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A laboratory study is presented wherein needle peened structural steel weld specimens are fatigue tested
under simulated in-service loading histories typical of highway bridges. A strain-based fracture mechan-
ics model is then validated by comparison with the test results and used to perform additional studies,
wherein similar welds are analyzed under loading histories encompassing a wider range of influence
lines and bridge spans. It is concluded that the employed model is well suited for studying the effects
of peening on the fatigue performance of highway bridge welds under in-service loading conditions.
The consideration of tensile dead load stresses and periodic overload trucks is seen to decrease the pre-
dicted benefit of peening. This benefit can still be substantial, however, for a wide range of loading con-
ditions likely to be seen in highway bridges.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The possible applications of peening treatments [1–12] for
enhancing the fatigue performance of large welded steel structures
are wide ranging and include: bridges, ships, offshore structures,
wind turbines, cranes, and heavy mining equipment. Peening treat-
ments can be applied to new structures to increase their design
service life or reduce their self-weight. These treatments can also
be applied to existing structures, in order to extend their service
lives or increase their fatigue strengths in view of changing service
requirements or detected deficiencies.

Peening treatments have been shown to improve the fatigue
performance of welds primarily by introducing compressive resid-
ual stresses near the treated surface, which have the effect of
reducing crack growth rates at the smaller crack depths [1,2]. In
some cases, other peening effects may also contribute to the fati-
gue performance improvement, such as increasing the weld toe ra-
dius or the local hardness of the treated surface [3,4]. As a repair
method for structures already containing large fatigue cracks (i.e.
greater than the depth of the introduced compressive residual
stress field), peening alone is generally ineffective. Peening can
be used in conjunction with grinding and rewelding, however, as
an effective means of repairing large fatigue cracks in existing
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structures. Possible negative effects of peening may include:
roughening of the treated surface, the formation of cold laps that
can act as crack initiation sites, and embrittlement of the treated
surface. In general, however, it has been found that these effects
are not significant when controlled, mild peening treatments are
applied to weld toes, which tend to already possess initial defects,
high tensile residual stresses, and a sharp local notch.

Significant empirical evidence can be found in the existing liter-
ature that peening treatments, such as shot, needle, and hammer
peening and ultrasonic impact treatment (UIT), are effective in
increasing the fatigue performance of welds under laboratory-
controlled constant amplitude (CA) loading conditions (e.g.
[1–7]). Much of this work has focused on tension-only loading.
However, some studies have also looked at load ratio effects. To
date, the number of studies examining the fatigue performance
of peened welds under variable amplitude (VA) loading conditions
is limited [8–12].

The fatigue behaviour of untreated plain and welded steel spec-
imens under VA loading conditions is a research area that has re-
ceived considerable recent attention (e.g. [13–15]) and continues
to evolve as our understanding improves of the mechanisms that
cause VA loading behaviour to differ from what might be expected,
based on the results of CA loading tests.

In the research to date of peened welds subjected to VA loading
conditions, it has been found that design methods shown to be
effective in correlating CA and VA test data for untreated welds,
can yield unsafe predictions when used to evaluate VA test data
for peened welds [9]. There are several possible reasons for this.
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Among the more concerning of these is the increased potential for
crack growth rate changes or residual stress relaxation following
‘‘overload” events.

Under VA loading conditions, overload events can lead to accel-
erated crack growth in treated welds as a result of the following
mechanisms: (1) compressive overloads (also known as ‘‘under-
loads”) can cause relaxation of the compressive residual stresses
introduced by the peening treatment if the total (resid-
ual + applied) stress is sufficient to cause a significant non-linear
material response, and (2) compressive (as well as very large ten-
sile) overloads can have the effect of reducing the crack opening
stress level, and thus increasing the effective portion of the applied
stress cycles, for a number of cycles following the overload event.
These two mechanisms are illustrated in Fig. 1. Note that in
Fig. 1a, rres is the local residual stress, rapp,el is the subsequently ap-
plied elastic local stress, and rapp is the actual applied local stress.
In Fig. 1b, the applied stress history consists of 10 underload cycles
followed by 990 constant amplitude cycles. The thick dashed line
in this figure shows the gradual build-up of the crack opening
stress (rop) following the underload cycles.

