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Abstract

Analytical closed-form and semi-analytical solutions for the residual stress
distributions in a plate caused by pressure acting on a central circular hole,
representing the cold-work process, are derived for an elastic-perfectly plas-
tic material. Both Tresca and von Mises yield criteria are used and the
corresponding residual stress distributions are compared. The relation be-
tween the dimension of the plastic zone and the value of internal pressure
is presented. The relation between the magnitude of the residual stresses
and the remote uniform tensile stress required to open symmetrical radial
cracks is also presented. The reduction of the stress intensity factors of
cracked open and riveted holes as a function of the internal pressure applied
(or mandrel radial displacement) is investigated using numerical models for
both an elastic—perfectly plastic material and for an Al 2024-T3 Alclad alu-
minum alloy.

Notation

∆r̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Non-dimensional radial increment

∆ . . . . . . . . . . Hole radial expansion (difference between mandrel and hole radius)

ε . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Total strain

εplij . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ij component of the plastic strain
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υ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Poisson’s ratio

σrr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Radial stress

σθθ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Circumferential stress

σ̄eθθ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Non-dimensional circumferential stress (elastic)

σ̄pθθ . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Non-dimensional circumferential stress (plastic)

σ̄err . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Non-dimensional radial stress (elastic)

σ̄prr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Non-dimensional radial stress (plastic)

σ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Applied stress

σY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Yield stress

τ rθ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Shear stress (in polar coordinates)

E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Young’s modulus

J . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J contour independent integral

K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Stress intensity factor in mode I

e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Nepper number / constitutive property

p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pressure applied to the hole

p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Non-dimensional pressure (p̄ = p/σY )

r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Radial coordinate

ri . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Inner hole radius

r̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Non-dimensional radial coordinate (r̄ = r/ri)

r̄c . . . . . . . . . . . . . . . . .Non-dimensional radial coordinate of plastic/elastic interface

r̄0 . . . . . . . . . . . . . . Non-dimensional initial radial value for finite difference method

2



1 Introduction

The number of problems related with ageing aircraft may be reduced by enhancing
the fatigue performance of aeronautical structures, especially in critical zones,
acting as stress raisers, such as access and riveted holes.
Fastener hole fatigue resistance may be enhanced by creating compressive resid-

ual circumferential stresses around the hole. This technique - cold-work - has been
used in the aeronautical industry for the past thirty years to delay fatigue damage
and retard crack propagation.
Research has been concentrated mainly on modelling the residual stress field us-

ing analytical or two-dimensional (2D) or three-dimensional (3D) numerical meth-
ods [1, 5], on the experimental measurement of the residual stress field [6, 7], on the
experimental characterization of the cold-worked hole behaviour in fatigue [8, 10],
and on the stress intensity factor calibration for cracks that may nevertheless de-
velop after cold-work [2, 11, 12]. Subtopics considered include the consideration
of thickness effects [5- 13], the consideration of eventual pre-existence of cracks of
various sizes before hole expansion is carried out [8], the possible re-cold-working of
already cold-worked holes [14], and the stress analysis of neighbouring cold-worked
holes [15].
The compressive circumferential residual stress field around the rivet holes is

created by applying pressure on the hole surface by means of a mandrel. The
applied pressure must be large enough to plasticize the material surrounding the
hole. Once the pressure is removed, the desired residual compressive stress field is
achieved. According to Leon [16], the main benefits associated with the improve-
ment of the fatigue life are the reduction of unscheduled maintenance, increasing
the time between inspection intervals, reduction of maintenance costs, and im-
provement of aircraft readiness.
Two cold-working processes are normally used in the aeronautical industry [16,

