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Abstract: The stress concentrations have become common phenomenon of steel elements when
arresting a fracture by implementing the crack stop hole (CSH) technique. Embedding the CSH with
Carbon Fibre Reinforced Polymer (CFRP) enhance the fatigue life by delaying the fractures while
achieving a stiffness recovery due to superior mechanical characteristics of CFRP material. Hence,
low cyclic fatigue (LCF) behaviour of 162 strengthened and non-strengthened CSH specimens were
examined in this context. These specimens were subjected to a range of 0 t010,000 fatigue load cycles
with the frequency of 5 Hz. At the end of fatigue exposure, the average tensile strength was
measured in each case. The average strength reductions in the range between 13% to 25% was noted
in steel elements with CSH subjected to fatigue exposure. The application of a CFRP patch on CSH
had effectively recovered the strength losses while enhancing the strength in the range between 32%
to 45% with respect to the non-strengthened non specimens. The developed numerical model based
on cyclic J-integral technique agrees with test results and is capable of predicting characteristics for
this novel hybrid technique.

Keywords: steel members; crack stop hole (CSH); CHS/CFRP hybrid composite; low cycle fatigue;
average tensile strength

1. Introduction

Aged structures are vulnerable for fatigue due to material degradation and heavy loads resulted
from increased present service demand [1]. Fatigue usually causes in fractures at micro structural
level which cannot be observed visually [2]. According to the previous investigations, 90 % of
structural failures occur due to fatigue fractures [3]. Also, fatigue cracks in steel elements may
accelerate due to stress concentrations. End results of fatigue is unrecoverable failure of structures
and loss of lives and properties.

The CSH technique is a proven technique for crack control and it could be considered a quick,
simple and a cost effective method. The procedure of the CSH technique is drilling a hole at the end
of crack tip, to convert the crack into a notch. The result is the reduction of stress on the cracked
structural elements. This technique was successfully utilized in aerospace industries since 1950 [4]
and at present steel bridge repairing applications have also introduced this method. However,
reduction of stiffness and re-cracking due to continuous service loads could be considered a major
drawback of this technique.

A study carried out by Fish et al. have recommended a range of CSH diameter between 50 mm
and 100 mm for effective performance [5] while Ishikawa et al. recommended a range of diameter
between 6 mm to 25 mm [6]. The practical applications have confirmed a minimum requirement for
the hole diameter which is 25 mm [7] the formula developed by Rolfe and Barsom in 1977. Fisher et
al in 1980 introduced a co relation to estimate the size of the CSH. This clearly indicates the size of

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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the CSH is a main debate in this technique and needs some appropriate design guidelines to decide
the size of the CSH under fatigue.

CFRP materials have been successfully applied to restore the degraded steel structures since
1980 [8] because of the resistance to corrosion, its light weight and a remarkable fatigue durability
[9]. CERP material has the capacity to reduce the stress intensity factor (SIF) at the crack tip also
[9].Hence, strengthening of the CSH using CFRP material has great potential to arrest the crack and
it may enhance the fatigue performance due to delays in cracking by nature. In addition CFRP/steel
composite contributes to improve the tensile capacity while extending load bearing capacity which
needs to cater for increased demand. This investigation is focused on assessing the performance of
CSH/CFRP hybrid system while introducing a design formula for the CSH technique.

2. Test program

A total of hundred and sixty-two specimens which were categorized into seven series were
tested while the details are listed in Table 1.

Table 1. Summary of the test program.

doi:10.20944/preprints202309.1367.v1

Series Geometry =~ Composite action Conditioning type Samples

S1 Steel plates with and without a CSH
non strengthened Up to 10,000 cycles with step of 2000 cycle 24
S2 Steel plates with and without a CSH strengthened 24

S3  Steel plates with a CSH with varying diameter of the CSH  strengthened / non-
strengthened Non conditioned

(control samples) 24

S4  Steel plates with a CSH with varying diameter of the CSH  strengthened /non-
strengthened 10,000 cycles 36
S5 Steel plates with a CSH with change in position
non strengthened 10,000 cycles 15

S6 Steel plates with a CSH with change in position strengthened 10,000 cycles 15

S7  Steel plates with and without a CSH with varying CFRP bond length  strengthened
10,000 cycles 24

The test samples were designed in accordance with ASTM D 790 [10] with the dimensions of 40
mm (width) x 5 mm (thickness) x 280 mm (span) (Figure 1).

