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Abstract

Being able to describe the fracture condition of a railway rail, after a fatigue crack has initiated, is crucial for safety assessment.
Rails are loaded in mixed mode. This paper concerns an experimental investigation into the mixed-mode fracture toughness of used
R260Mn rail steel. Fracture toughness experiments are carried out using compact tension shear specimens. This setup allows for
testing fracture in mixed mode load condition (Mode-I and Mode-II). Results are compared in terms of maximum equivalent and
maximum Mode-I fracture toughness. Contrary to the commonly adopted mixed mode failure criterion of Richard (Richard et al.
(2004)) it appears that mixed mode failure is best described by the maximum Mode-I stress intensity factor component for the steel
grade of study. The average fracture toughness of 51 MPa

√
m is obtained, for 10 mm thick specimens.
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1. Introduction

Accurately describing the fatigue crack growth rate, the fatigue crack growth direction and failure condition are
crucial for determining the residual fatigue life of steel structures in general and thus also for railway rails, Zerbst et al.
(2009). Squats are complex crack networks formed due to rolling contact fatigue, originating from the head of the rail,
growing downwards. They are often decisive for maintenance, Magel et al. (2016). The wheel-rail contact results in a
multi-axial stress state in the vicinity of the squat. The stress intensity factor (SIF) is often considered as crack driving
force for determining the failure condition. It depends on the applied load, the crack length, and the geometry. The
failure condition in rail steel is often governed by cleavage (brittle) fracture. Fracture toughness is the material property
used to estimate the onset of brittle fracture. This fracture toughness can be mode-dependent, Richard et al. (2004).
Most studies on rail steel focus on the determination of Mode-I fracture toughness, I. Vitez (1993); Christodoulou et al.
(2016); Ravaee and Hassani (2007). Mode-I fracture toughness is usually determined using standardized specimens
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such as Single Edge Notched Bending, SE(B) specimen or Compact Tension C(T) specimen (e.g. ASTM E399, ASTM
(2020)). However, for mixed mode fracture toughness this standardization is lacking. Banks-Sills L. (1986) developed
a specimen specifically for Mode-II testing, initially developed to determine the fracture toughness of Plexiglass.
Afterwards, they showed its potential in determining the Mode-II fracture toughness of metals, Banks-Sills (1989).
Richard (1984) extended this setup from pure Mode-II loading to mixed Mode-I and Mode-II loading, developing the
compact tension shear (CTS) specimen and a mixed mode set-up. Several researchers used variants of his experimental
set-up to measure the mixed mode fracture toughness, Miao et al. (2018); Hallbäck (1997) or mixed mode fatigue crack
growth rate Lesiuk et al. (2020); Peixoto and de Castro (2016). Its wide application shows the potential of this set-up.

In the current paper, mixed-mode fracture toughness experiments are reported using CTS specimen. The specimens
are created from R260Mn used rails.

2. Material characterization

The specimens used in the current study were extracted from used railway rails, manufactured between 1991 and
2005. These tracks are mixed (cargo and passenger) tracks with an annual transported mass between 7 × 109 kg and
11×109 kg. The samples are extracted in the vicinity of a squat defect. The material is R260Mn, which is a commonly
used rail steel in The Netherlands. Four cylindrical tensile test coupons are extracted from the head of the rails, see
inset in Figure 1b. The tensile tests are done using an INSTRON 5958 electro-mechanical testing machine. The tests
are conducted in displacement control with a constant speed of 0.01 mm/s. Table 1 shows the results. The third column
gives the number of tests, the fourth column gives the mean Young’s Modulus. The fifth and sixth column provide
respectively the mean tensile strength and mean yield stress. The third row show results obtained from literature for
rail steel R260, (Motameni and Eraslan (2016); Christodoulou et al. (2016); Nejad et al. (2019); I. Vitez (1993); Vitez
et al. (2000)) and R260Mn I. Vitez (1993); Vitez et al. (2000).