17]: the split sleeve process, using a solid tapered mandrel and a lubricated split
sleeve, and the split mandrel process, using a lubricated, hollow, and longitudinally
slotted tapered mandrel.
In service conditions, cracks may initiate and grow from the surface of the

hole. However, due to the compressive residual stress, there will be a minimum
value of remote tensile stress required to open the crack. Furthermore, once the
cracks are open, the respective stress intensity factor, K, will be smaller than the
one obtained in the absence of cold-working. Therefore, the cold-working process
retards crack growth, increasing the fatigue life of the structure.
This process is shown on Figure 1. The reduction of K depends on the magni-

tude of the residual stresses, on the size and location of the crack(s), on the edge
effects introduced by the particular geometry, and on the material used.
Since the reduction of the stress intensity factor is a function of the residual
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stresses, it is important to relate the magnitude of the residual stress field with
the expansion of the mandrel (or with the pressure applied to the rivet hole)
when designing a riveted connection. The relation between the residual stress field
and the pressure applied to the hole can be obtained by means of Finite Element
Analyses (FEA), or using experimental stress analysis techniques (e.g. strain gages,
photoelastic coatings, laser interferometry). However, FEA analyses require pre-
and post-processing, trained users, and are time consuming. Experimental stress
analyses are expensive, time consuming and clearly impractical for the analysis of
different hole sizes, materials and internal pressures.
The objectives of the current work are to develop a simplified procedure to

relate the internal pressure applied to the hole of an infinite isotropic plate with
the residual stress field and plastic zone, and to assess the reduction of stress
intensity factors resulting from the cold-work process in both open and riveted
holes.
The availability of a simplified procedure to relate internal pressure with plastic

zones is important in the design of a riveted connection, avoiding more complex,
expensive and time-consuming analyses. The analytical and semi-analytical proce-
dures, proposed to deal with stages a) and b) represented in Figure 1, are compared
with finite element solutions.
After the characterization of the residual stress field, the effects of cold-working

on the stress intensity factor of an elastic-perfectly plastic material, and of an
aluminium alloy plate containing symmetrically located cracks, are assessed (stages
c) and d) represented in Figure 1). The effects of cold-work on the stress intensity
factor are investigated for both an open hole remotely loaded and for a riveted
joint.

2 Closed-form analytical and semi-analytical so-
lutions for residual stress fields

The residual stress field obtained by the cold-work process is derived using the
Tresca and von Mises yield criteria, assuming an elastic-perfectly plastic material.

2.1 Residual stress field using Tresca criterion

It is considered that the cold-work process creates a symmetric pressure distribu-
tion around the hole. This assumption, used in majority of the numerical models
proposed, holds true for the split mandrel cold-working process, but is not suffi-
ciently accurate for split sleeve cold-working [16]. It is also considered that the hole
is expanded by a rigid mandrel, and that the material does not contain residual
stresses due to manufacturing.
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The elastic stresses due to an internal pressure, p, on a circular hole with a
radius ri, in an infinite plate can be easily derived from Lamé’s equations [18],
considering plane stress state and neglecting frictional effects:

σrr(r) = −p
³ri
r

´2
(1)

σθθ(r) = p
³ri
r

´2
(2)

τ rθ = σzz = 0 (3)

The Tresca criterion can be expressed by:

σ1 − σ3 = σY (4)

where σY , the yield stress, is considered constant (elastic-perfectly plastic be-
haviour assumed).
For the case of axisymmetric pressure, equations (1)-(3), this can be reduced

to:

σ1 − σ3 = σθθ − σrr = 2p
³ri
r

´2
= σY (5)

Therefore, the internal pressure that leads to yielding onset, po, occurring for
r = ri, is obtained as:

po =
σY
2

(6)

The equilibrium equation in the radial direction can be obtained as:

dσrr
dr

+
1

r
(σrr − σθθ) = 0 (7)

For p ≥ po, equation (4) is satisfied. Using (7) and (4) the equilibrium equation
in the radial direction of the plastic zone is:

dσrr
dr

+
1

r
σY = 0 (8)

Integrating (8), taking into account that σrr(ri) = −p:

σprr = σY ln
r

ri
− p (9)

From (4):

σpθθ = σY

µ
ln

r

ri
+ 1

¶
− p (10)
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Equations (9) and (10) are valid for the plastic region, ri ≤ r ≤ rc, where rc
delimits the elastic and the plastic zones. The stress state for the elastic region of
the plate can be obtained using Lamé’s equations applied to an hole with a radius
rc and subjected to an internal pressure p = σprr(rc). Therefore, the radial and
tangential stresses are:

σerr =

µ
σY ln

rc
ri
− p

¶³rc
r

´2
(11)

σeθθ = −
µ
σY ln

rc
ri
− p

¶³rc
r

´2
(12)