In [12], a strain-based fracture mechanics (SBFM) model is used
to analyze peened welds under loading histories consisting of
blocks of tension-only cycles interspersed with periodic underload
events. The primary advantage of this model is its inherent capabil-
ity of predicting the two crack growth accelerating mechanisms
described in Fig. 1. Under loading conditions expected to result
in a primarily linear material response, the fatigue life improve-
ment predictions are seen in [12] to converge on those obtained
using linear elastic fracture mechanics (LEFM) models. The SBFM
model’s predictive capabilities in the current context are demon-
strated in [12] by comparison with fatigue test results. The work
in [12] is limited, however, to the investigation of idealized block
loading histories. Herein, this work is extended to examination of
the behaviour of peened welds under VA loading conditions more
typical of highway bridges in-service.

In the following sections, the laboratory portion of this investi-
gation is first summarized, including the fatigue testing of as-
received and needle peened welds under two simulated in-service
loading histories. Ancillary tests performed to determine various
material and geometric parameters required for the fracture
mechanics analysis, as well as the local residual stress and mi-
cro-hardness distributions along the anticipated crack path, are
also described and the results summarized. Following this, an
SBFM model is described and validated for analysis of peened
welds by comparison with the test results. A number of analytical
studies are then presented, wherein similar welds are analyzed un-
der in-service loading histories encompassing a wider range of
influence lines, bridge spans, and loading conditions. Based on
Fig. 1. Overload effects on local stresses for peened welds. (a) Resi
these analyses, conclusions are drawn regarding the influence of
the examined parameters on the fatigue performance enhance-
ment that can be achieved by needle peening.

The presented research focuses on the investigation of needle
peening. In comparison with other peening treatments such as
shot and hammer peening and UIT, needle peening has a number
of noteworthy advantages and disadvantages. As a pneumatic tool
is used, rather than projectiles, it is considered to be superior to
shot peening for field applications involving bridges. As the
impacting needles are small in diameter in comparison with ham-
mer peening and UIT indenters, it has the advantage that there is a
better chance of the needles reaching the deepest part of the weld
notch. It is a relatively mild treatment in comparison with hammer
peening, meaning the introduced compressive residual stress field
is not as deep. However this also means less plastic deformation,
and thus, a reduced risk of surface embrittlement. In comparison
with UIT, needle peening is considered to be inferior from an occu-
pational health standpoint, as it produces much more noise and
vibration. Needle peening has an advantage over UIT, however, of
being relatively less expensive.
2. Laboratory test procedures

2.1. Fatigue tests of as-received and peened welds

The fatigue specimens used in this study were small-scale fati-
gue specimens consisting of a Detail Category ‘C’ [16,17] non-load
carrying fillet welded attachment, representative of a typical trans-
verse web stiffener in a bridge girder. In the first phase of the test-
ing program, the specimens were constructed of 9.5 mm (3/800) CSA
350 W [18] steel plate (mild structural steel with a 350 MPa nom-
inal yield strength) and had a width of 30 mm. They were made by
saw cutting slices from larger (300 mm wide) welded joints fabri-
cated using the FCAW welding process (see Fig. 2a).

During testing, premature specimen failures through the base
metal near the grips of the testing machine were observed for a
number of the peened specimens under certain loading conditions.
To avoid this in subsequent testing, a modified specimen geometry
was developed, based on [19], with a wider (50 mm) gripping re-
gion, but the same 30 mm width retained at the weld location
(see Fig. 2b). These specimens were fabricated by saw cutting
50 mm wide slices from 300 mm wide welded joints, and then cut-
ting the final curved shape using a CNC machine.

Including the twelve tests reported in [12], a total of 50 fatigue
tests were carried out on as-welded and peened specimens under
different cyclic loading conditions (see Table 1). For each set of
parameters, at least three tests were performed. The specimens
dual stress relaxation. (b) Crack opening stress reduction [12].



Fig. 2. Transverse stiffener specimen geometries. (a) Straight. (b) Variable width.

Table 1
Fatigue test program.

DS or DSeq (MPa) R (–) Loading (–) Treatment (–) Specimens (#)

180 0.1 CA AW 3a

180 0.1 CA NP 3a

270 0.1 CA AW 4
270 0.1 CA NP 4
180 0.4 CA AW 3
180 0.4 CA NP 3
400 �1.0 CA AW 3
400 �1.0 CA NP 3
186 0.1 CA-UL AW 3a

186 0.1 CA-UL NP 3a

279 0.1 CA-UL AW 3
279 0.1 CA-UL NP 3
159 – ps-m-40 AW 3
159 – ps-m-40 NP 3
161 – ps-r-15 AW 3
161 – ps-r-15 NP 3

Note: AW = ‘‘as-welded”, NP = ‘‘needle peened”.
a Test results previously reported in [12].