Figure 1. prepared specimens of CFRP strengthened plates (a) without a CSH (b) with CSH (c) with
changing position of the CSH (d) with different CFRP bond length.

The surfaces to be strengthened were prepared using sand blasting and the wet layup method
was followed in the strengthening process. The prepared samples were kept to cure for 7 days before
conditioning. A fatigue load was applied with 2 kN amplitude and frequency of 5 Hz within a
predefined duration according to standards [11]. After conditioning with pre-determined number of
load cycles the sample was removed from the fatigue testing machine and it was fixed to the universal
tensile testing machine (UTM) with 100 kN capacity to applied tensile load as shown in Figure 2b.
This procedure was repeated and the average value of the tensile load was measured for each
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specimen. The strain variation at the CSH of the specimen during exposure of fatigue load was
recorded using a data logger.

Figure 2. Test setup and instrumentation (a) fatigue load setup (b) tensile test setup.

The modulus of elasticity and tensile strength of steel and the CFRP material were determined
experimentally by a coupon test. Tensile strength and elastic modulus of the steel were measured
according to the ASTM D 3039 standards. In fact, a tensile strength of 583 MPa and an average elastic
modulus of 200 GPa were reported. Tensile strength and an average elastic modulus of CFRP material
were reported 175 MPa and 1575 MPa respectively. Manufacturers provided data compared with
measured material properties in accordance with ASTM D 3039/3039 M [12] are listed in Table 2.

Table 2. Measured and manufacturers provided material properties [13-15].

Material property Measured data ~ Manufacturers provided data

Steel Epoxy adhesive = CFRP  Steel Epoxy adhesive ~ CFRP
Average tensile strength (MPa) 583 25 1575350 29 550
Average elastic modulus (GPa) 200 0.579 175 200 1.85 240

3. Test results

Evaluation of sensitive parameters and their effects on fatigue performance of CSH/CFRP hybrid
system is the key objective of this research study. Further analysis of actions, parameters and their
effects may yield recommendations on deriving design guidelines for improving the maintenance
procedure of steel members exposed to fatigue especially in bridges.

3.1. Effects of conditioning period on LCF performance

Low cycle fatigue (LCF) is typically characterized by the Manson-Coffin relation and
investigation results agreed with theoretical behaviour of steel as shown in Figure 3b [16]. A total of
forty-eight specimens were tested up to 10,000 load cycles with 2 kN amplitude and 5 Hz frequency
(S1and S2). Twenty-four samples contained a 16 mm diameter CSH at the centre of mid span which
covered with a 200 mm long CFRP sheet symmetrically. The remaining samples (Si1) were non
strengthened while introducing a CSH of 16 mm diameter at the mid span as a control sample. The
average tensile strength variation was determined and compared for each test series at the end of
fatigue exposure as shown in Figure 3a.
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Figure 3. Variation of average tensile stress with number of load cycles (a) comparison of test results
(b) theoretical curve [17].

When the element is conditioned up to 10,000 cycles (within low cycle fatigue range), the
measured average tensile strength slightly decreases with the exposure period, indicating a similar
trend irrespective from the sample configuration (Figure 3a). The CFRP/steel hybrid composite CSH
indicated a significant fatigue enhancement in the range from 29 % to 32 % when compared with a
non-strengthened CSH. This is mainly due to the composite action and ability of dissipating stress
concentrations at CSH by the CFRP laminate. In addition, excessive tensile strength and load bearing
ability of the CFRP material also contribute for such behaviour. The latter results clearly indicate that
the CFRP installation has significantly affected on the strength recuperation of material and had
effectively delayed the cracking at the CSH, providing evidence for the merit of suggested hybrid
technique in this study to address the critical problem in the bridge maintenance procedure.
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Figure 4. Failure mode; strengthened (a) without CSH (b) with CSH (c) non strengthened with CSH.