Table 1: Monotonic properties of R260Mn Rail steel, mean values and standard deviation between brackets.

condition ntest E[Gpa] σu[MPa] σys[MPa]
Current research used 4 211(5.1) 925(8) 571(3)c

Literature new 19 -a 922(83)b 533(39)b,d

a Not all sources provided E, so not taken into account in this comparsion.
b For I. Vitez (1993) R260 individual results unknown, mean and range available (ntest = 4).
c Offset yield stress σy,0.2
d σy,0.2 for Christodoulou et al. (2016), Upper yield point Reh for I. Vitez (1993); Vitez et al. (2000). Unknown for Motameni and Eraslan (2016)

and Nejad et al. (2019)

The mean yield stress and mean tensile strength obtained in this study are compared to the values obtained in
literature using a two-sample Z-test. This statistical test evaluates equality of mean values of different sets, assuming
normal distributed sets. The two-tailed statistic for this test is the p-value. The p-value for equality of the mean values
of the tensile strengths, p = 0.86, is larger than the significance level of 0.05 meaning there is not sufficient evidence
that the mean values of experiments are different from literature. However, the experimentally obtained yield stress
is significantly higher than the one obtained from literature as the p-value p = 4 × 10−5 is lower than the assumed
significance level of 0.05. A possible explanation for this difference is hardening, expected to have taken place in the
head of the used rails examined in the current study. Hardening in the head of the rail takes place in operation,Zerbst
et al. (2005). Most tests done in literature are done on newly fabricated rails.

3. Experimental program

3.1. Specimen design and experimental setup

The mixed-mode fracture toughness is determined using CTS specimens as shown in Figure 1a. The notch is created
with a single pass of electrical discharge machining, resulting in a notch with a width of approximately 0.2 mm and
a length of 23 mm. Figure 1b shows the extraction location of the specimen in the head of the rail. Figure 1d shows

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2025.06.190&domain=pdf
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a specimen specifically for Mode-II testing, initially developed to determine the fracture toughness of Plexiglass.
Afterwards, they showed its potential in determining the Mode-II fracture toughness of metals, Banks-Sills (1989).
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set-up to measure the mixed mode fracture toughness, Miao et al. (2018); Hallbäck (1997) or mixed mode fatigue crack
growth rate Lesiuk et al. (2020); Peixoto and de Castro (2016). Its wide application shows the potential of this set-up.
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The specimens used in the current study were extracted from used railway rails, manufactured between 1991 and
2005. These tracks are mixed (cargo and passenger) tracks with an annual transported mass between 7 × 109 kg and
11×109 kg. The samples are extracted in the vicinity of a squat defect. The material is R260Mn, which is a commonly
used rail steel in The Netherlands. Four cylindrical tensile test coupons are extracted from the head of the rails, see
inset in Figure 1b. The tensile tests are done using an INSTRON 5958 electro-mechanical testing machine. The tests
are conducted in displacement control with a constant speed of 0.01 mm/s. Table 1 shows the results. The third column
gives the number of tests, the fourth column gives the mean Young’s Modulus. The fifth and sixth column provide
respectively the mean tensile strength and mean yield stress. The third row show results obtained from literature for
rail steel R260, (Motameni and Eraslan (2016); Christodoulou et al. (2016); Nejad et al. (2019); I. Vitez (1993); Vitez
et al. (2000)) and R260Mn I. Vitez (1993); Vitez et al. (2000).
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d σy,0.2 for Christodoulou et al. (2016), Upper yield point Reh for I. Vitez (1993); Vitez et al. (2000). Unknown for Motameni and Eraslan (2016)
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The mean yield stress and mean tensile strength obtained in this study are compared to the values obtained in
literature using a two-sample Z-test. This statistical test evaluates equality of mean values of different sets, assuming
normal distributed sets. The two-tailed statistic for this test is the p-value. The p-value for equality of the mean values
of the tensile strengths, p = 0.86, is larger than the significance level of 0.05 meaning there is not sufficient evidence
that the mean values of experiments are different from literature. However, the experimentally obtained yield stress
is significantly higher than the one obtained from literature as the p-value p = 4 × 10−5 is lower than the assumed
significance level of 0.05. A possible explanation for this difference is hardening, expected to have taken place in the
head of the used rails examined in the current study. Hardening in the head of the rail takes place in operation,Zerbst
et al. (2005). Most tests done in literature are done on newly fabricated rails.
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3.1. Specimen design and experimental setup