Fig. 3. Fatigue test loading types. (a) CA. (b)
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assigned to each test set were selected randomly, but in such a way
that all sets contained specimens each cut from different larger
plates.

Four different types of fatigue loading were considered: con-
stant amplitude (CA) loading, CA loading with periodic underloads
(CA-UL), and two in-service variable amplitude (VA) loading histo-
ries. These different loading types are illustrated in Fig. 3. In addi-
tion to varying the loading type, the equivalent nominal stress
ranges, DSeq, and ratios, R, were varied in certain cases. The CA-
UL history consisted of a 1000 cycle repeating block, whereas the
two VA histories each consisted of 100 cycle repeating blocks. In
the fatigue tests, the loading histories were imposed using sinusoi-
dal load profiles with a loading frequency of 8 Hz [21]. All testing
was performed at indoor ambient temperature (�21 �C) and
humidity. Each loading block was repeated until either the speci-
men failed or roughly 3 million cycles were applied, at which point
the test was considered a ‘‘runout”.

The two VA spectrum blocks were randomly extracted from lar-
ger in-service loading histories. These histories were generated
CA-UL. (c) VA: ps-m-40. (d) VA: ps-r-15.



Fig. 4. Truck weight histogram based on 1995 Ontario survey [20].

Fig. 5. Fatigue specimen in test frame with ACPD probes installed.
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using traffic data from Ontario, Canada obtained from a survey of
axle spacings and loads conducted in 1995 [20], which included
a total of 10,198 trucks. Fig. 4 shows a gross truck weight (GVW)
histogram based on the survey data. To generate loading histories,
the trucks were successively passed over influence lines for two
locations on simply-supported bridge girders with different spans.
Specifically, the following cases were considered: the mid-span
moment of a 40 m girder (ps-m-40) and the support reaction of a
15 m girder (ps-r-15).

Comparing the two VA loading history segments, significant dif-
ferences can be seen. The first segment (ps-m-40, Fig. 3c) can be
characterized as being more narrow-banded. In this case, the pas-
sage of a truck over the bridge generally results in only a single
large load cycle, since the bridge span is much longer than the
truck length. In the second case (ps-r-15, Fig. 3d), each axle load
tends to cause a small cycle as it comes on or off the end of the
bridge.

The needle peening was performed using a compressed air nee-
dle gun with rounded needle ends, following the procedure recom-
mended by the International Institute of Welding [22]. Each
treated specimen was subjected to four peening passes lasting
�3 s each.

To monitor crack growth, visual inspection and the alternating
current potential drop (ACPD) method were employed. The ACPD
instrumentation consisted of a TSC Mk IV ACPD system, along with
four custom probes that could be attached to the specimens mag-
netically and provided crack depth measurements at two locations
(centred on the specimen and spaced 10 mm apart) on each of the
weld toes (see Fig. 5). The ACPD system only became available part
way through the testing program. Thus, crack growth measure-
ments were not obtained for all of the tests. To evaluate the accu-
racy of the system, dye penetrant staining was used upon crack
detection in three specimens and the actual crack depths were
compared with the ACPD readings after complete specimen
fracture.
2.2. Micro-hardness and residual stress measurements

To study the effect of peening on the near-surface hardness of
the fatigue specimens, micro-hardness tests were conducted on
the base metal and heat affected zone (HAZ) in the vicinity of the
weld. To perform these measurements, two untested specimens,
one as-welded and one needle peened, were sectioned and the
resulting samples cast in epoxy. The samples were then polished
in accordance with [23] and the hardness tests were performed
using a Vickers micro-hardness tester with an applied force of
P = 200 g.

To study the microstructure of the treated weld toe, after per-
forming the micro-hardness measurements, the surface of the
treated weld sample was etched with a 2% Nital solution to reveal
the microstructure. Photos were then taken through a microscope
at 10� magnification.