3.2. Effects of CSH diameter on LCF behaviour

A total of sixty samples were tested. Twenty-four of them were not exposure to fatigue(non-
conditioned) and considered as a control samples (series-Ss) and the remaining were conditioned up
to 10,000 load cycles with 2 kN amplitude and 5 Hz frequency (series-Ss). Both strengthened and non-
strengthened samples, the ratio between diameter of CSH and width of member (d/b) varied from
0.1t0 0.6 in a 0.1 step by positioning the CSH at the centre of mid span. A 200 mm long unidirectional
normal modulus CFRP fabric was used to purpose of strength. At the end of the fatigue exposure,
the test specimen was fixed with universal tensile apparatus to measured, the tensile load to
determined and compare average stress as shown in Figure 5.

d

600
550
500 4
450 (¢
400
350
300

;gg —e—CSH + non conditioned

150 —8— CSH + non conditioned +CFRP
100 —A— CSH + conditioned
50 —A— CSH + conditioned + CFRP

Average Tensile Stress (MPa)

0 0.1 0.5 0.6

0.2 0.3 .04
Diameter to width ratio (d/b)
Figure 5. Strength losses due to fatigue and strength gains by CFRP.

On average 14% strength loss was noted in the specimen due to fatigue effects even without the
CSH. This is mainly due to the material degradation by repetitive loading and unloading action
(fatigue). On average 13% to 25% strength loss was noted when the d/b ratio varies from 0.1 to 0.6
at the end of fatigue exposure in the specimens with the CSH. In general, the CSH causes for reducing
the stiffness due to removal of materials. On the other hand, change in microstructures of material
near the hole due to fatigue effects. The change in average tensile capacity of the material is governed
by the plastic flow effects, imperfections in the crystal lattice of a material, forward and backward
motions of dislocations and plastic deformation along the slip planes of metallic crystals. All these
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factors are critically affected on a significant strength loss during fatigue exposure on CSH. However,
the average tensile strength was enhanced by 24% in the CFRP strengthened CSH system at the end
of fatigue exposure. This clearly indicates the ability of recovering the strength loss by CFRP with
improved fatigue performance. The suggested system in this study, on average 32% to 45% strength
gain was noted when d/b ratio varies from 0.1 to 0.6 at the end of predetermined fatigue exposure.
Therefore, the proposed CSH/CFRP hybrid repairing technique has a potential to enhance the
stiffness of member as well as the restoration of fatigue bearing capacity of the material. Failure
modes observed during tensile testing of these series are shown in Figure 6.

e

(b) © d)

Figure 6. Failure mode of CSH; non conditioned (a) non-strengthened (b) strengthened, and

conditioned (c) non-strengthened (d) strengthened samples.

Variation of strain near the crack stop hole was monitored during fatigue load application.
Conventional strain gauges attached to the steel surface, 5 mm away from the periphery of CSH were
used as shown in Figure 7.

Figure 7. Strain gauges attached to the (a) non strengthened (b) CFRP strengthened CSH specimens.

The strain near the CSH at the end of each pre-determined load cycles is plotted in Figure 8.
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Figure 8. Strain variations during conditioning when d/b is ; (a) 0.1 (b) 0.2 (c ) 0.3 (d) 0.4 (e) 0.5 (f)
0.6.