The mixed-mode fracture toughness is determined using CTS specimens as shown in Figure 1a. The notch is created
with a single pass of electrical discharge machining, resulting in a notch with a width of approximately 0.2 mm and
a length of 23 mm. Figure 1b shows the extraction location of the specimen in the head of the rail. Figure 1d shows
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the complete CTS setup. The setup exists of two clevises, fabricated according to ASTM (2020) and connected to
the hydraulic machine. Two CTS brackets are connected to this clevis. For this connection seven holes are provided.
Fitting pins connect the CTS specimens to the brackets. The brackets has slots instead of holes, to create a statically
determined system, Richard (1984). Figure 1c shows the hydraulic testing frame which a capacity of 400 kN and
equipped with a 125 kN load cell.

(a) (b)

1

2

3

4

5

(c)

α

6

(d)

Fig. 1: Experimental setup to determine mixed mode fracture toughness: (a) CTS specimen with dimensions, all dimensions in mm, thickness
10 mm. (b) Position of specimens in rail (c) Hydraulic machine including CTS setup (1) Digital Image Correlation camera’s (2) Load cell (3) Clevis
(4) CTS bracket and specimen (5) Hydraulic actuator (d) Close-up of cooled CTS specimen and bracket and definition of loading angle α (6) Clip
extensometer.

Depending on the applied load angle, α, a specific biaxiality ratio, β, between Mode-I (α = 0◦) and Mode-II
(α = 90◦) is applied to the specimen. The SIF as function of the load angle is obtained from Jin et al. (2022):

YI (α, a) =
[
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w
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w
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( a
w

)3
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w
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[
0.48915 + 1.32188

( a
w

)
+ 1.24338
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w
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− 0.076993
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w
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sinα
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, KI (α, a, F) =
F
√
πa

wt
YI (α, a) , KII (α, a, F) =

F
√
πa

wt
YII (α, a)

(1)

In which a is the crack length in mm, F is the applied load in N, and w and t are respectively the specimen width and
thickness both in mm. A commonly used definition of the equivalent SIF is the one by Richard et al. (2004).

Yeq (α, a) =
YI (α, a)

2
+

1
2

√
YI (α, a)2 + 4 [c1YII (α, a)]2, Keq (α, a, F) =

F
√
πa

wt
Yeq (α, a) (2)

This definition of equivalent SIF is formulated in a similar way as the Von Mises equivalent stress. The material
constant c1 is set to 1.155, independent of the material.

Fracture toughness depends on the crack-tip constraint, which is a function of the specimen geometry, the crack
size and the loading condition. The plane-strain fracture toughness is defined as a geometrically independent lower
limit of the fracture toughness. Therefore the standards prescribe the minimum specimen dimensions to ensure a plane
strain condition. These limits are developed for Mode-I testing. As the focus is on mixed-mode fracture toughness,
these limits are not taken into account.

4 S.T. Hengeveld et al. / Structural Integrity Procedia 00 (2024) 000–000

3.2. Experimental test phases

All experiments are divided in three phases, namely, a pre-cracking phase, a mixed mode compliance loading phase
and the final fracture phase.

During the pre-cracking phase the initial notch is extended to a fatigue crack in order to create a sharp notch. This
fatigue crack is created in Mode-I (α = 0) with a stress ratio R = 0.1. The SIF range at the final pre-crack length is
shown in Table 2. The crack extension is monitored using a crack gauge with an interval of 0.1 mm (KYOWA KV-5C).
Whenever the crack grows through a single wire of the crack gauge, a jump in measured strain of approximately 35 µε
is seen. Next to this, the CMOD is monitored using a clip extensometer. A pre-crack frequency between 8 Hz and
14 Hz is used depending on the applied load.

