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The problem considered in this paper is the structural integrity of old materials from the 19th century by means of fatigue crack 
growth problem. The authors present an overview of the fatigue fracture properties of old puddle iron members extracted from 
long-term operated bridges located in France. The fracture properties and fatigue crack growth results for 19th-century puddle 
iron are presented and compared with typical Kinetic Fatigue Fracture Diagram (KFFD) constructing methods. The presented 
results for fatigue crack growth rate description under mode I using Kapplied approach and Keffective approach differs 
significantly using variable mean stress effect – R-ratio (0.05; 0.7). As it was demonstrated, the hysteresis loop analyses allow to 
obtain the estimated crack closure level. From the engineering point of view, there is a strong need for generalization of the 
KFFDs description using mean stress robust parameter involving local crack tip behavior for old puddle iron. Additionally, there 
are discussed the strengthening methods based on CFRP for this type of ancient materials in the light of the obtained numerical 
results for strengthened and non-strengthened puddle iron/steel specimens using CFRP patches using local approach.  
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1. Introduction 

Fatigue and fracture are one of the most frequent causes of machine or construction failures. On that canvas, an 
application of CFRP patches to reinforce long-term operated structures made of steel, evaluated in fatigue crack 
growth context, seems to be a rational way to extend their service life and, hence, its further safe exploitation. 
Especially, this issue is vivid for stemming from 19th and the beginning of 20th-century bridges which were usually 
built of components made of a puddle or mild iron. One of the most important parts of engineering analysis is the 
estimation of fatigue crack growth rate (Lesiuk et al. 2019; Kotowski et al. 2018; Correia et al. 2017; Jesus et al 
2011). In several approaches (Zhu et al., 2017), (Lesiuk et al., 2017), (Correia J.A.F.O. et al., 2016) the mean stress 
effect plays an important role in fatigue analysis. Therefore the R-ratio avoidance is still a vital topic. According to 
the origin Elber work (Elber, 1970), the crack closure phenomenon seems to be particularly worth for analysis and 
implementation in the light of the material limitations (and experimental trials) of long term operated 19th-century 
structures using K effective approach. Several laws have been proposed to take into account the crack closure 
effects on the materials when subjected to fatigue crack propagation and can be seen in (Correia et al., 2016). Based 
on the above, the fracture mechanics allows for effective and relatively sufficient estimation of subcritical fatigue 
growth period of pure metal alloy components without any reinforcement. Below, is presented a part of the 
experimental campaign and numerical analysis of the fatigue fracture mechanics approach necessary for further 
calculation of material behaviour in real structures including SIFs for various reinforcements of long term operated 
steel components. 

2. Microstructure and chemical composition of the metallic material 

The object of investigation was material extracted from 19th-century old bridge. This structure, located in 
Bayonne (Pyrénées-Atlantiques department in France) was built between 1862 and 1864 and was over the Adour 
River. This bridge was demolished in May 2013 and replaced by a modern one. Made of puddled iron, it was 
composed of five spans (46.64 m + 3×59.52 m + 46.64 m) for a total length of approximately 272m. The main 
girders were 5.50 m high and included St. Andrews cross trusses, which is a characteristic of metal constructions 
during the second half of the 19th century. The floor beams had a span of 14.56 m and a height of 2.50 m; stringers 
were 500 mm high. 

Based on their quality of preservation, iron parts were chosen and recovered during the demolition of the bridge. 
The methodology used for the choice of these elements and the description of the bridge is presented in (Gallegos 
Mayorga et al., 2017). The plate used for this study is 12mm thick and the composition of the iron is presented in the 
following Table 1. 

Table 1. Chemical composition (in % by weight) of tested puddle iron compared with typical puddle irons and old mild steels. 

Materials C Mn Si P S 

investigated 
puddle iron 

<0.01 <0.02 0.28±0.02 0.41±0.02 0.054±0.04 

typical values for 
puddle irons 

<0.8 0.4 n/a <0.6 <0.04 

typical values for 
old mild steels 

<0.15 0.2÷0.5 Variable <0.06 <0.15 

 
The noticeable feature of each puddle iron is a fact of high phosphorus content and numerous of non-metallic 
inclusions reflected in metallographic observations. The microstructure of tested puddle iron is shown in Fig. 1. A 
typical microstructure of puddle iron is mostly shaped by numerous of non-metallic inclusions and different ferrite 
grain size (Lesiuk et al. 2019; Krechkovska et al. 2018). Enlarged ferrite grains structure is shown in Fig. 1 (on the 
right). 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2019.08.027&domain=pdf
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Fig. 1. The microstructure of tested puddle iron from Bayonne 
 