According to Figure 8a,b, no significant deviation was noted in both strengthened and non-
strengthened samples. The contribution of CFRP material is negligible and the steel substrate could
withstand the effects of fatigue. When d/b ratio increases from 0.3 to 0.6, the strain variation on the
steel substrate of samples with CFRP indicated a significant strain reduction than the non-
strengthened CSH as shown in Figure 8c to Figure 8f. This is due to the effective load sharing ability
of attached CFRP layer. The results in strain control is contribute to further delaying crack
propagation nature of the CSH. Hence, measured strain variation indicates the effectiveness of
proposed hybrid repairing technique for steel members exposed to fatigue over the traditional CSH
technique.
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3.3. Effects of the location of CSH on LCF behaviour

A total of thirty-six steel specimens with change in position of the CSH were conditioned up to
10,000 load cycles with 2 kN amplitude and 5 Hz frequency (series - Ssand Se). Eighteen of them were
reinforced with 200 mm long CFRP layer. The remaining samples were non-strengthened and taken
in to consideration as controlled specimens. In these two test series, the distance from loading point
to CSH was considered as the main variable and a CSH of 16 mm diameter was placed at the pre-
determined locations of the member, distance to CSH from mid span varies 20 mm to 100 mm in 20
mm steps. At the end of fatigue loading, the average tensile strength of samples was determined
using universal tensile testing apparatus and results is plotted in Figure 9.

— L2 —h‘

500
E 400 L A
S —x
~ A
2 300 & A X
=
@ A A
£ 200
]
o
>
< 100

A Non strengthened A CFRP strengthened
0 N

D%chance from %Qid span (m?r(l)) 80

Figure 9. Comparison of average strength variation with CSH position.

The main purpose of this test series was to compare the retained tensile strength after fatigue
load exposure to quantify the effectiveness of CFRP on the distance to CSH from mid span. A trend
of average retained tensile strength variation deviation with respect to the ratio between diameter to
offset distance of CSH was noted from both strengthened and non-strengthened samples. When the
offset distance increases reference to the loading point (midpoint of the specimen), the stress
concentrations near CSH reduces. The graphs also provide convincing evidence on such behaviour.
CFRP layer supports to reduce the stress concentration while enhancing the tensile strength of the
specimen. As a result, the CSH/CFRP hybrid system showed a significant strength gain compared to
similar non-strengthened specimens which restored the strength loss due to the opening of the CSH.
This clearly indicates the extending the fatigue performance of steel members when applying the
suggested hybrid repairing technique in this study, irrespective from the location of CSH with
guaranteed performance than the conventional CSH technique. Failure mode was observed as de-
lamination of the CFRP layer (Figure 10b).
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(a) (b)

Figure 10. Failure mechanisms of (a) non-strengthened (b) strengthened samples.

Strain gauges were fixed near the specimens as shown in Figure 11. The average strain variation
during fatigue was measured at the end of each pre-determined load cycles as shown in Figure 12,
based on the distance to CSH (x) from the mid-point. When the CSH is near the mid span, it subjects
to heavy stresses which dissipate by the CFRP sheet. As a result there is a comparatively lower strain
in steel substrate of hybrid arrangement (Figure 12a) when compared with the conventional CSH
arrangement. When the position of the CSH moves from the centre to the support, the fatigue stresses
also reduces. Hence, similar strain variation was observed in both strengthened and non-
strengthened samples. This clearly indicates that the proposed CSH/CFRP hybrid arrangement could
successfully accommodate the strain near the CSH.

(b)

Figure 11. Strain gauges fixed to the (a) non strengthened (b) strengthened specimens.
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Figure 12. Comparison of strain variations with distance to the CSH from mid-point for non-
strengthened and CFRP strengthened CSH when x is ; (a) 20 mm (b) 40 mm (c) 60 mm (d) 80 mm (e)
100 mm