In the second phase the specimens are loaded in mixed mode up to an equivalent pre-crack load, Feq at room
temperature. During this phase digital image correlation (DIC) is used to evaluate the mixed-mode displacements.
The DIC is used to measure the crack mouth opening displacement (CMOD), the crack mouth sliding displacement
(CMSD) and thereby the crack mouth total displacement (CMTD), which is advantageous compared to the clip ex-
tensometer that only measures the CMOD. The equivalent pre-crack SIF, Keq,pc is defined in such a way that it does
not exceed the maximum KI applied at the end of the pre-crack phase, corresponding to a crack length apc and a
maximum load, Fmax

pc : Keq,pc

(
α, apc, Fmax

pc

)
< KI

(
0, apc, Fmax

pc

)
. The DIC system exists of two camera’s (12 MP, 50 mm

lens). Using spray paint, a speckle pattern is applied to the specimens to accommodate DIC.
Finally the specimens are fractured. The goal of this experimental campaign is to do the fracture tests at approxi-

mately −5 ◦C. To accomplish this, both specimen and the brackets were cooled down to approximately −40 ◦C. After
this the setup was moved out of the fridge and inserted in the hydraulic testing machine. The temperature was moni-
tored during cooling and installation in the hydraulic machine, using thermocouples on both the specimen and on one
bracket. The thermocouple on the specimen was glued to the back face. To enhance the heat transfer from the spec-
imen to the thermocouple, a layer of cooling paste was added. The fracture test was started when the thermocouple
on the specimen measured −6 ◦C. The fracture tests were done in load control with an approximate loading rate of
Keq = 2 MPa

√
m (ASTM (2020)). The applied load, the displacement of the cylinder and the measured CMOD of

extensometer were recorded during the test with a measurement frequency of 1000hz. Due to condensation it was not
possible to use the DIC system during the fracture phase.

4. Results

The current research exists of 13 tests, the results of three experiments are discussed in detail in this paper, two in
pure Mode-I loading and a one mixed mode experiment with α = 45◦. Figure 3 shows the load displacement curves
of the three tests. The displacement u is the CMOD displacement measured by the clip extensometer. The blue curve
shows the experimental data, smoothed with a moving average filter with a window width of n = 25 samples. The
solid black line is the best fitted line through the initial linear part following the procedure as described in the ASTM
E399.

4.1. Specimen C-1

Figure 3a shows the results for specimen C-1, a pure Mode-I test (α = 0◦). Three region’s can be observed, in
the experimental load-displacement curve, namely, an initial part at 0 kN < F < 11 kN a linear part in the interval
11 kN < F < 26.5 kN at which a small pop-in is visible. Finally, the third, a linear part between pop-in and final
fracture at 32.5 kN.

The change in stiffness between the first and second part is a consequence of crack closure. Due to pre-cracking,
plasticity develops in the vicinity of the crack-tip and in the wake of the crack. The crack closure is estimated using
Newman’s crack closure model, (Newman (1984)) with the maximum applied pre-crack load Fpc = 15 kN. This
results in an opening load between 4 kN and 8.1 kN depending on a plane strain or the plane stress assumption. This
is lower than the 11 kN measured in this experiment, which would indicate other sources of crack-closure. Evaluating
the fracture surfaces shows a relative rough surface, which gives evidence to roughness induced crack closure (RICC).
This is also seen in literature for other rail steels, Bonniot et al. (2018).
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10 mm. (b) Position of specimens in rail (c) Hydraulic machine including CTS setup (1) Digital Image Correlation camera’s (2) Load cell (3) Clevis
(4) CTS bracket and specimen (5) Hydraulic actuator (d) Close-up of cooled CTS specimen and bracket and definition of loading angle α (6) Clip
extensometer.

Depending on the applied load angle, α, a specific biaxiality ratio, β, between Mode-I (α = 0◦) and Mode-II
(α = 90◦) is applied to the specimen. The SIF as function of the load angle is obtained from Jin et al. (2022):
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(1)

In which a is the crack length in mm, F is the applied load in N, and w and t are respectively the specimen width and
thickness both in mm. A commonly used definition of the equivalent SIF is the one by Richard et al. (2004).