The radius corresponding to the boundary between the elastic and the plastic
zones, rc, can be obtained from:

σeθθ(rc) = σpθθ(rc) ∴ rc = rie
(p/σY −1/2) (13)

Defining the following nondimensional parameters:

σrr =
σrr
σY

(14)

σθθ =
σθθ
σY

(15)

r =
r

ri
(16)

rc =
rc
ri

(17)

p =
p

σY
(18)

the stress field in the plastic zone, 1 ≤ r ≤ rc, may be defined as:

σprr = ln r − p (19)

σpθθ = ln r + 1− p (20)

and in the elastic zone, r > rc, as:

σerr = (ln r − p)

µ
rc
r

¶2
(21)

σpθθ = −σerr (22)
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As long as the unloading is purely elastic, the residual stress field may be
obtained by the superposition principle. Therefore, the residual stress field is
obtained for the plastic zone 1 ≤ r ≤ rc, as:

σp(res)rr = ln r − p

µ
1− 1

r2

¶
(23)

σ
p(res)
θθ = ln r + 1− p

µ
1 +

1

r2

¶
(24)

and in the elastic zone, r > rc, as:

σe(res)rr = (ln rc − p)

µ
rc
r

¶2
+

p

r2
(25)

σ
e(res)
θθ = −σe(res)rr (26)

For the Tresca yield criterion, the superposition principle is valid for a range
of applied pressure smaller than twice the pressure required to initiate plastic
deformation, 1/2 ≤ p ≤ 1: when p ≤ 1/2 there is no plastic deformation, whereas
for p > 1 there is plastic deformation on the hole boundary during unloading.

2.2 Residual stress field using von Mises criterion

The von Mises criterion can be expressed by:

1

2

£
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2¤ = σ2Y (27)

From (1)-(3):

1

2

£
(σrr − σθθ)

2 + σ2θθ + σ2rr
¤
= σ2Y (28)

From (1), (2) and (28) the internal pressure corresponding to yielding onset is
obtained as:

po =
σY√
3

(29)

Using von Mises yield criterion, the analytical integration of the governing
equations for the elastic-plastic stress field is not possible. Therefore, the problem
is analytically reduced to an ordinary differential equation and solved by finite
differences. The results based upon this algorithm will be referred to as semi-
analytical. The finite-differences procedure shown in Table 1 is easily implemented
in a spreadsheet.
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2.3 Comparison between analytical/semi analytical and nu-
merical solutions

The analytical and semi-analytical solutions proposed are compared with a finite
element solution. The finite element model created provides an approximate frame-
work against which to assess the analytical and semi-analytical solutions proposed
here.
ABAQUS [20] software is used to simulate one-quarter of an 800mm×800mm

plate containing a 10mm diameter hole. An elastic-perfeclty plastic material with
E = 71400MPa, υ = 0.3 and σY = 285MPa is used. The resulting model has
2305 8-node, reduced integration shell elements.
In order to validate the finite element model, a simulation of a linear-elastic

model is performed. The stress concentration factor predicted is 3.001, which is in
good agreement with the theoretical solution (3.000).
The residual stresses obtained by the semi-analytical solution, and by the finite

element model using von Mises criterion are shown in Figure 2.
From Figure 2 it can be concluded that an excellent agreement between the

semi-analytical and the numerical solution is obtained. The comparison between
the results predicted by the analytical and semi-analytical solutions using Tresca
and von Mises criteria respectively is presented in Figure 3.
Figure 3 shows that significant differences in the residual circumferential stresses

are obtained using of Tresca or von Mises yield criteria. Since most metals, in-
cluding aluminum, are better represented by von Mises yield criterion, only this
criterion will be used in the following sections. The numerical model also provides
the relation between the radial displacement and the applied pressure. This dis-
placement corresponds to the radial interpenetration, i.e., the difference between
the mandrel and the hole radius. Figure 4 shows the relationship between the
mandrel interpenetration and the pressure applied to the hole obtained by the
finite element model.