3.4. Effects of CFRP bond length on LCF behaviour

A total of twenty-four steel specimens with and without a CSH were conditioned up to 10,000
fatigue cycles of 2 kN constant amplitude and 5 Hz frequency (series — S7). A 16 mm diameter CSH
was placed at the mid-span of twelve specimens and remaining samples were prepared without a
CSH as a control sample. The length of the CFRP sheet was considered as the principle variable and
varied from 20 mm to 120 mm in 20 mm step, was attached symmetrically, covering the CSH (Figure
13). CFRP strengthened steel plates without a CSH showed an increasing linear trend between
retained tensile strength at the end of fatigue exposure. This is mainly due to the direct contribution
of CFRP layer to enhance the tensile strength of specimen. A linear relationship was noted between
retained tensile strength and CFRP bond length of samples with a CSH, subjected to fatigue exposure.
Furthermore, the CFRP layer helped to strengthen the recovery while enhancing the tensile strength
of member. Interestingly, CFRP materials possess excellent fatigue strength. These reasons may cause
for the increasing trend between retained tensile strength with respect to CFRP bond length.
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Figure 13. Strength variation with the bond length.

The CFRP material is capable of decreasing stress as well as enhancing the fatigue load bearing
capacity of the specimen. However, steel failure does not occur during the fatigue load. When
performing the tensile test on the conditioned specimen, it starts to propagate cracks in a
perpendicular direction of the CSH as shown in Figure 14a. The CFRP layer experienced de-laminate
as shown in Figure 14b.

Figure 14. Failure mode of CFRP strengthened specimen with bond length (a) with CSH (b) without
CSH.

4. Finite element modelling(FEM)

A numerical model was developed to simulate the performance of CSH/CFRP hybrid technique
using a commercially available finite element software [18].The geometrical configuration, boundary
conditions, material properties and attributes as the same as in test program was used in the
modelling process. A general contact standard type was utilized with mechanical friction to simulate
the interfaces between two supportive rollers and the bottom surface of the plate, and the loading
nose on the mid plane of the steel plate as shown in Figure 15 [19]. Each specimen model was loaded
with the LCF mode using a direct cyclic option [19]. When the size of the mesh is very small it results
in generating a singularity point. Stress at the singularity points are theoretically considered as
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infinity. Therefore, considering all of above factors, an FEM result of 2 mm mesh size was selected as
an appropriate size in this analysis.

Figure 15. The assembly model of the specimen.

The magnitude of pressure applied on top of the loading nose was selected as 1.25 N/mm? (2
kN) and the frequency of loads was fixed as 5 Hz. When considering the boundary conditions, two
supportive cylinders were fixed to avoid both rotation and translation. Loading rate was kept as a
constant at a fixed rate of 0.2 mm/min throughout the analysis. Three dimensional 8 node solid brick
elements with reduced integration (C3D8R) were used to mesh the steel plate, supportive rollers and
loading nose components [19]. The Hashin damage option was used to model the CFRP fabric [17].

Basically two tests series were considered in this background as diameter to width ratio and
position of the CSH variation. Diameter to width ratio was changed from 0.1 to 0.6 and remaining
available parameters were kept as a constant during the analysis. In case of location of CSH effect,
offset distance vary from 0 to 80 mm in 20 mm steps with respect to mid-point and all remaining
parameters were kept as a constant during the analysis. The model was identical with configurations
of the laboratory test setup. Results of laboratory test and FEM results were compared to validate the
developed model. Contours of stress variation with diameter for non-strengthened and CSH/CFRP
hybrid system shown in Figure 16a and Figure 16b, respectively.
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Figure 16. Contours of stress variation with diameter to width ratio for (a) non-strengthened (b)
CSH/CFRP hybrid (i) 0 (ii) 0.1 (iii) 0.2 (iv) 0.3 (v) 0.4 (vi) 0.5 (vii) 0.6.

The effect of diameter to width ratio of CSH was taken into consideration as a primary variable
in this analysis. The predicted results belong to non-strengthened and CSH/CFRP hybrid (after
fatigue exposure) were compared with relevant laboratory test results as in Figure 17.
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Figure 18. Contours of stress variation with distance from mid-point for (a) non-strengthened (b)
CSH/CFRP hybrid system (i) zero (ii) 20 mm (iii) 40 mm (iv) 60 mm (v) 80 mm.