Yeq (α, a) =
YI (α, a)

2
+

1
2

√
YI (α, a)2 + 4 [c1YII (α, a)]2, Keq (α, a, F) =

F
√
πa

wt
Yeq (α, a) (2)

This definition of equivalent SIF is formulated in a similar way as the Von Mises equivalent stress. The material
constant c1 is set to 1.155, independent of the material.

Fracture toughness depends on the crack-tip constraint, which is a function of the specimen geometry, the crack
size and the loading condition. The plane-strain fracture toughness is defined as a geometrically independent lower
limit of the fracture toughness. Therefore the standards prescribe the minimum specimen dimensions to ensure a plane
strain condition. These limits are developed for Mode-I testing. As the focus is on mixed-mode fracture toughness,
these limits are not taken into account.
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3.2. Experimental test phases

All experiments are divided in three phases, namely, a pre-cracking phase, a mixed mode compliance loading phase
and the final fracture phase.

During the pre-cracking phase the initial notch is extended to a fatigue crack in order to create a sharp notch. This
fatigue crack is created in Mode-I (α = 0) with a stress ratio R = 0.1. The SIF range at the final pre-crack length is
shown in Table 2. The crack extension is monitored using a crack gauge with an interval of 0.1 mm (KYOWA KV-5C).
Whenever the crack grows through a single wire of the crack gauge, a jump in measured strain of approximately 35 µε
is seen. Next to this, the CMOD is monitored using a clip extensometer. A pre-crack frequency between 8 Hz and
14 Hz is used depending on the applied load.

In the second phase the specimens are loaded in mixed mode up to an equivalent pre-crack load, Feq at room
temperature. During this phase digital image correlation (DIC) is used to evaluate the mixed-mode displacements.
The DIC is used to measure the crack mouth opening displacement (CMOD), the crack mouth sliding displacement
(CMSD) and thereby the crack mouth total displacement (CMTD), which is advantageous compared to the clip ex-
tensometer that only measures the CMOD. The equivalent pre-crack SIF, Keq,pc is defined in such a way that it does
not exceed the maximum KI applied at the end of the pre-crack phase, corresponding to a crack length apc and a
maximum load, Fmax

pc : Keq,pc

(
α, apc, Fmax

pc

)
< KI

(
0, apc, Fmax

pc

)
. The DIC system exists of two camera’s (12 MP, 50 mm

lens). Using spray paint, a speckle pattern is applied to the specimens to accommodate DIC.
Finally the specimens are fractured. The goal of this experimental campaign is to do the fracture tests at approxi-

mately −5 ◦C. To accomplish this, both specimen and the brackets were cooled down to approximately −40 ◦C. After
this the setup was moved out of the fridge and inserted in the hydraulic testing machine. The temperature was moni-
tored during cooling and installation in the hydraulic machine, using thermocouples on both the specimen and on one
bracket. The thermocouple on the specimen was glued to the back face. To enhance the heat transfer from the spec-
imen to the thermocouple, a layer of cooling paste was added. The fracture test was started when the thermocouple
on the specimen measured −6 ◦C. The fracture tests were done in load control with an approximate loading rate of
Keq = 2 MPa

√
m (ASTM (2020)). The applied load, the displacement of the cylinder and the measured CMOD of

extensometer were recorded during the test with a measurement frequency of 1000hz. Due to condensation it was not
possible to use the DIC system during the fracture phase.

4. Results

The current research exists of 13 tests, the results of three experiments are discussed in detail in this paper, two in
pure Mode-I loading and a one mixed mode experiment with α = 45◦. Figure 3 shows the load displacement curves
of the three tests. The displacement u is the CMOD displacement measured by the clip extensometer. The blue curve
shows the experimental data, smoothed with a moving average filter with a window width of n = 25 samples. The
solid black line is the best fitted line through the initial linear part following the procedure as described in the ASTM
E399.