2.4 Remote stress required to open a crack

A plate with a central circular hole, with a circumferential residual stress field
(Figure 2), and subjected to an uniform remote tensile stress is considered.
In an elastic process, the superposition principle is applicable and the resulting

stress field is shown in Figure 5.
Considering the presence of two symmetrically located cracks in the compres-

sive region near the hole, the cracks will not open unless their length is greater
than the radial dimension of the region under compressive stress.
This dimension is defined by the residual stress magnitude and by the remote

load magnitude (see Figure 5). Therefore, it is possible to represent the remote
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uniform tensile stress required to open the cracks as a function of the crack length
and residual stress magnitude by using the proposed semi-analytical procedure.
This relationship is shown in Figure 6.

3 Effect of cold-work on stress intensity factors

After proposing a methodology to determine the relation between the plastic zone
and the internal pressure applied to the hole, it is important to relate the stress
intensity factors and the plastic zone. The relation between the stress intensity
factors and the size of the plastic zone, for both elastic perfectly plastic material
and Al 2024 Alclad aluminum alloy, is obtained using ABAQUS Finite Element
software [20]. Two situations are investigated: a plate with an open hole remotely
loaded, and a plate with a riveted joint.

3.1 Open hole

The geometry investigated consists of an infinite plate with a central circular hole.
For symmetry reasons, the numerical model represents a quarter of the plate, with
2305 elements of the type S8R (8-noded, reduced integration plane stress elements)
and a total of 7120 nodes. The hole diameter considered is 20mm and the plate
dimensions are 800mm×800mm. Two symmetrically located 6mm long cracks are
simulated by releasing the boundary conditions of the corresponding nodes. Before
determining the effect of cold-work on the stress intensity factors it is necessary to
validate the numerical algorithm used. The accuracy of the algorithm is assessed
by comparing the predicted stress intensity factor with the analytical solution
described in [21]:

K = Y σ
√
πa (30)

For the geometry used, Y = 1.0571 [21]. Considering an uniform remote stress
of 100MPa, the stress intensity factor is K = 23.700MPa

√
m.

Values of the J−integral [22] are calculated for twenty different contour paths
around the crack tip. Convergence is obtained after the third path and small oscil-
lations are observed as the J−integral contours approach the surface of the hole.
The stress intensity factor can be obtained from the J−integral value, considering
plane stress, as:

K =
√
JE (31)

Using equation (31) the predicted value of the stress intensity factor is
K = 23.714MPa

√
m, corresponding to a difference of 0.06% when compared with

the analytical solution [21].
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Two different materials are investigated: an elastic perfectly plastic material
with E = 71400MPa, υ = 0.3 and σY = 285MPa, and Al 2024 Alclad aluminum
alloy with E = 71400MPa, υ = 0.3 and σY = 285MPa. The uniaxial stress-strain
relation for Al 2024 Alclad is required to define the elasto-plastic behaviour the
material. This relation can be obtained in [23], and is given by:

ε =

½
σ/E, σ < σY

(σY /E) (σ/σY )
n , σ ≥ σY

(32)

where n = 8 for Al 2024 Alclad. Associated plastic flow, with isotropic yielding is
assumed.
Three load cases corresponding to different values of internal pressures (65%,

75% and 85% of the yield stress) are investigated. Associated with these internal
pressures, the corresponding hole radial expansions, ∆, and the non-dimensional
radius corresponding to the plastic zone, rc, are represented in Table 2.
A first analysis is performed to obtain the residual stress field. An uniform re-

mote tensile stress is then applied, completely opening the crack. The J−integral
calculations in the presence of residual stresses presented some convergence prob-
lems for contours in the vicinity of the hole surface. Nevertheless, the stable region
of the curve allows the calculation of stress intensity factors.
The influence of the different values of residual stresses on K is obtained for

several crack lengths and is shown in Figure 7 for the two materials investigated.
Figure 7 shows that cold-work reduces the stress intensity factor for the two ma-

terials investigated. The reduction of the stress intensity factor is more pronounced
in the elastic-perfectly plastic material, for an internal pressure corresponding to
85% of yield stress, and for the shortest crack length used, a = 12.5mm. Under
this circumstances, the reduction of the stress intensity factor when compared with
a hole without cold-work is 25.4%. It is also worth noticing that for a crack length
a = 12.5mm and for an internal pressure corresponding to 85% of yield stress,
the crack lies in a region totally plastically deformed by the cold-work process, as
shown in Figure 8. This fact can explain the significant reduction of the stress in-
tensity factor obtained for both materials for a short crack length and high internal
pressure during the cold-work.

