spandrel, according to Figure 5.



The load redistribution model is arbitrary; therefore, more accurate models such as Boussinesq [57] can be used at will. With respect to the purpose of this paper, however, more accurate models are beyond the scope of this research.





3. Validation of the Algorithm


Being the presented algorithm an application of the Static Theorem, a comparison between the results obtained using such an analysis and the Kinematic Theorem was carried out [43,51]. While the Static Theorem aims to find a lower limit of the load multiplier, the Kinematic Theorem’s objective is to find an upper limit of the load multiplier [51,56,58]. The comparison was based on the lines of thrust obtained with the two methods, as well as on the position of the plastic hinges.



Four case studies were analyzed in order to validate the algorithm. In particular:






	

Case study 1: All sixth arch with a concentrated force applied in the midspan of the arch.




	

Case study 2: All sixth arch with a concentrated force applied at a distance of   1.767   m   from the left intrados springing point.




	
3.


	

Case study 3: All sixth arch, without ballast, and the Category D4 line load was applied with the first wheel at a distance of   1.941   m   from the left intrados springing point.




	
4.


	

Case study 4: All sixth arch, with ballast, and the Category D4 line load was applied with the first wheel at a distance of   1.941   m   from the left intrados springing point.







The arches considered in the four case studies are all sixth arches characterized by length of the arch   L = 5   m  , depth   s = 0.55   m  , fill layer depth at the key of the arch   c = 0   m  , and depth of the ballast layer null (  b = 0   m  ) for the first 3 case studies, while the ballast layer was considered to be   b = 0.8   m   for the 4th case study. The arch thickness was set as   B = 3.5   m  . The unit weights    γ  A R   = 20   kN /  m 3   ,    γ  B A L L   = 18   kN /  m 3    ,   and    γ  F I L L   = 18   kN /  m 3    were considered for the masonry, ballast, and fill layer respectively. The train-track load was assumed    q  T T   = 2    kN  /  m 2   .



The arches were each divided in 40 blocks (   n  b l o c k s   = 40  ) and the hypotheses on the load distribution were as stated in Section 2.4.



For validation, it was not necessary to conduct the capacity analysis (Section 2.2) since the depth of the arches was given; therefore, only the demand analysis was conducted.



The lines of thrust obtained with the numerical algorithm are shown in Figure 6, where, for comparison purposes, the positions of the plastic hinges obtained with a software that operates using the Kinematic Theorem (software Ring [59]) are shown in red.



The position of the plastic hinges coincides with good approximation for all the 4 validation case studies. In addition, even though Ring employs a more refined load redistribution rule (Boussinesq [57]), the results obtained with Ring and with the proposed numerical method are in good agreement, confirming that the accuracy of the implemented redistribution rule is sufficient at this stage.




4. Application to a Stock of Bridges with Current Verification Loads


An application of the developed method is proposed in this section. An extensive parametric analysis was performed to assess the reserve capacity of a stock of masonry arches of the railway system (Figure 7).



To obtain results on the safe side, conservative assumptions were made on the geometrical quantities, and neither the fill layer above the crown of the arch, nor the ballast, were considered (  c = 0   m  ,   b = 0   m  ). The arch thickness was set as   B = 3.5   m  . The unit weights    γ  A R   = 20   kN /  m 3   ,    γ  B A L L   = 18   kN /  m 3   , and    γ  F I L L   = 18   kN /  m 3    were considered for the masonry, ballast, and fill layer, respectively, and the train-track load was assumed    q  T T   = 2   kN /  m 2   .



The arches were each discretized in 40 blocks (   n  b l o c k s   = 40  ) and the assumptions on the load distribution were the ones described in 2.4.



Arches with eight different spans  L  (between 5 and 50 m) and seven   f / L   ratios were investigated. Four design codes, from 1925 to 1945, were considered, resulting in different design loads for the existing arches, namely 1925 [60], 1926 [61], and 1945A and 1945B [62]. The reserve capacity of the arches was evaluated with respect to three actual loads acting on the infrastructures in accordance with the classification of lines, or sections of lines, as reported in [54,55]. The B2, C3, and D4 line loads shown in Figure 8 were used in this study. The load configurations employed for all these design and line loads were single or multiple concentrated forces, with the only exception of the 1926 code, which recommends the only use of distributed loads, as shown in Figure 8.