4.1. Specimen C-1

Figure 3a shows the results for specimen C-1, a pure Mode-I test (α = 0◦). Three region’s can be observed, in
the experimental load-displacement curve, namely, an initial part at 0 kN < F < 11 kN a linear part in the interval
11 kN < F < 26.5 kN at which a small pop-in is visible. Finally, the third, a linear part between pop-in and final
fracture at 32.5 kN.

The change in stiffness between the first and second part is a consequence of crack closure. Due to pre-cracking,
plasticity develops in the vicinity of the crack-tip and in the wake of the crack. The crack closure is estimated using
Newman’s crack closure model, (Newman (1984)) with the maximum applied pre-crack load Fpc = 15 kN. This
results in an opening load between 4 kN and 8.1 kN depending on a plane strain or the plane stress assumption. This
is lower than the 11 kN measured in this experiment, which would indicate other sources of crack-closure. Evaluating
the fracture surfaces shows a relative rough surface, which gives evidence to roughness induced crack closure (RICC).
This is also seen in literature for other rail steels, Bonniot et al. (2018).
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A pop-in is a sudden (brittle) crack extension after which the crack arrests. A discontinuity in the CMOD of
approximately 0.05 mm is seen in the experiment. The load displacement curve after pop-in is again approximately
linear, but with a lower slope than before pop-in, due to the lower stiffness caused by the crack extension.

Figure 2 shows the fracture surface. Three regions can clearly be distinguished, namely, the initial notch, the
relatively smooth pre-crack region, and the brittle fracture surface. The fatigue crack growth was slightly asymmetric.
However, as the total crack length is the initial notch plus the pre-crack length, this is assumed to not affect the fracture
toughness determination. The crack length of specimen C-1 varies between 24.4 mm and 25.4 mm and it is 25 mm on
average. Using Equation 2 and the fracture load, an equivalent maximum SIF Kmax

eq = 54 MPa
√

m is determined.

EDM notch Pre-crack Fracture

Fig. 2: Fracture surface specimen C-1.

4.2. Specimen C-2

Figure 3b shows the results of the second specimen, which is also a pure Mode-I test. Again, three different regions
can be distinguished. The opening load appears to be similar to the one of Experiment C-1. At approximately 29 kN a
pop-in occurs with a displacement jump of approximately 0.1 mm. After the pop-in, only a small increase of the load
leads to complete failure of the specimen. The final fracture load is 39.8 kN which, in combination with a measured
crack length of 25.3 mm, corresponds to Kmax

eq = 53 MPa
√

m.

4.3. Specimen C-3

Figure 3c shows the results of the third specimen. This is a specimen loaded under a load angle α = 45◦. Again
the curved blue line represents the experiment, the black solid line is a straight line through the linear part of the
experimental curve, and the red curve is the signal measured by the crack-gauge during the fracture test, for which the
horizontal axis at the top of the graph should be used. When unloading the specimen between the pre-cracking phase
and the fracture test, the wires of the crack gauges are partly in contact, leading to an inaccurate reading of the strain
output. When reaching the equivalent crack opening load, the wires disconnect, and crack-growth can be measured
again. This equivalent load Fpc,eq is determined with:

Fpc,eq =
YI (0, a)

YI (45, a)
Fpc,max (3)

in which, Fpc,max is the maximum applied load during the pre-cracking phase. This equivalent load is indicated with
the red dot in the curve. Three regions are observed in the experimental load displacement curve, namely, a curved
part between 0 kN and 8 kN, a straight part between 8 kN and 25 kN, and a curved part between 25 kN and 3.9 kN. The
first, crack closure influenced part, is not so distinctive as for the Mode-I tests. From approximately 28 kN onwards
the crack gauge indicates crack extension. This crack extension is not visible in the load displacement curves in terms
of pop-ins. The final fracture load is 37.9 kN, which corresponds to Keq,max = 60 MPa

√
m.
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Fig. 3: Load displacement curves of fracture test: (a) Specimen C-1, α = 0◦ (b) Specimen C-2, α = 0◦ (c) Specimen C-3 α = 45◦.

