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Abstract. In steel bridges fatigue cracks are sometimes repaired by placing drilled holes at the crack
From the meaning that the drilled holes stop the propagation of cracks, they are called stop-holes. Sinc
holes are regarded as an emergency measure to delay crack propagation, usually some substantia
follows. However, if the stress at the stop-holes is below their fatigue limit, fatigue cracks would no
expected to occur. The purpose of this study is to present the conditions under which stop-holes prevent
initiation of fatigue cracks. The fatigue limit of stop-holes and the equations necessary to estimate
maximum stress on the circumference of the stop-holes are provided.
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1. Introduction

To repair the fatigue cracks initiated in steel bridges, drilled holes are sometimes placed at th
tips. The drilled holes stop the propagation of cracks by easing the stress concentration at the cr
From the meaning that drilled holes stop the crack propagation, they are called stop-holes.

In the USA, Fisher (1984) reported many instances in which fatigue cracks were repaired by
holes. He proposed the following equation to predict when stop-holes would prevent the re-initia
fatigue cracks (Fisher, Barthelemy, Mertz and Edinger 1980).

(1)

Referring to Fig. 1, ∆σmn is the range of membrane stress calculated by the theory of struc
(MPa), a is the half of the length between the edges of two stop holes (m), ρ is the radius of the
holes (m), and σY is the yield stress of steel (MPa).

Later, however, he pointed out that when plate-bending stresses due to out-of-plane deforma
main girder webs are produced around stop-holes, fatigue cracks may be re-initiated at the hole
though the holes satisfy the relationship of Eq. (1) (Fisher, Jin, Wagner and Yen 1990).

In Japan stop-holes are regarded as an emergency measure to temporarily delay the prop

σmn πa∆
ρ

----------------------- 10.5 σY<
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of fatigue cracks, and some substantial repair is required later (Japan Road Association 
There is a case in which high-strength bolts are put in stop-holes to extend the fatigue life of the
holes.

Whether cracks are re-initiated at stop-holes or not will depend on the stress conditions at the hole
stress on the circumference of stop-holes is below their fatigue limit, fatigue cracks will not likely oc

The purpose of this study is to present the conditions under which stop-holes prevent the re-in
of fatigue cracks. The fatigue limit of stop-holes and the equations necessary to estimate the ma
stress on the circumference of the stop-holes are provided.

2. Fatigue strength of a circular hole

2.1. Fatigue tests of plates with a circular hole

Fig. 2 shows fatigue test specimens (Okura, Shiozaki and Nakanishi 1996, Okura and Ishikawa
Specimens T40 and T49 were employed for tensile fatigue tests, while Specimens B40 were u
bending fatigue tests. The drilled hole in the middle of the specimens is the object of the t
Specimens T40 and B40, the corner of the hole edge were chamfered by the drill with a di
somewhat larger than 24.7 mm. The chamfering was not done for Specimens T49. First the su
the plate thickness of the hole was polished along the circumference with a #100 sandpaper an
finished with a #1000 sandpaper (Japanese Industrial Standard 1994). Table 1 lists the m
properties of the specimens. The steels used were Japanese SS400 for Specimens T40 and 
SM490Y for Specimens T49. The former has a guaranteed yield stress of 235.4 MPa and a gua
tensile strength of 400 MPa. The latter has a guaranteed yield value of 353.0 MPa and a gua
tensile strength of 490 MPa.

Fig. 3 presents an overall view of the fatigue tests. In the tensile fatigue test, hinges were inst
the top and bottom ends of the specimens so that plate-bending stresses would not be induce
specimens. In the four point bending fatigue test, a constant bending moment was created over 
of 300 mm between the two support points. The fatigue tests were carried out under load contr
servo-type fatigue testing machines.