The effect of offset distance of the CSH was taken into consideration as a primary variable and
it varied from 0 to 80 in 20 mm steps. The predicted results belonging to non-strengthened and CFRP
strengthened (after fatigue exposure) were compared with relevant experimental results as in Figure

19.
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Figure 19. Comparison between experimental and predicted results - series; (a) S3 and S4 (b) Ss and
Se.

The model predicted results of conditioned CSH samples indicates on average 5 % and 7 %
difference with tested results for non-strengthened and CFRP strengthened samples, respectively in
Figure 19. When the distance to CSH from the mid-point varies, the average deviations between
predicted and tested results of non-strengthened and CFRP strengthened samples are 7 % and 8 %,
respectively (Figure 19). This clearly indicates the accuracy of developed models that could be used
to further simulate the behaviour of suggested CSH/CFRP hybrid system.

4.1. Parametric study

A numerical model was utilized to investigate parametric influences on the CSH. This study
member thickness, amplitude of loads, stress ratio, crack length and fiber direction angle were
selected as a critically influencing parameters in the range considered. According to the experimental
program the diameter of the CSH, the position of the CSH and bond length effects were
experimentally investigated and test results have confirmed significant effects for those parameters.
Experimental and parametric study results were utilized to introduce design guidelines to estimate
the appropriate size of the CSH and guidelines are shown in Table 3.

Table 3. Fatigue related design guidelines for CSH.

Category Parameter Range of Operation

Geometry Diameter to width ratio (d/b) 4 < oo
. <0
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Thickness to diameter ratio (t/b)

t
< 05
Diameter to crack length ratio (d/I) 45 04
T = .
Diameter to offset distance ratio (d/x) d
—< 02
Load Ratio of diameter to stress ratio (d/R) d
== 80
Diameter to frequency ratio (d/f) 4y 5
; =
Diameter to load ratio (d/F) d
£z 3
CFRP Diameter to bond length ratio (d/L) 4. o1
-< 0.

5. Conclusions and recommendations

The detailed experimental and numerical simulations conducted on the developed novel hybrid
technique to control cracks of steel elements in civil engineering infrastructures yield following
conclusions:

1)Diameter of the CSH was a one main argument in available literature and there are no clear
guidelines to decide if it considers the effects of critical parameters. In this study, the effects of several
parameters were experimentally and numerically estimated while the critical effects on final results
were based on geometry with loading and CFRP material characteristics. Using those results this
study has introduced design guide lines to decide the appropriate size of the CSH for crack control
to delay fracture failures on steel structures due to fatigue.

2)Average strength reductions in the range between 13% to 25% were measured subjected to
low cycle fatigue exposure. This is due to the CSH effectively recovering the strength losses while
enhancing the strength in the range between 32% to 45% with respect to the non-strengthened non
conditioned material features.

3)A novel CSH/CFRP hybrid system in this study could be utilized successfully to eliminate the
main drawbacks related to the CSH technique. This method exhibits a significant capacity
enhancement for crack controls and is strongly recommended to improve the service life of steel
infrastructures under fatigue load.

4)The proposed numerical model in this study validates well as it uses the measured data during
the experiment. Hence, this developed numerical model can be effectively utilized to estimate effects
of unknown parameter of the CSH under fatigue response.

5)A numerical model could be utilized to investigate invisible characteristics by the experiment
and the developed numerical model was prognosticating the range of stress intensity variation, stress
variation along crack direction, prediction of the direction of maximum tangential stress which was
compared for CSH/CFRP hybrid system with respect to a non-strengthened CSH. Numerical results
have confirmed the potential of CFRP utilized ones that enhances the fatigue life of structure.
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5.1. Future work

Fatigue is governed by the micro structure of a material due to external or internal stress.
Therefore, there should be a microscopic analysis regarding grain arrangement, dislocation, and
information regarding missing atoms of the material with critical parameters. The finite element
model does not have a facility to model the effects of environmental factors on bond performance.
This could be considered as a significant gap of FEM techniques. Furthermore, evaluating the long
term bond performance relating investigations of the CSH/CFRP hybrid system to confirm durability
of this technique could also be carried out in the future.
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