4.4. Overview

Table 2 shows a summary of the fracture results. The first columns give the specimen name, the applied load
angle, and the corresponding biaxiality. The fourth column provides the pre-crack length. The fifth column shows the
maximum SIF at the end of the pre-crack phase. The sixth column gives the load at complete fracture. The seventh
column is the equivalent SIF, see Equation 2, at the fracture load. The last column is the Mode-I SIF at fracture. The
last row gives the mean fracture toughness as well the standard deviation (between brackets). The goal of this research
is to determine the final fracture load. Pop-ins are not taken into account in the evaluation, contrary to the procedure
as described in the E399.

Table 2: Summary of fracture test results

specimen α [◦] β [−] a [mm] KI,pc,max [MPa
√

m] Fmax [kN] Kmax
eq [MPa

√
m] Kmax

I [MPa
√

m]
C-1 0 0.0 25.0 25 32.5 54.0 54.0
C-2 0 0.0 25.3 26 30.9 52.9 52.9
C-3 45 0.43 26.3 18 37.3 60.0 49.8
mean(std.) 55.6(3.8) 52.2(2.2)

Specimens C-1 and C-2 result in a similar SIF. Both show a pop-in. Specimen C-3 has a higher equivalent SIF at
fracture than the other two specimens, whereas the Mode-I SIFs at fracture of the three tests are more aligned. This is
shown here for one mixed mode specimen only, but the same trend is observed for all specimens in the test program.
The mean Kmax

I for all tests is 51.4 MPa
√

m with a standard deviation of 5.5 MPa
√

m and the Kmax
eq is 58 MPa

√
m

with a standard deviation of 9.8 MPa
√

m. The non-linear behaviour in the final region of Specimen C-3 could be an
indication that plasticity occurs around the crack-tip and that characterization of the fracture behaviour using linear
elastic fracture mechanics (LEFM) is no longer valid. A CTOD type of evaluation might be more suited, Wells (1963).

As these fracture results are thickness dependent, a direct comparison with fracture toughness values from similar
steels reported in literature is not possible.

5. Conclusions and recommendations

This paper presents the mixed mode fracture toughness characterization of R2560Mn rail steel. Monotonic tensile
tests are carried out to determine the yield and ultimate stress. The ultimate stress is in line with literature and the
yield stress is slightly higher, possibly caused by strain hardening during operation of the rails. Mixed-mode fracture
toughness tests have been done using CTS specimen at −5 ◦C. These fracture toughness values are valid for CTS
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A pop-in is a sudden (brittle) crack extension after which the crack arrests. A discontinuity in the CMOD of
approximately 0.05 mm is seen in the experiment. The load displacement curve after pop-in is again approximately
linear, but with a lower slope than before pop-in, due to the lower stiffness caused by the crack extension.

Figure 2 shows the fracture surface. Three regions can clearly be distinguished, namely, the initial notch, the
relatively smooth pre-crack region, and the brittle fracture surface. The fatigue crack growth was slightly asymmetric.
However, as the total crack length is the initial notch plus the pre-crack length, this is assumed to not affect the fracture
toughness determination. The crack length of specimen C-1 varies between 24.4 mm and 25.4 mm and it is 25 mm on
average. Using Equation 2 and the fracture load, an equivalent maximum SIF Kmax

eq = 54 MPa
√

m is determined.
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Fig. 2: Fracture surface specimen C-1.

4.2. Specimen C-2

Figure 3b shows the results of the second specimen, which is also a pure Mode-I test. Again, three different regions
can be distinguished. The opening load appears to be similar to the one of Experiment C-1. At approximately 29 kN a
pop-in occurs with a displacement jump of approximately 0.1 mm. After the pop-in, only a small increase of the load
leads to complete failure of the specimen. The final fracture load is 39.8 kN which, in combination with a measured
crack length of 25.3 mm, corresponds to Kmax

eq = 53 MPa
√

m.