The results of the fatigue tests are given in Table 2. Here the meaning of the symbols is as followR

Fig. 1 Stop-holes
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Fig. 2 Fatigue test specimens

Table 1 Material properties of specimens

Specimen Steel
Young’s modulus

(×105 MPa)
Yield stress

(MPa)
Tensile strength

(MPa)
Elongation

(%)

T40 SS400 2.005 273.7 415.7 29.7
T49 SM490Y 2.104 402.4 529.2 20.2
B40 SS400 2.027 274.8 423.4 29.8

Fig. 3 Overall view of fatigue tests
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is the stress ratio, a ratio of lowest to highest stress in fatigue loading, ∆σmn is the range of nominal
membrane stress on the gross cross section of Specimens T40 or T49, ∆σm is the stress range at th
middle of the plate thickness of the hole in Specimens T40 or T49, as shown in Fig. 4, ∆σbn is the range
of nominal plate-bending stress on the gross cross section of Specimens B40, ∆σb is the stress range on
the chamfer of the hole edge in Specimens B40, as shown in Fig. 4, σY is the measured yield stress, an
Ni is the crack initiation life.

Table 2 Results of fatigue tests

(a) Tensile fatigue test

Specimen R ∆σmn

(MPa)
∆σm

(MPa)
Ni

(×104cycles)

T40-1 0.1 187.9 588.3 35.6 4.7*
T40-2 0.1 187.9 588.3 35.6 4.9*
T40-3 0.1 150.3 470.6 28.4 24.3*
T40-4 0.1 169.1 529.5 32.0 7.5*
T40-5 0.1 131.6 412.0 24.9 68.1*
T40-6 0.1 112.8 353.2 21.3 259.6*
T40-7 0.1 126.9 397.3 24.0 93.0*
T40-8 0.1 122.2 382.6 23.1 92.6*
T40-9 0.1 117.5 367.9 22.2 380.0*
T40-10 0.1 122.2 382.6 23.1 294.9*
T40-11 0.1 112.5 352.4 21.3 1020.7*
T40-12 0.1 159.7 500.0 30.2 26.4*
T40-13 0.1 190.2 595.5 36.0 9.9*
T40-14 0.1 187.7 587.7 35.5 7.6*
T40-15 0.5 105.6 330.9 20.0 550.3*
T49-1 0.1 136.9 441.0 22.0 537.4*
T49-2 0.1 189.1 609.1 30.4 39.1*
T49-3 0.1 227.5 732.8 36.5 10.9*
T49-4 0.5 134.6 433.5 21.6 310.6*
T49-5 0.5 126.4 407.1 20.3 1091.7*

*: No cracks

(b) Bending fatigue test

Specimen R
∆σbn

(MPa)
∆σb

(MPa)
Ni (×104cycles)

One crack The other crack
B40-1 0.1 207.4 372.3 22.5 320.0* *320.0*
B40-2 0.1 241.9 434.2 26.2 64.0 130.0
B40-3 0.1 293.8 527.4 31.8 26.0 -
B40-4 0.1 276.5 496.3 29.9 45.0 *71.0
B40-5 0.1 224.6 403.2 24.3 141.6* 184.0

*: No cracks

σm∆
σY

----------

σb∆
σY

----------
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The relations between ∆σm and ∆σmn and between ∆σb and ∆σbn are as follows:

For specimens T40, ∆σm = 3.131∆σmn (2)

For specimens T49, ∆σm = 3.221∆σmn (3)

For specimens B40, ∆σb = 1.795∆σbn  (4)

The FE analysis with solid elements, which will be described in Section 3.2., provides 
relations.

The crack initiation life Ni is the number of cycles when the sudden change of strain given b
stress concentration gauges glued near the hole edge allows detection of a fine crack. The positions of
the stress concentration gauges are provided in Fig. 5.

As shown in Fig. 6, two fatigue cracks were initiated on the surface of the plate thickness of the hol
in Specimens T40 and T49, and on the chamfer of the hole edge in Specimens B40. In Specim
and T49, the two cracks were observed at almost the same time. In Specimens B40, however, th
observed at pretty different cycles.