3. Fatigue Crack growth test results 

Fatigue crack growth rate experiment was performed in accordance with ASTM E647 standard (ASTM, 
2015). For the experiment, CT specimens were designed (W=50mm, B=8.5 mm). Notch was machined using EDM 
(electro discharging machine) with root radius 0.2 mm. The initial normalized crack length was equal to 0.2. 
Initially, the precracking procedure was involved using ΔK-controlled test does not exceed 15 MPam0.5. The test 
started from an initial value of ΔK in order to avoid the plastic zone influence created during the precracking 
procedure.  Experiments were performed for two different mean stress level characterized by the stress R-ratio equal 
to 0.05 and 0.7, with sinusoidal-shaped loading waveform (test frequency f=10 Hz). Quantity of crack length was 
monitored using ASTM E647 compliance method. During the experiment, the signals of force F, displacement u and 
crack opening displacement (COD measured in load line) were collected. For each chosen cycle, at least two 
hysteresis loops were registered in order to assess the F-COD behaviour during the test in order to evaluate crack 
closure parameters: Fcl and Kcl. The main idea of obtaining Fcl consists of the splitting recorded F-COD curve into 
two curves. First of them is linear (described by Eq. 1) and second is nonlinear (described by Eq.2). Simplified 
approach considering the nonlinear part as quadratic one is shown in Figure 2. 
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Where 
−)(ˆ FvL  the linear function of a linear regime of the recorded hysteresis loop, 
−)(ˆ FvQ  the quadratic function of a non-linear regime of the recorded hysteresis loop. 

 
From linear regression, the constants A0 and A1 can be easily estimated. However, the constants B0, B1, B2 are 
unknown and they should respect the following conditions from the common Fk – “knee” value identification: 

)(ˆ)(ˆ FvFv LQ =     (3) 
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The constants B0, B1, B2 should be optimal from the mathematical point of view. In order to obtain their optimal 
values, we can find the mentioned constants by minimalizing the residual sum of squares  (RSS) defined as: 
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Fig. 2. The schematic idea of the closure load estimation 
 
 

 

 

 

 

 

 

 

 

Fig. 3. K-kinetic fatigue fracture diagram for tested puddle iron 
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Fig. 3. K-kinetic fatigue fracture diagram for tested puddle iron 
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Fig. 3 represents typical ASTM E647 da/dN-K kinetic fatigue fracture diagram. As it is noticed (and expected) 
the contribution of R-ratio significantly affects the fatigue crack growth rate data.  

On the other hand, Fig. 4. represents crack-closure da/dN-Keff kinetic fatigue fracture diagram. In this case, the 
mean stress effect is strongly reduced.  

 

 

 

 

 

 

 

Fig. 4. Keff-based kinetic fatigue fracture diagram for tested puddle iron 

Fracture surface analysis was performed using SEM (Scanning Electron Microscope). Fig. 5 presents the fatigue 
fracture surface of the specimen (R=0.05) after FCGR (fatigue crack growth rate) test. Enlarged (Fig. 5 – right side) 
area of the initial (K approx. 15MPam) fatigue crack path is characterized by brittle facets of fatigue crack growth 
with multi-origin fatigue cracks caused by a large number of non-metallic inclusions. Typical – final fracture surface 
for high K – is presented in Fig. 6. The main dominant mechanism is also caused by brittle fatigue fracture facets 
(marked by red frame) with typical regions for fatigue fracture. As previously, the fracture pattern is shaped by non-
metallic inclusion with secondary cracks.  

Fig. 5. The initial fatigue fracture surface of the tested specimen R=0.05; macro-view (on the left), enlarged fracture area (on the right) 
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Fig. 6. The final stage of the fracture surface of the tested specimen R=0.05; macro-view (on the left), enlarged fracture area marked by frame (on 
the right) 

4. Numerical analysis of strengthening efficiency 

Previous work related to numerical analysis of strengthened cracked steel specimens was developed by Lesiuk et al. 
(2017) with the aim of obtaining the reduced stress intensity factor (SIF). Dekker et al. (2019) developed a cohesive 
xFEM model for simulating fatigue crack growth under mixed-mode loading. In this way,numerical investigations 
were performed in order to determine stress intensity factors (SIF) for strengthened and non-strengthened CT 
specimens. FE (Finite Element) analyses were performed with 3D models using ABAQUS® software (Abaqus, 
2012). The geometry of the specimen follows the recommendations on ASTM E647 using W (main dimension) 
equal to 50 mm and B (thickness) equal to 8 mm. Numerical models are presented in Figure 7. Two types of 
strengthening solutions were studied with CFRP patches with 1.4 mm thickness: full face patch (wide equal to 31 
mm) – see Figure 7 a) – and two patches (each patch with wide equal to 10 mm) – see Figure a b). Both solutions 
have CFRP patches with the edge at equal to 19 mm (initial crack length). 

   
a) b) c) 

Fig. 7. Numerical models: a) Non-strengthened; b) Strengthened full face patch; c) Strengthened two patches. 
 