In Figure 8 the loads are shown in tons (t) and tons per square meter (t/m2), whereas the interaxle spacing is shown in centimeters (cm).



The stability of the arches is governed by the shape, rather than the magnitude of the bending moment. Therefore, only load configurations consisting of single wagons were considered in the analyses, since they lead to more uneven distributions of the bending moment and thus were judged to be more critical for stability. Nevertheless, the developed method allows for the use of different load layouts, if more extensive parametric analyses are intended.



For exemplificative purposes, the procedure is illustrated for the 1945A design load and the B2 line. Firstly, the design arch depth  s  was sought for each one of the different load configurations associated with the 1945A trains. Three load configurations were employed, consisting of a single load and the loads representing two single train components, namely a locomotive and a wagon. The minimum depth    s  m i n    , together with the associated value of horizontal thrust    H  M A X , d    , is reported for arches with   L = 5   m   in Table 1. The maximum among the    s  m i n     of each load configuration was selected to define the arch geometry to be verified, since it represents the minimum design depth to comply with the 1945A code. However, choosing an arch with the minimum depth    s  m i n     did not imply that the lowest value of    H  M A X , d     was found as well. For this reason, 15 depths from    s  m i n     to    s  m i n   + 0.15   m  , with the associated    H  M A X , d     values, were stored, defining a list of  s -   H  M A X , d     configurations to be verified. In detail, for each configuration, the B2 load was moved along the span, and for every  k -th load position the value of    α  c r , k     was determined. The lowest value of    α  c r , k     for each load position was taken as the    α  c r     for the specific  s -   H  M A X , d     configuration. The lowest among the load multipliers    α  c r     of each of the  s -   H  M A X , d     couples identified the reserve capacity that could be guaranteed for the investigated arch. The results of the analyses for each of the   f / L   ratios and   L = 5   m   are shown in Table 1.



The analyses were performed for different spans, and the outcomes are summarized in Table 2 and Figure 9.



Being that the minimum load multiplier precisely describes the Load Rating Factor  V , the following factors (Table 2) can be obtained for the 1945A design code with respect to the B2 line load.



Similarly, this approach was adopted for the 1925, 1926, and 1945A and 1945B design codes, as well as for the B2, C3, and D4 load lines. The minimum reserve capacity for each combination of design and verification loads are reported in Table 3.



It appears evident that, for arches designed according to the 1926 code, no capacity reserves could be found, since    α  c r     is always less than 1. This result is due to the fact that the 1926 code prescribes the use of distributed loads, which are less critical because they induce a shape of the bending moment that follows the shape of the arch fairly well, and in principle allows for the design of arches with a very small depth.



The same procedure was repeated considering a dynamic amplification factor  Φ  to increase the applied loads:


  F = g + Φ · α · q  



(15)







The value of the dynamic amplification factor  Φ  depends on the code, and on the length of the arch, as depicted in Figure 10. In detail, constant values were assumed for the design codes, notably   Φ = 1   for the 1925 and 1926 loads and   Φ = 1.25   for the 1945A and 1945B loads, whilst  Φ  varied with the length for the line loads B2, C3, and D4. The dynamic amplification factors are higher for the B2 and C3 lines, since they have higher associated design velocities compared to the D4 line.



It is important to notice that for the dynamic amplification factors used in this analysis, it was assumed that, for the 1925 and 1926 design codes, no dynamic amplification was considered at the design stage.



The minimum reserve capacities obtained from the analyses are summarized in Table 4 for each combination of design and verification loads.




5. Discussion of the Results


The results reported in Table 3 and Table 4 are shown in Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16 for a more immediate understanding of the outputs.



It emerges that, for very short bridges with spans in the order of 5 m, the Load Rating Factor always results in a value much lower than one.



The analysis also outlines how design loads prior to the World War 2 were less demanding than more recent ones, whereas design loads subsequent to 1945 highlight the presence of a capacity reserve with respect to the current line loads. With reference to the line loads, they are ordered by burdensomeness as well; thereby, the reserve capacity is higher for B2 line loads and lower for D4 line loads.