2.2. Fatigue limit of plates with a circular hole

Barsom and Rolfe (1987) proposed the following equation for the prevention of cracking at a
tip of radius ρ:

Fig. 4 Stresses ∆σm and ∆σb



480 Ichiro Okura and Toshiyuki Ishikawa

notch

ient.
(5)

where ∆K is the range of stress intensity factor for a crack of length equal to that of the 
(MPa ), and ρ is the radius of the notch tip (m).

If we take ∆σmn  as ∆K, Eqs. (1) and (5) are the same except for the value of the coeffic

K∆
ρ

------- 26.3 σY<

m
πa

Fig. 5 Positions of stress concentration gauges

Fig. 6 Fatigue cracks observed



Stop-hole conditions to prevent re-initiation of fatigue cracks 481

alized

er, in the

e cracks
ith a

t

The relation between the stress range ∆σ at the notch tip and ∆K is approximated by (Okamura
1976):

(6)

Eliminating ∆K from Eqs. (5) and (6) gives

(7)

This equation means that the fatigue limit in terms of the stress range at a notch tip is norm
by the square root of the yield stress of steel. We apply this feature to our test results.

 Fig. 7 shows the relation between  and Ni for R= 0.1 in Table 2. Here ∆σ is ∆σm or ∆σb.
The results of the bending specimens are located above those of the tensile specimens. Howev
long life region, both results are scattered about the same mean value. Therefore, the fatigue limits of a
circular hole under membrane stress and under plate-bending stress are the same. Since fatigu
are not produced below 21.3 of , we take the following as the fatigue limit of plates w
circular hole:

(R= 0.1) (8)

As shown in Table 2(a), Specimen T49-4 with R = 0.5 and  has fatigue cracks a
3.106 × 106 cycles, but Specimens T40-15 with R= 0.5 and  and Specimen T49-5
with R = 0.5 and  have no fatigue cracks at 5.503 × 106 cycles and 1.0917 × 107

cycles, respectively. Accordingly we take the value of Specimen T40-15 as the fatigue limit for R = 0.5.

σ∆ 2 K∆
πρ

-----------≅

σ∆
σY

---------- 29.7<

σ∆ σY⁄

σ∆ σY⁄

σ∆ 21.3 σY=

σm∆ σY 21.6=⁄
σm∆ σY 20.0=⁄

σm∆ σY 20.3=⁄

Fig. 7 Relation between and Ni [R = 0.1]σ σY⁄∆
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(R = 0.5) (9)

For both of membrane and plate-bending stresses, the conditions to prevent a circular hole f
re-initiation of fatigue cracks are as follows:

(10)

where ∆σt is the stress range on the circumference of a circular hole.

3. Equations to estimate maximum stress at stop-holes

Since stop-holes are placed at crack tips, the stress range on the circumference of a circular h
a crack has to be used for ∆σt in Eq. (10). First we provide the equations to estimate σt for the case
where normal and shearing stresses act simultaneously, and later for the case in which memb
plate-bending stresses act simultaneously.

3.1. Maximum stress at stop-holes under normal and shearing stresses

Let us consider the following case: As shown in Fig. 8(a), when a fatigue crack propagates ve
on a plate, and its length becomes 2a, we put stop-holes with a radius of ρ at both ends of the crack
Here membrane stress σmn (normal stress) and τmn (shearing stress) are each assumed to be distrib
uniformly. Now, as shown in Fig. 8(b), we consider the case of a = ρ, namely, the case in which only a

σ∆ 20.0 σY=

σ t∆
21.3 σY     R 0.1=( )

20.0 σY     R 0.5=( )



<

Fig. 8 Stop-hole under normal and shearing stresses
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tress on
circular hole exists. Where σmn and τmn act infinitely far away, the stress σθ in the tangential direction of
the circumference of the hole is given by (Timoshenko and Goodier 1951)

(11)

The maximum value σm of σθ and its direction θm are given, respectively, by

(12)

(13)

When τmn = 0 in Fig. 8(a), that is, only normal stress σmn acts, the elliptic approximation gives th
following equation for the maximum stress σt on stop-holes (Japan Society of Materials Science 199

 
(14)

Assuming that this elliptic approximation is also applicable for the case in which τmn and σmn act
simultaneously, the maximum stress σt at stop-holes is given by

(15)

Fig. 9 shows the comparison of this equation with the results from FE analysis. Fig. 8(c) shows the
model used for the FE analysis. The finite elements used are 8-node thick shell elements (Elem
22 in MARC 1994). Eq. (15) approximates the FE results very well.