The near-surface residual stresses in the as-welded and peened
welds along the anticipated crack path were measured by X-ray
diffraction. These residual stress measurements were performed
by Proto Manufacturing Ltd. in accordance with [24,25]. Measure-
ments were taken at two locations on three specimens, one as-
welded, one peened, and one peened and then cyclically loaded
for over 3 million cycles under CA-UL loading at DSeq = 186 MPa.
Along with surface measurements, subsurface measurements at
nominal depths of 0.1, 0.2, 0.5, 1.0, 1.5, and 1.8 mm were obtained,
using a process of electropolishing.

2.3. Weld toe geometry measurements

Weld toe angle (hw) and radius (q) measurements were ob-
tained using photos of saw-cut weld sections. Specifically, three
as-welded specimens, two untested and one cracked, and three
peened specimens, two untested and one cracked, were cut into
half and then polished. Photos were then taken of the weld toes
and used to measure the weld toe angle and radius. Thirty-six
as-welded and 36 needle peened weld toe locations were polished
and photographed in total. The weld toe angle was defined as the
angle between the extension of the parent plate surface and the
line representing the shape of the weld near the toe area. Herein,
as in [26], the weld toe radius was defined as the radius of the larg-
est circle that can be fitted to the transition between the parent
plate and the weld metal.

2.4. Cyclic and static materials tests

Static tension and cyclic tests were conducted on coupon spec-
imens of the CSA 350 W structural steel base metal to determine
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the static (E, ry, ru) and cyclic (K0, n0) material properties required
as input for the SBFM analysis. Five flat, 9.5 mm (3/800) thick static
tension coupons were fabricated in accordance with [19]. The cyc-
lic tests were performed on polished smooth cylindrical, variable
width specimens having a 5.0 mm diameter within the 7.6 mm
(0.300) gauge length.
3. Laboratory test results

3.1. Fatigue life and crack growth behaviour

The S–N results of the fatigue tests conducted under CA loading
conditions are summarized in Fig. 6a. Comparing the as-welded
and needle peened results in this figure, it can be seen that in all
cases, needle peening resulted in a substantial fatigue life increase.
At the lower nominal stress range (180 MPa), it can be seen that
increasing the stress ratio, R, from 0.1 to 0.4 resulted in a slight de-
crease in the fatigue lives of the untreated welds. In the case of the
needle peened welds, all of the tests at R = 0.1 were runouts,
whereas failures were observed between 1 and 2 million cycles
for all of the tests performed at R = 0.4. In the case of the specimens
tested at R = �1.0, even though the nominal stress range was high
(400 MPa), no fatigue failures were observed in the peened welds.
Several failures were observed in the grips, however, limiting the
durations of these tests.

The S–N results of the tests conducted under CA-UL and VA
loading are summarized in Fig. 6b. In order to facilitate the plotting
and comparison of these results, an equivalent nominal stress
range, DSeq, is employed, based on Miner’s sum, with a constant
S–N curve slope of m = 3.0, in accordance with [16,17]:

DSeq ¼
Pn

i¼1Ni � DS3
i

Ntotal

 !1=3

ð1Þ

In Fig. 6b, it can be seen that, once again, needle peening re-
sulted in a fatigue life increase in all cases. Comparing the two
VA loading histories, it can be seen that the fatigue lives of the
as-welded specimens are slightly higher on average under the
ps-r-15 history. On the other hand, while all of the needle peened
specimen tests were runouts under the ps-m-40 history, one fati-
gue failure was observed for a needle peened specimen under
the ps-r-15 loading history.

In Fig. 6, S–N curves are plotted for Detail Categories ‘B’ and ‘C’
according to [16,17]. Comparing the Detail Category ‘C’ S–N curve
to the test data, it can be seen that the fatigue lives of the untreated
welds fall slightly below the design curve in some cases. In the case
Fig. 6. Fatigue test results. (a) CA loa
of the needle peened specimens, all of the test results under CA
loading fall on or above the Detail Category ‘B’ S–N curve. Under
CA-UL loading, several data points fall below this curve, but remain
above the Detail Category ‘C’ curve. All of the test results of needle
peened welds under VA loading fall above the Detail Category ‘B’
curve.