Stress intensity factors were computed for different values of crack length: 19 mm, 24 mm, 29 mm and 34 mm. 

Boundary conditions were defined as Ux=Uy=Uz=0 (pinned) for one hole and as Ux=Uy=0 for the loaded hole. 
Load and boundary conditions were applied on reference points which were coupled by rigid links (Kinematic 
Coupling) to the hole surfaces. A force equal to 4900 N was applied in the direction for crack opening. The 
interaction between CT specimen and CFRP patches was modelled with a tie constraint which means that 
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with multi-origin fatigue cracks caused by a large number of non-metallic inclusions. Typical – final fracture surface 
for high K – is presented in Fig. 6. The main dominant mechanism is also caused by brittle fatigue fracture facets 
(marked by red frame) with typical regions for fatigue fracture. As previously, the fracture pattern is shaped by non-
metallic inclusion with secondary cracks.  

Fig. 5. The initial fatigue fracture surface of the tested specimen R=0.05; macro-view (on the left), enlarged fracture area (on the right) 
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Fig. 6. The final stage of the fracture surface of the tested specimen R=0.05; macro-view (on the left), enlarged fracture area marked by frame (on 
the right) 

4. Numerical analysis of strengthening efficiency 

Previous work related to numerical analysis of strengthened cracked steel specimens was developed by Lesiuk et al. 
(2017) with the aim of obtaining the reduced stress intensity factor (SIF). Dekker et al. (2019) developed a cohesive 
xFEM model for simulating fatigue crack growth under mixed-mode loading. In this way,numerical investigations 
were performed in order to determine stress intensity factors (SIF) for strengthened and non-strengthened CT 
specimens. FE (Finite Element) analyses were performed with 3D models using ABAQUS® software (Abaqus, 
2012). The geometry of the specimen follows the recommendations on ASTM E647 using W (main dimension) 
equal to 50 mm and B (thickness) equal to 8 mm. Numerical models are presented in Figure 7. Two types of 
strengthening solutions were studied with CFRP patches with 1.4 mm thickness: full face patch (wide equal to 31 
mm) – see Figure 7 a) – and two patches (each patch with wide equal to 10 mm) – see Figure a b). Both solutions 
have CFRP patches with the edge at equal to 19 mm (initial crack length). 

   
a) b) c) 

Fig. 7. Numerical models: a) Non-strengthened; b) Strengthened full face patch; c) Strengthened two patches. 
 
Stress intensity factors were computed for different values of crack length: 19 mm, 24 mm, 29 mm and 34 mm. 

Boundary conditions were defined as Ux=Uy=Uz=0 (pinned) for one hole and as Ux=Uy=0 for the loaded hole. 
Load and boundary conditions were applied on reference points which were coupled by rigid links (Kinematic 
Coupling) to the hole surfaces. A force equal to 4900 N was applied in the direction for crack opening. The 
interaction between CT specimen and CFRP patches was modelled with a tie constraint which means that 
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translational and rotational motion are equal in both surfaces. For both puddle iron and CFRP parts, material 
properties were defined as linear elastic using the value of Young Modulus equal to 200 GPa in the case of puddle 
iron and 160 GPa in the case of CFRP. Finite elements were defined as 8-node brick elements with reduced 
integration C3D8R. The computation of SIF was performed using the Extended Finite Element Method (xFEM) 
which is an extension of the conventional finite element method based on the concept of partition of unit (Melenk, 
J.M. and Babuska, I., 1997; Dekker et al. 2019) allowing for local enrichment functions to be easily incorporated 
into a finite element approximation (Abaqus, 2012). SIF was extracted for the first 5 contours and for all nodes 
through the thickness. The final value for each case study was extracted from the 5th contour. For non-strengthened 
specimen, the final value of SIF was extracted from the node at the surface since it is near the surface where plane 
stress formulation is more evident (and not in the middle). For strengthened specimens, the final value of SIF was 
defined as the average value between all nodes through the thickness. The value of the load range, ΔF, is obtained 
with the maximum load (4900 N) and the stress ratio equal to 0.1. Analytical SIF were also computed using ASTM 
E647 recommendations in order to compare with the SIF obtained for the non-strengthened specimen. The 
numerical results of the analysis are included in Fig. 8 – compared with analytical solutions of stress intensity factor 
for CT specimen from ASTM E647 standard. 