In order to consider the effects of the chamfer at the hole edge and also the feature that the s

σθ σmn 1 2cos2θ–( ) 4τmnsin2θ–=

σm σmn 2 σmn
2 4τmn

2++=

θm
π
2
---–

1
2
---tan 1– 2τmn

σmn

-----------+=

σt 1 2 a
ρ
---+ 

  σmn=

σt
1
3
--- 1 2 a

ρ
---+ 

  σmn 2 σmn
2 4τmn

2++( )=

Fig. 9 Comparison of Eq. (15) with FE results
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the middle of plate thickness of a circular hole is somewhat higher than that on the hole edge, w
to multiply Eq. (15) by 1.07, and obtain

(16)

The grounds for the value 1.07 will be given in the next section.

3.2. Maximum stress at stop-holes under membrane and plate-bending stresses

In actual bridges, membrane stresses can be distributed, and also plate-bending stresse
created. In such cases, usually we have to use FE analysis with shell elements to obtain the str
the circumference of the stop-holes. Next we establish an equation to be used in estimat
maximum stress at the stop-holes by the results from FE analysis with shell elements.

First we investigate the stresses at a circular hole under membrane stress or plate-bending s
FE analysis with solid elements. Fig. 10 shows the FE model. The finite elements used are 2
isoparametric solid elements (Element type 21 in MARC 1994). Table 3 lists the stress concentration
factors obtained from this analysis. Table 3(a) is for the case of no chamfer, and Table 3(b) is 
case of the chamfer of s= 1.0 mm and θ = 45o. The definition of the stress concentration factors is
follows:

(17)

σ t
1.07

3
---------- 1 2 a

ρ
---+ 

  σmn 2 σmn
2 4τmn

2
++( )=

Km

σm

σmn

--------=

Fig. 10 FE model with solid elements
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where Km and Kb are the stress concentration factors for membrane and plate-bending str
respectively. A, B and C in the parenthesis after Km and Kb represent the points A, B and C in th
inserted figure in the table, respectively.

As seen from Table 3, Km(A) is somewhat greater than Km(B). Peterson (1953) already pointed ou
that the stress concentration factor at the middle of the plate thickness is somewhat greater t
at the hole edge. However, the variation of Km(A) is very small with respect to the plate thicknes
Thus, we take 3.2 for Km as a value that is applicable on the safe side for both cases with and w
the chamfer.

Table 3 also indicates that Kb increases with the increase in plate thickness. This is due to the e
of the transverse shear deformation on the bending of plates. Reissner (1945) provided the fo
stress concentration factor for an infinite plate with a circular hole under plate-bending, consider

Kb

σb

σbn

-------=

Table 3 Stress concentration factors

(a) s= 0.0 mm

t (mm) 8.75 17.50 26.25 35.00

Km (A) 3.116 3.172 3.189 3.184
Km (B) 2.965 2.834 2.754 2.722
Kb (A) 0.000 0.000 0.000 0.000
Kb (B) 1.918 2.018 2.105 2.185

KbR 1.985 2.152 2.278 2.376

(b) s= 1.0 mm, θ = 45o

t (mm) 8.75 17.50 26.25 35.00

Km (A) 3.172 3.191 3.198 3.191
Km (B) 3.115 3.010 2.937 2.896
Km (C) 2.561 2.422 2.334 2.295
Kb (A) 0.000 0.000 0.000 0.000
Kb (B) 1.593 1.907 2.065 2.177
Kb (C) 1.772 1.807 1.856 1.906
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effects of transverse shear deformation:

(19)

where Kn( ) is the modified Bessel function of the second kind, of order n (Duffy 1998), and ν  is
the Poisson’s ratio.