It appears evident that the reserve capacity for each line is strongly influenced by the design code. Indeed, the 1945A code allows for remarkable capacity reserves, whereas lower Load Rating Factors  V  were found for the 1945B code. In fact, the most severe load in the 1945 code is the single-axis wagon, which in the 1945A design load has a higher value than in 1945B (see Figure 9), resulting in higher    s  m i n    , and, as a consequence, a higher capacity.



Reserve capacities similar to 1945B were obtained for 1925 code (Figure 11, Figure 12 and Figure 13), although for the latter almost no capacity reserves were found when considering the dynamic amplification (Figure 14, Figure 15 and Figure 16). Significant capacity deficits were always found for the analysis conducted with the 1926 design code, since distributed loads, such as the ones prescribed in such codes, are less critical, as the Load Rating Factor  V  is a function more of the shape of the bending moment than of its entity. As a consequence, the 1926 code allows for designing arches with depths    s  m i n     so low that they are not sufficient to meet the verification loads (B2, C3, and D4). It follows that it cannot be assumed that arches designed according to such a code are automatically verified for the line loads, as the obtained Load Rating Factors are always lower than one.



Furthermore, verification against the 1925 and 1926 codes results in considerably lower capacities when dynamic amplification is considered (Figure 14, Figure 15 and Figure 16). This is due to the fact that the dynamic amplification factor  Φ  equals one for the 1925 and 1926 codes, i.e., no dynamic amplification was prescribed in the codes, whilst for the verification loads (B2, C3, and D4) it is always higher than one (Figure 10). Hence, the design    s  m i n     and    H  M A X , d     remain unchanged, as compared to the analysis without dynamic amplification, but higher verification loads are applied, resulting in more burdensome verifications. When applying the dynamic amplification, the values of the Load Rating Factors  V  for the 1925 design loads are, therefore, lower or just slightly higher than one, even for spans above 5 m.



Based on the results of the parametric analysis, some indications can be gathered for masonry arches designed according to Italian codes. For bridges with spans   L < 10    m   , or designed according to the 1926 design code, no evidence of capacity reserve was found. With regards to bridges designed according to 1925 code, they resulted in being verified for   L ≥ 10    m    when dynamic amplification is neglected. Instead, when dynamic amplification is considered, a capacity reserve is found only when the B2 verification line load is used on bridges with spans   L ≥ 25    m   . As far as the 1945 code is concerned, when dynamic amplification is neglected, only bridges with spans   L ≥ 10   m   are able to withstand the current loads, whereas when dynamic amplification is accounted for, different results between 1945A and 1945B codes can be observed. In particular, when using the 1945A code, a reserve capacity is found for arches with spans   L ≥ 15   m  , while for bridges designed according to the 1945B code a capacity reserve is observed for structures with spans   L ≥ 20   m  , or for spans   L ≥ 15   m   if the B2 verification line load is used. The minimum spans found for the generic arches, to show a reserve capacity, are summarized in Table 5.



As a final remark, it is important to note that applying dynamic amplification does not necessarily imply that the reserve capacity decreases. This can be observed by comparing the Load Rating Factor obtained for the 1945 codes with and without dynamic amplification (Figure 17, Figure 18 and Figure 19). The trend shown by the curves can be explained looking at the dynamic amplification factors applied (Figure 10). The dynamic amplification factor for the 1945 design code    Φ  1945     is equal to   1.25  , and similar values of the amplification factor are prescribed for 25 m span bridges in the B2, C3, and D4 line loads. Accordingly, for   L = 25   m   the Load Rating Factor  V , with and without dynamic amplification, is almost the same (Figure 17, Figure 18 and Figure 19). Instead, the factors for the B2, C3, and D4 line loads, respectively    Φ  B 2   ,    Φ  C 3   ,      and   Φ    D 4    , are higher than    Φ  1945     for spans   L < 25   m  , and lower than    Φ  1945     for spans   L > 25   m   (Figure 10). In a similar way, for   L < 25   m  , lower values of the Load Rating Factor  V  are obtained, since the verification load becomes more severe compared to the design loads, whereas for   L > 25   m  , the verification load becomes less burdensome, resulting in higher values of the Load Rating Factors  V  (Figure 17, Figure 18 and Figure 19).




6. Conclusions


Many bridge operators are currently upgrading their procedures for inspection, maintenance, and monitoring of existing structures towards multilevel approaches. The logic is to start verifying the bridges with simple conservative methods, and then proceed with more refined and expensive procedures, only if the minimal load carrying capacity is not assessed.