 

 
Fig.8. SIFs values for non-strengthened and strengthened specimens 

 
It is observed, that both strengthening methodologies using CFRP patches contribute to reducing significantly the 
value of SIF, namely for longer crack lengths. When the crack is not in the zone covered by CFRP patches (a = 19 
mm), the SIF reduction is low – which is clear from the physical point of view, but it increases significantly when 
the crack is longer. The difference between full face strengthening and two patches strengthening is not high. This 
study shows that using CFRP patches to improve the fatigue strength of materials can be a very good solution, 
however, further investigation is needed especially concerning the interface properties between CFRP patches and 
old material component. 

5. Conclusions 

Based on the performed experimental, fatigue fracture tests and numerical analysis, the following conclusions can 
be drawn: 

- An old puddle iron (1864) was investigated under cyclic conditions with respect to the different mean stress 
level. Obtained results for tested puddle iron were affected by R-ratio effect. 

- The fatigue crack closure measurements were performed using Keff approach. Using Keff, the mean stress 
effect can be neglected. 

- The key point of future rehabilitation is prolonging the fatigue lifetime of cracked members. Using the 
CFRP patches, strengthening strategy can be suitable for old structural members (from puddle iron or old 
mild steel) with fatigue cracks. 
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- The main mechanism of fatigue crack growth retardation is associated with local K decreasing and crack 
closure due to CFRP patches.  

- Further experiments and numerical simulations are required in order to determine the optimal conditions of 
the CFRP patches (load state, fibre orientation etc.) in terms of local crack closure measurements. 
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translational and rotational motion are equal in both surfaces. For both puddle iron and CFRP parts, material 
properties were defined as linear elastic using the value of Young Modulus equal to 200 GPa in the case of puddle 
iron and 160 GPa in the case of CFRP. Finite elements were defined as 8-node brick elements with reduced 
integration C3D8R. The computation of SIF was performed using the Extended Finite Element Method (xFEM) 
which is an extension of the conventional finite element method based on the concept of partition of unit (Melenk, 
J.M. and Babuska, I., 1997; Dekker et al. 2019) allowing for local enrichment functions to be easily incorporated 
into a finite element approximation (Abaqus, 2012). SIF was extracted for the first 5 contours and for all nodes 
through the thickness. The final value for each case study was extracted from the 5th contour. For non-strengthened 
specimen, the final value of SIF was extracted from the node at the surface since it is near the surface where plane 
stress formulation is more evident (and not in the middle). For strengthened specimens, the final value of SIF was 
defined as the average value between all nodes through the thickness. The value of the load range, ΔF, is obtained 
with the maximum load (4900 N) and the stress ratio equal to 0.1. Analytical SIF were also computed using ASTM 
E647 recommendations in order to compare with the SIF obtained for the non-strengthened specimen. The 
numerical results of the analysis are included in Fig. 8 – compared with analytical solutions of stress intensity factor 
for CT specimen from ASTM E647 standard. 

 

 
Fig.8. SIFs values for non-strengthened and strengthened specimens 

 
It is observed, that both strengthening methodologies using CFRP patches contribute to reducing significantly the 
value of SIF, namely for longer crack lengths. When the crack is not in the zone covered by CFRP patches (a = 19 
mm), the SIF reduction is low – which is clear from the physical point of view, but it increases significantly when 
the crack is longer. The difference between full face strengthening and two patches strengthening is not high. This 
study shows that using CFRP patches to improve the fatigue strength of materials can be a very good solution, 
however, further investigation is needed especially concerning the interface properties between CFRP patches and 
old material component. 

5. Conclusions 

Based on the performed experimental, fatigue fracture tests and numerical analysis, the following conclusions can 
be drawn: 

- An old puddle iron (1864) was investigated under cyclic conditions with respect to the different mean stress 
level. Obtained results for tested puddle iron were affected by R-ratio effect. 

- The fatigue crack closure measurements were performed using Keff approach. Using Keff, the mean stress 
effect can be neglected. 

- The key point of future rehabilitation is prolonging the fatigue lifetime of cracked members. Using the 
CFRP patches, strengthening strategy can be suitable for old structural members (from puddle iron or old 
mild steel) with fatigue cracks. 
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- The main mechanism of fatigue crack growth retardation is associated with local K decreasing and crack 
closure due to CFRP patches.  

- Further experiments and numerical simulations are required in order to determine the optimal conditions of 
the CFRP patches (load state, fibre orientation etc.) in terms of local crack closure measurements. 
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