Fig. 7 summarizes the crack growth data acquired during fati-
gue testing, using the ACPD system described in Section 2.1. Crack
growth curves are presented for specimens subjected to the fol-
lowing loading conditions: CA loading at DS = 270 MPa (R = 0.1),
ps-m-40 loading, and ps-r-15 loading. The curves in this figure
are based on the deepest measured crack depth. Since crack depths
were measured at two locations only on each weld toe, it is possi-
ble that the actual maximum crack depths were greater than these
curves indicate. Nevertheless, important trends can still be identi-
fied by examining these curves. Looking at the total fatigue life
curves in Fig. 7, it can be seen that needle peening delays the crack
growth at the smaller crack depths. To further demonstrate this,
crack growth curves considering only the number of cycles after
the crack depth, a, exceeds 1.0 mm are also shown in Fig. 7a and
c. Comparing the as-welded and needle peened specimen curves,
it can be seen that, even though the fatigue lives of the peened
specimens are considerably greater, the crack growth curves be-
yond 1.0 mm are similar, regardless of whether or not the speci-
men was peened.

At the visible crack depths, efforts were made to characterize
the crack shape evolution versus crack depth. Various means were
employed, including: visual inspection, dye penetrant staining, and
(on additional fatigue specimens not considered part of the main
study) beach marking. Based on this work, it was determined that,
in the case of the as-welded specimens, crack coalescence gener-
ally occurred rapidly, and in most cases, the fatigue crack was
effectively a through crack by the time it reached a depth of
�1.0 mm. In the case of the peened specimens, crack growth along
the weld toe was inhibited by the compressive residual surface
stresses, resulting in the observation of semi-elliptical cracks with
higher aspect ratios throughout the visible crack depth range.
3.2. Micro-hardness and residual stress distributions

The results of the micro-hardness measurement study are sum-
marized on Fig. 8a. In this figure, the average measured Vickers
Hardnesses based on three measurements taken at various depths
below the surface are plotted for the base metal and along the
anticipated crack path for an untreated and a needle peened weld.
Looking at this figure, it can be seen that the hardness distributions
ding. (b) CA-UL and VA loading.



Fig. 7. ACPD crack growth measurement results. (a) CA loading at DS = 270 MPa,
R = 0.1. (b) ps-m-40 loading. (c) ps-r-15 loading.
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for the base metal and untreated weld are relatively constant; the
hardness measurements for the latter, which pass through the heat
affected zone (HAZ) of the weld, are slightly higher. In Fig. 8a, it can
be seen that needle peening results in a considerable increase in
the near-surface hardness. The hardness decreases rapidly below
the surface, however, down to the hardness of the as-welded
HAZ at a depth of �0.6 mm. Fig. 8b shows an image of the near sur-
face microstructure of a needle peened weld. The compressed re-
gion near the needle peened surface is apparent in this figure.

The measured residual stresses for the three different specimen
types discussed in Section 2.2 are summarized in Fig. 9. These mea-
surements show an almost uniformly distributed tensile residual
stress near the surface of the untreated specimen. Needle peening
results in a significant change in the residual stress distribution
through much of the �1.8 mm measured depth. Near the treated
surface, the residual stresses are seen to be compressive and reach-
ing magnitudes exceeding the nominal yield strength of the mate-
rial. These stresses increase gradually and approach the tensile
residual stress due to welding at a depth of approximately 1 mm
below the treated surface.

The peened specimen subjected to fatigue loading showed no
relaxation of the compressive residuals stresses. In fact, these
stresses were measured to be slightly higher in magnitude on aver-
age in this specimen. This trend is thought to be due to the inher-
ent variability of the stresses, however, and not the fact that this
specimen had been subjected to loading after it was peened.

3.3. Weld toe geometry measurements

The measured weld toe geometry parameters are summarized
in Table 2. Based on these results, it can be concluded that the ef-
fect of needle peening on the weld toe geometry is very small. The
differences in the mean and minimum weld toe radius measure-
ments are insignificant. The weld toe angle decreases slightly as
a result of the needle peening. This result may be due, however,
to the employed angle definition. If a longer length were used to
determine the line representing the weld shape, it is likely that
needle peening would be seen to have no influence on the weld
toe angle.

3.4. Cyclic and static material behaviour

The average static material properties of the CSA 350 W base
metal determined from five tension coupon tests are as follows:
ry = 396.3 MPa, ru = 574.3 MPa, E = 201.6 GPa. The Ramberg–Os-
good cyclic material constants were determined to be:
K0 = 1153.8 MPa, and n0 = 0.165.