In this paper, an easy-to-use method for first-level expeditious assessments of masonry arch railway bridges is proposed. This method provides conservative evaluation of the reserve capacity of existing arches, with respect to the current design load, given only its span, the rise-to-span ratio, and the original design code. The procedure perfectly responds to the need for a straightforward way of assessing the reserve capacity of existing bridges without the need for comprehensive knowledge of the structural properties.



For specific masonry arches designed in compliance with the railway bridges codes in references [60,61,62], the following conclusions can be drawn:




	
Arches designed according to the 1926 code are not automatically verified for any of the current European line loads;



	
If we neglect dynamic amplification, arches designed according to the 1925 code are verified for any of the current European line loads for spans   L ≥ 10   m  ;



	
If we consider dynamic amplification, arches designed according to the 1925 code are never automatically verified for line loads C3 and D4, while they are verified for B2 line loads, though only for spans   L ≥ 25   m  ;



	
If we neglect dynamic amplification, arches designed according to the 1945 code are verified for any line loads for spans   L ≥ 10   m  ;



	
If we consider dynamic amplification, arches designed according to the 1945 code with load type 1945A, are verified for any line loads for spans   L ≥ 15   m  ;



	
If we consider dynamic amplification, arches designed according to 1945 code with load type 1945B, are verified for line loads C3 and D4, spans   L ≥ 20   m  , and line load B2 for spans   L ≥ 15   m  .








The method presented can be extended to any pair of transit load and design code. It therefore provides a simple and immediate estimate of the nominal reserve capacity for any masonry arch bridge, and allows a priori knowledge of whether in-depth analysis might be worthwhile, thus enabling operators to single out those structures requiring immediate interventions or thorough verifications. For agencies managing a large stock of bridges, this conservative evaluation of the Load Rating Factor is a useful tool for classifying bridges based on their capacity deficit. This method provides a priority ranking for tests, inspections, and formal assessment, as well as for programming maintenance, repair, and reconstruction works.
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Figure 1. Geometry of a generic arch. 
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Figure 2. Scheme of the procedure. 
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Figure 3. Applied load and moment distribution on the arch. 
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Figure 4. Accepted (green) and rejected (red) lines of thrust. 
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Figure 5. Load redistribution hypothesis. 
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Figure 6. Lines of thrust obtained with the numerical algorithm for each case study, in comparison with the plastic hinges position obtained with the software Ring: (a) case study 1, (b) case study 2, (c) case study 3, (d) case study 4. 
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Figure 7. Inputs of the parametric analysis. 
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Figure 8. Design and verification loads used for parametric analysis (load weights in tons or tons per square meter). 






Figure 8. Design and verification loads used for parametric analysis (load weights in tons or tons per square meter).



[image: Applsci 12 00756 g008]







[image: Applsci 12 00756 g009 550] 





Figure 9. Reserve capacity of arches designed according to the 1945A code and verified with the B2 load. 
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Figure 10. Dynamic amplification factors applied to different loads. 
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Figure 11. Load Rating Factor of arches verified with B2 loads. 
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Figure 12. Load Rating Factor of arches verified with C3 loads. 
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Figure 13. Load Rating Factor of arches verified with D4 loads. 
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Figure 14. Load Rating Factor of arches verified with B2 loads, with dynamic amplification. 
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Figure 15. Load Rating Factor of arches verified with C3 loads, with dynamic amplification. 
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Figure 16. Load Rating Factor of arches verified with D4 loads, with dynamic amplification. 
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Figure 17. Load Rating Factor of arches designed according to the 1945 code and verified with B2 loads, both with and without dynamic amplification comparison. 
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Figure 18. Load Rating Factor of arches designed according to the 1945 code and verified with C3 loads, both with and without dynamic amplification comparison. 
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Figure 19. Load Rating Factor of arches designed according to the 1945 codes and verified with D4 loads, both with and without dynamic amplification comparison. 
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Table 1. Minimum load multipliers for arches designed according to the 1945A code and verified with the B2 load.
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L = 5 m




	
f/L

	
Load

	
     s  m i n      (  m  )     

	
     H  M A X , d      (   k N   )     

	
    s  (   α  c r , B 2    )     (  m  )     