Reissner’s stress concentration factor has the following features:

 KbR = 3  (20)

 KbR =  (21)

Eq. (21) is the same as the stress concentration factor obtained from the classical thin-plate theory,
which does not consider the effects of the transverse shear deformation on the bending o
(Nakayama 1927). Eq. (21) gives the value 1.788 for ν = 0.3.

For ν = 0.3, Eq. (19) can be approximated by

(22)

For 0.05� ρ /t � 4, Eq. (22) approximates Eq. (19) with a relative error less than 1%.
The values of KbR from Eq. (22) are given in Table 3(a). KbR is larger than Kb(B) for the case of no

chamfer, and also larger than Kb(B) and Kb(C) for the case of chamfer. Thus we take Eq. (22) on the s
side as the stress concentration factor at a circular hole under plate-bending stress.

Adding the maximum stress for membrane stress to that for plate-bending stress, the maximum
at a circular hole under membrane and plate-bending stresses is given by

  (23)

Using 3.2 for Km and Eq. (22) for Kb, we obtain

(24)

When we use shell elements in FE analysis, we have to consider the following: The influence
chamfer at the hole edge can not be taken into account in shell elements. Even if we use very fi
elements, the stress concentration factor is 3.0 for a circular hole under membrane stress. S
where we use shell elements based on classical thin-plate theory, the stress concentration factor
for plate-bending stress.

KbR
3
2
---

3 1 ν+( )K2
10ρ
t

------------- 
  2K0

10ρ
t

------------- 
 –

2 1 ν+( )K2
10ρ
t

------------- 
  4K0

10ρ
t

------------- 
 +

----------------------------------------------------------------------------------+=

lim
ρ t 0→⁄

lim
ρ t ∞→⁄

5 3ν+
3 ν+

---------------

KbR

3.157
6.193ρ

t
-----------------+

1
3.539ρ

t
-----------------+

-------------------------------------=

σ t σm σb Kmσmn Kbσbn+=+=

σ t 3.2σmn

3.157
6.193ρ

t
-----------------+

1
3.539ρ

t
-----------------+

-------------------------------------σbn+=
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Thus, when we use the results from FE analysis with shell elements, we have to estimate th
maximum stress at stop-holes by the following equation:

(25)

where σm(FEM) and σb(FEM) are, respectively, the membrane and plate-bending stresses in the tan
direction on the circumference of the stop-holes computed by FE analysis with shell elemen
η is as follows:

(26)

Dividing the coefficient 3.2 in Eq. (24) by 3.0 gives the coefficient 1.07 in Eq. (25), and like
dividing (3.157+6.193 ρ / t)/(1+3.539 ρ / t) in Eq. (24) by 1.788 gives η in Eq. (25).

Where we use shell elements considering the effects of the transverse shear deformation
bending of plates, we have to take one for η. In Eq. (25) the effects of a chamfer less than 1 mm at 
hole edge are considered. The value 1.07 in Eq. (25) was also introduced into Eq. (16).

The stress ranges given by Eq. (16) for the case in which normal and shearing stres
simultaneously, and by Eq. (25) for the case where membrane and plate-bending stresses 
simultaneously, must satisfy Eq. (10) to prevent the re-initiation of fatigue cracks at stop-holes

4. Conclusions

The conditions under which stop-holes prevent the re-initiation of fatigue cracks were given b
(10). As the equations necessary to estimate the maximum stress on the circumference of th
holes, Eq. (16) was provided for the case in which normal and shearing stresses act simultaneou
Eq. (25) for the case where membrane and plate-bending stresses act simultaneously. If the stre
given by Eq. (16) or Eq. (25) satisfies Eq. (10), fatigue cracks would not be expected to occu
stop-holes.
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