4.3. Specimen C-3

Figure 3c shows the results of the third specimen. This is a specimen loaded under a load angle α = 45◦. Again
the curved blue line represents the experiment, the black solid line is a straight line through the linear part of the
experimental curve, and the red curve is the signal measured by the crack-gauge during the fracture test, for which the
horizontal axis at the top of the graph should be used. When unloading the specimen between the pre-cracking phase
and the fracture test, the wires of the crack gauges are partly in contact, leading to an inaccurate reading of the strain
output. When reaching the equivalent crack opening load, the wires disconnect, and crack-growth can be measured
again. This equivalent load Fpc,eq is determined with:

Fpc,eq =
YI (0, a)

YI (45, a)
Fpc,max (3)

in which, Fpc,max is the maximum applied load during the pre-cracking phase. This equivalent load is indicated with
the red dot in the curve. Three regions are observed in the experimental load displacement curve, namely, a curved
part between 0 kN and 8 kN, a straight part between 8 kN and 25 kN, and a curved part between 25 kN and 3.9 kN. The
first, crack closure influenced part, is not so distinctive as for the Mode-I tests. From approximately 28 kN onwards
the crack gauge indicates crack extension. This crack extension is not visible in the load displacement curves in terms
of pop-ins. The final fracture load is 37.9 kN, which corresponds to Keq,max = 60 MPa

√
m.
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Fig. 3: Load displacement curves of fracture test: (a) Specimen C-1, α = 0◦ (b) Specimen C-2, α = 0◦ (c) Specimen C-3 α = 45◦.

4.4. Overview

Table 2 shows a summary of the fracture results. The first columns give the specimen name, the applied load
angle, and the corresponding biaxiality. The fourth column provides the pre-crack length. The fifth column shows the
maximum SIF at the end of the pre-crack phase. The sixth column gives the load at complete fracture. The seventh
column is the equivalent SIF, see Equation 2, at the fracture load. The last column is the Mode-I SIF at fracture. The
last row gives the mean fracture toughness as well the standard deviation (between brackets). The goal of this research
is to determine the final fracture load. Pop-ins are not taken into account in the evaluation, contrary to the procedure
as described in the E399.

Table 2: Summary of fracture test results

specimen α [◦] β [−] a [mm] KI,pc,max [MPa
√

m] Fmax [kN] Kmax
eq [MPa

√
m] Kmax

I [MPa
√

m]
C-1 0 0.0 25.0 25 32.5 54.0 54.0
C-2 0 0.0 25.3 26 30.9 52.9 52.9
C-3 45 0.43 26.3 18 37.3 60.0 49.8
mean(std.) 55.6(3.8) 52.2(2.2)

Specimens C-1 and C-2 result in a similar SIF. Both show a pop-in. Specimen C-3 has a higher equivalent SIF at
fracture than the other two specimens, whereas the Mode-I SIFs at fracture of the three tests are more aligned. This is
shown here for one mixed mode specimen only, but the same trend is observed for all specimens in the test program.
The mean Kmax

I for all tests is 51.4 MPa
√

m with a standard deviation of 5.5 MPa
√

m and the Kmax
eq is 58 MPa

√
m

with a standard deviation of 9.8 MPa
√

m. The non-linear behaviour in the final region of Specimen C-3 could be an
indication that plasticity occurs around the crack-tip and that characterization of the fracture behaviour using linear
elastic fracture mechanics (LEFM) is no longer valid. A CTOD type of evaluation might be more suited, Wells (1963).

As these fracture results are thickness dependent, a direct comparison with fracture toughness values from similar
steels reported in literature is not possible.

5. Conclusions and recommendations

This paper presents the mixed mode fracture toughness characterization of R2560Mn rail steel. Monotonic tensile
tests are carried out to determine the yield and ultimate stress. The ultimate stress is in line with literature and the
yield stress is slightly higher, possibly caused by strain hardening during operation of the rails. Mixed-mode fracture
toughness tests have been done using CTS specimen at −5 ◦C. These fracture toughness values are valid for CTS
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specimen with a thickness of 10 mm. Evaluation of the results shows that the final fracture is described better by the
Mode-I SIF than by the equivalent SIF. The tests resulted in an average fracture toughness of 51 MPa

√
m with a

coefficient of variation of 0.11.
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