	
     α  c r , B 2      






	
1/2

	
1945A-single-axis wagon

	
0.59

	
235.99

	
0.67

	
1.17




	
1/2

	
1945A-locomotive

	
0.54

	
307.34




	
1/2

	
1945A-multiple wagons

	
0.55

	
232.79




	
1/3

	
1945A-single-axis wagon

	
0.42

	
272.43

	
0.54

	
1.21




	
1/3

	
1945A-locomotive

	
0.36

	
366.96




	
1/3

	
1945A-multiple wagons

	
0.38

	
269.62




	
1/4

	
1945A-single-axis wagon

	
0.37

	
313.23

	
0.53

	
1.12




	
1/4

	
1945A-locomotive

	
0.31

	
443.75




	
1/4

	
1945A-multiple wagons

	
0.33

	
315.96




	
1/5

	
1945A-single-axis wagon

	
0.35

	
352.07

	
0.5

	
1.08




	
1/5

	
1945A-locomotive

	
0.29

	
526.24




	
1/5

	
1945A-multiple wagons

	
0.31

	
362.91




	
1/6

	
1945A-single-axis wagon

	
0.33

	
394.37

	
0.45

	
1.05




	
1/6

	
1945A-locomotive

	
0.27

	
613.37




	
1/6

	
1945A-multiple wagons

	
0.29

	
413.19




	
1/8

	
1945A-single-axis wagon

	
0.29

	
479.67

	
0.39

	
1.02




	
1/8

	
1945A-locomotive

	
0.24

	
780.97




	
1/8

	
1945A-multiple wagons

	
0.25

	
514.88




	
1/10

	
1945A-single-axis wagon

	
0.26

	
564.18

	
0.42

	
0.97




	
1/10

	
1945A-locomotive

	
0.21

	
943.41




	
1/10

	
1945A-multiple wagons

	
0.22

	
612.97
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Table 2. Load Rating Factors  V  for arches designed according to the 1945A code and verified with the B2 load.
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Codes: 1945A vs. B2




	
f/L

	
Arch Bridge Length L (m)




	
5

	
10

	
15

	
20

	
25

	
30

	
40

	
50






	
1/2

	
1.17

	
1.83

	
2.38

	
2.22

	
2.55

	
2.20

	
2.37

	
2.09




	
1/3

	
1.21

	
1.64

	
1.75

	
2.04

	
2.46

	
2.27

	
2.38

	
2.36




	
1/4

	
1.12

	
1.50

	
1.82

	
2.12

	
2.41

	
2.27

	
2.31

	
2.21




	
1/5

	
1.08

	
1.51

	
1.74

	
2.08

	
2.41

	
2.23

	
2.38

	
2.22




	
1/6

	
1.05

	
1.47

	
1.67

	
1.98

	
2.41

	
2.23

	
2.31

	
2.22




	
1/8

	
1.02

	
1.41

	
1.66

	
1.94

	
2.39

	
2.23

	
2.36

	
2.21




	
1/10

	
0.97

	
1.42

	
2.05

	
2.01

	
2.39

	
2.23

	
2.28

	
2.24




	
Minimum

	
0.97

	
1.41

	
1.66

	
1.94

	
2.39

	
2.20

	
2.28

	
2.09
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Table 3. Load Rating Factors  V  for the 1925, 1926, 1945A, and 1945B design loads, and the B2, C3, and D4 lines.






Table 3. Load Rating Factors  V  for the 1925, 1926, 1945A, and 1945B design loads, and the B2, C3, and D4 lines.





	
   Load   Rating   Factors   V   




	
Codes

	
Arch Bridge Length L (m)