3.2 Riveted hole

The effect of cold-work is investigated for a double-shear riveted joint, where there
is no bending of the plate.
The rivet is simulated as a rigid body and a frictionless contact between the

rivet and the plate is assumed. The contact problem is addressed using a varia-
tional formulation constrained by the contact conditions using Lagrange multipliers
[20]. The contact surface and the distribution of radial stresses are not assumed,
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but calculated throughout the analysis using the contact algorithm in ABAQUS
[20]. The same materials used in the plate with an open hole, an elastic perfectly
plastic material and an Al 2024 Alclad aluminum alloy, are investigated.
Half of an 200mm × 200mm plate containing a 20mm diameter hole is sim-

ulated using 8-node plane stress elements and using appropriated boundary con-
ditions along the symmetry plane. A total of 3762 elements and 11396 nodes are
used in the numerical model. Before simulating the presence of a plastic zone due
to the cold-working process, the accuracy of the algorithm is assessed by compar-
ing the predicted stress intensity factor with the solution obtained by Cartwright
and Parker [24]. Considering 5 different crack lengths, values of the J−integral
[22] are calculated for 10 different paths, and the converged values are used to cal-
culate the stress intensity factor using (31). The stress intersity factors normalized
using K0 = σ

√
πa obtained by the numerical models are compared with the values

obtained in [24], and the results are shown in Figure 9.
For the crack lengths used, differences on the stress intensity factors between

6.4 and 8.1% are obtained. These differences can be justified by the fact that the
methodology proposed in [24] uses a cosine function to simulate the distribution
of radial stresses, whereas the numerical model implemented here calculates the
radial stresses using a contact algorithm. The difference between the cosine and
calculated distributions of radial contact stress is shown in Figure 10.
Three load cases corresponding to different values of internal pressures (65%,

75% and 85% of the yield stress) are investigated. The corresponding hole radial
expansions, ∆, and the non-dimensional radius corresponding to the plastic zone,
rc, are represented in Table 3.
The simulation of a riveted joint with cold-worked holes is performed in three

steps. The first step simulates the cold-work process, where an internal pressure
(or radial displacement) is applied to the hole. Internal pressures corresponding
to 65%, 75% and 85% of the yield stress are considered. In the second step the
internal pressure is removed, allowing the elastic recovery of the material. In the
third step the contact conditions between a 20mm diameter rivet and the hole
are defined, two symmetrically located cracks are simulated, and the J-integral is
calculated for ten different paths.
The stress intensity factor, K, is represented in Figure 11 for the different cases

investigated as a function of the crack length.
Figure 11 shows that cold-work reduces the stress intensity factor for the two

materials investigated. Like in the plate with an open hole, the highest reduction
of the stress intensity factor occurs for the elastic-perfectly plastic material, for an
internal pressure corresponding to 85% of the yield stress, i.e., the higher hole radial
expansion considered in the present work. For this case, the highest reduction of
the stress intensity factor is 4.3%, when compared with a hole without cold-work.
For internal pressures smaller than 85% of the yield stress there is almost no
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difference between the behaviour of the two materials, and marginal reductions
of the stress intensity factor are obtained using the cold-work process. Like in
the case of a plate with an open hole, for a crack length a = 12.5mm and for an
internal pressure corresponding to 85% of yield stress, the crack lies in a region
totally plastically deformed by the cold-work process.

4 Conclusions

Analytical and semi-analytical solutions are derived for the characterization of the
residual stress field and plastic zone sizes of cold-worked holes for elastic-perfectly
plastic materials. The analytical and semi-analytical solutions can predict the
residual stress field, and relate the cold-working pressure to both the dimension
of plastically deformed region and to the dimension of the region subjected to
compressive stresses. The proposed solutions are also able to relate the remote
uniform tensile stress required to open a crack, for several values of crack lengths,
and to the dimension of the plastic zone. The solutions do not require complex
pre- or post-processing techniques, being therefore useful tools for the design of
cold-worked holes.
The cold-working process is shown to reduce stress intensity factors for different