	
5

	
10

	
15

	
20

	
25

	
30

	
40

	
50






	
1925 vs. B2

	
0.84

	
1.30

	
1.34

	
1.36

	
1.30

	
1.33

	
1.25

	
1.26




	
1925 vs. C3

	
0.75

	
1.17

	
1.2

	
1.22

	
1.18

	
1.17

	
1.13

	
1.11




	
1925 vs. D4

	
0.67

	
1.04

	
1.07

	
1.08

	
1.04

	
1.06

	
1.00

	
1.01




	
1926 vs. B2

	
0.49

	
0.67

	
0.71

	
0.78

	
0.81

	
0.72

	
0.39

	
0.16




	
1926 vs. C3

	
0.43

	
0.6

	
0.64

	
0.70

	
0.73

	
0.65

	
0.35

	
0.15




	
1926 vs. D4

	
0.39

	
0.53

	
0.57

	
0.62

	
0.67

	
0.57

	
0.31

	
0.15




	
1945A vs. B2

	
0.97

	
1.41

	
1.66

	
1.94

	
2.39

	
2.20

	
2.28

	
2.09




	
1945A vs. C3

	
0.88

	
1.27

	
1.50

	
1.75

	
2.08

	
1.84

	
2.05

	
1.88




	
1945A vs. D4

	
0.78

	
1.13

	
1.33

	
1.55

	
1.91

	
1.78

	
1.82

	
1.67




	
1945B vs. B2

	
0.84

	
1.31

	
1.36

	
1.47

	
1.52

	
1.44

	
1.45

	
1.39




	
1945B vs. C3

	
0.75

	
1.18

	
1.21

	
1.32

	
1.35

	
1.27

	
1.31

	
1.24




	
1945B vs. D4

	
0.67

	
1.05

	
1.08

	
1.18

	
1.22

	
1.15

	
1.16

	
1.11











[image: Table] 





Table 4. Load Rating Factors  V  for the 1925, 1926, 1945A, and 1945B design loads, and the B2, C3, and D4 lines, with dynamic amplification.






Table 4. Load Rating Factors  V  for the 1925, 1926, 1945A, and 1945B design loads, and the B2, C3, and D4 lines, with dynamic amplification.





	
   Load   Rating   Factors   V   




	
Codes

	
Arch Bridge Length L (m)




	
5

	
10

	
15

	
20

	
25

	
30

	
40

	
50






	
1925 vs. B2

	
0.43

	
0.74

	
0.88

	
0.98

	
1.04

	
1.08

	
1.05

	
1.08




	
1925 vs. C3

	
0.39

	
0.67

	
0.78

	
0.88

	
0.93

	
0.96

	
0.95

	
0.95




	
1925 vs. D4

	
0.35

	
0.6

	
0.7

	
0.79

	
0.83

	
0.9

	
0.87

	
0.89




	
1926 vs. B2

	
0.25

	
0.38

	
0.46

	
0.56

	
0.64

	
0.58

	
0.33

	
0.14




	
1926 vs. C3

	
0.22

	
0.34

	
0.41

	
0.51

	
0.59

	
0.53

	
0.29

	
0.15




	
1926 vs. D4

	
0.2

	
0.31

	
0.37

	
0.45

	
0.53

	
0.49

	
0.27

	
0.12




	
1945A vs. B2

	
0.64

	
0.99

	
1.4

	
1.78

	
2.37

	
2.28

	
2.45

	
2.35




	
1945A vs. C3

	
0.57

	
0.89

	
1.26

	
1.6

	
2.08

	
1.98

	
2.2

	
2.12




	
1945A vs. D4

	
0.51

	
0.8

	
1.13

	
1.44

	
1.92

	
1.89

	
2.01

	
1.93




	
1945B vs. B2

	
0.52

	
0.96

	
1.08

	
1.34

	
1.53

	
1.49

	
1.54

	
1.49




	
1945B vs. C3

	
0.47

	
0.87

	
0.97

	
1.2

	
1.34

	
1.28

	
1.39

	
1.34




	
1945B vs. D4

	
0.42

	
0.78

	
0.87

	
1.08

	
1.24

	
1.23

	
1.27

	
1.22
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Table 5. Minimum spans of bridges highlighting Load Rating Factor V > 1.






Table 5. Minimum spans of bridges highlighting Load Rating Factor V > 1.





	
    Minimum   Span   of   the   Arch   L    ( m )           for   Obtaining   a   Load   Rating   Factor   V > 1    




	

	
Loads Verification

	
Without Dynamic Amplification

	
With Dynamic Amplification




	
Design

	

	
B2

	
C3

	
D4

	
B2

	
C3

	
D4






	
1925

	
10

	
10

	
10

	
25

	
/

	
/




	
1926

	
/

	
/

	
/

	
/

	
/

	
/




	
1945A

	
10

	
10

	
10

	
15

	
15

	
15




	
1945B

	
10

	
10

	
10

	
15

	
20

	
20
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