dimensions of plastically deformed regions, and for different crack lengths, for both
a remotely loaded plate containing an open hole, and for a riveted joint. The
maximum reductions of the stress intensity factor obtained are 25.4% and 4.3%
for open and riveted holes, respectively. The maximum reduction for the open
hole case occurs in the situation where the all the length of the crack lies in the
plastically deformed region created by cold-work.
The reduction of stress intensity factor value for the cracked open hole problem

is greater than the one obtained for the pin-loaded joint. This implies that claims
of fatigue enhancement solely based on the performance of open hole specimens
may be optimistic in actual structural connections.
The constitutive law used affects the reduction of the stress intensity factor

due to cold-work: higher reductions of the stress intensity factor are obtained in
elastic-perfectly plastic materials.
Even for the small values of radial expansion considered in the present work,

fatigue strength enhancing consequences are predicted, namely through the need
for a minimum remote tensile stress in order to open cracks of a given size, the
reduction of K for the cracked open hole problem, and the reduction, although
small, of K, for the pin loaded joint models analysed.
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Tables

Table 1: Proposed finite differences procedure
Condition Expression
Initiation r̄0 = 1 (initial point for finite differences method)

∆r̄ = 0.01 (radial increment)

(σ̄rr)1 = −p̄ (boundary condition)
if (σ̄rr)1 >

1√
3

(σ̄θθ)1= +
q
1− 3

4
[(σ̄rr)1]

2+1
2
(σ̄rr)1(equilibrium/yield criterion)

else (σ̄θθ)1 = − (σ̄rr)1(equilibrium/compatibility)
Iteration i (σ̄rr)i = (σ̄rr)i−1 − 1

r̄i

£
(σ̄rr)i−1 − (σ̄θθ)i−1

¤×∆r̄ (equilibrium)

if (σ̄rr)i >
1√
3

(σ̄θθ)i = +
q
1− 3

4
[(σ̄rr)i]

2 + 1
2
(σ̄rr)i (equilibrium/yield criterion)

else (σ̄θθ)i = − (σ̄rr)i (equilibrium/compatibility)

Table 2: Load cases for plate with open hole
Elastic-perfectly plastic/Al 2024-T3 Alclad

Load Case 1 2 3
p 0.65 0.75 0.85
rc 1.065/1.010 1.165/1.150 1.265/1.250

∆/ri × 103 3.24/3.42 4.17/4.11 5.19/5.00

Table 3: Load cases for plate with rivet joint
Elastic-perfectly plastic/Al 2024-T3 Alclad

Load Case 1 2 3
p 0.65 0.75 0.85
rc 1.050/1.050 1.150/1.150 1.275/1.275

∆/ri × 103 3.48/3.47 4.25/4.19 5.32/5.11
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Figure Captions

Figure 1: Schematic representation of the cold-work process and load case
studied

Figure 2: Semi-analytical and numerical residual stress fields using von Mises
criterion

Figure 3: Relationship between applied pressure and radial interpenetration

Figure 4: Residual stresses obtained using von Mises and Tresca yield criteria

Figure 5: Stress field due to cold-work and remote loading

Figure 6: Stress required to open two symetrically located cracks in a cold-
worked hole

Figure 7: Stress intensity factor as a function of crack length and cold-working

Figure 8: Regions plastically deformed for different internal pressures

Figure 9: Comparison between stress intensity factors for a plate with a riveted
hole

Figure 10: Cosine and calculated distributions of radial contact stress

Figure 11: Normalised stress intensity factor as a function of crack length and
cold-work
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Figures
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a) Infinite plate with
pressure applied along
central circular hole. 

b) Region plastically
deformed. 

c) Uniform remote tensile 
stress and compressive 
residual stress field 
around the hole. 

d) Circular hole with 
two symmetric cracks. 

Figure 1: Schematic representation of the cold-work process and load case studied
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Figure 2: Semi-analytical and numerical residual stress fields using von Mises
criterion

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

r/ri

σ/σy

von Mises

Tresca

σrr

σθθ

Figure 3: Residual stresses obtained using von Mises and Tresca yield criteria
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Figure 10: Cosine and calculated distributions of radial contact stress
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