4. Fracture mechanics analysis of as-received and peened welds

4.1. Description of strain-based fracture mechanics (SBFM) model

The SBFM model employed in the current study is essentially an
LEFM model that has been adapted to account for non-linear mate-
rial effects based on [27–30]. Fatigue life is calculated using the
Paris–Erdogan crack growth law, modified to consider crack clo-
sure effects and a threshold stress intensity factor (SIF) range, DKth,
and integrated over a crack depth range, ai to ac:

N ¼
Z ac

ai

da

C �MAX DKm
eff � DKm

th;0
� � ð2Þ

C and m in (2) are material constants, referred to subsequently here-
in as the ‘‘Paris constants”. This integration is performed numeri-
cally. The effective stress intensity factor range, DKeff, considering
crack closure effects, is determined using the following expression:

DKeff ¼ Kmax �MAXðKop;KminÞ ð3Þ

where Kmax and Kmin are the SIFs at the maximum and minimum
levels for a given applied load cycle and Kop is the SIF corresponding
with the crack opening stress level for that cycle. According to the
SBFM model, the following expression is used to calculate each SIF:

K ¼ Y � E � e �
ffiffiffiffiffiffiffiffiffiffi
p � a
p

ð4Þ

where e is the local strain at depth, a, below the surface and Y is a
correction factor to account for the crack shape, the free surface
on one side of the crack, and the finite thickness of the cracked
plate. In [12], a constant term, a0, is added to the crack depth, a,
to account for small crack effects. In the current study, this constant
is ignored, as a simplification and due to the fact that its effect is



Fig. 8. Microhardness measurements and microstructure. (a) Micro-hardness measurements. (b) Microstructure near surface of needle peened weld.

Fig. 9. Measured residual stress distributions.

Table 2
Weld toe geometry measurement results.

As-welded Needle peened

Angle (�) Radius (mm) Angle (�) Radius (mm)

Max 56.0 1.25 50.0 2.09
Min 26.0 0.21 14.0 0.17
l 39.8 0.65 29.0 0.68
r 6.9 0.30 9.6 0.40
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negligible if the initial crack depth, ai, is as large as the one assumed
herein (0.15 mm).

To calculate the stresses and strains for each load cycle, a cyclic
Ramberg–Osgood material model is used [31], which requires as
Fig. 10. Explanation of stress–strain a
input the material constants: K0 and n0. Strain histories at various
depths below the surface of the weld notch are determined using
Neuber’s rule [31].

Crack closure is modelled using formulas proposed by Newman
[32]. These require as input: the maximum stress level, rmax, the
stress ratio, R, the flow stress, r0 (which may be taken as the aver-
age of the yield and ultimate strength), and the plastic constraint
factor, a. The plastic constraint factor is estimated based on [33].
The ratio, rmax/r0, is modified by the correction factor, Y, as sug-
gested in [34] and a limit on Y � rmax/r0 of 1.0 is introduced.

Under VA loading, along with this ‘‘steady state” crack closure
model, a model for the evolution of the crack opening stress fol-
lowing overload events is required. For the current study, a model
from [28] is employed, wherein rop is calculated using the follow-
ing expression:

rop ¼ rcu þ l � ðrss � rcuÞ ð5Þ

where rcu is the crack opening stress prior to the current cycle, rss

is the crack opening stress at steady state (i.e. if the crack is
cycled under CA loading at the current stress range) and l is a
material constant. It has been found that l = 0.002 for SAE 1045
steel [28].

The analysis consists of cyclically loading the material at var-
ious depths below the surface of the weld notch to determine the
strain parameters for each completed cycle (see Fig. 10). At any
point in the load history, the local elastic stress, rel, is a function
of the local elastic residual stress, rel,res, due to welding and/or
peening and the local elastic stress, rel,app, due to the applied
load.

Herein, the local elastic stresses are calculated using a stress
concentration factor (SCF), kp, which accounts for the presence of
a crack in the weld toe, using the approach described in [30], i.e.:
nalysis according to SBFM model.



Fig. 12. Measured and predicted crack growth rates: DS = 270 MPa, R = 1.0, as-
welded.
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kp ¼
Kel

Y �
ffiffiffiffiffiffiffiffiffiffi
p � a
p ð6Þ

Kel in this expression is the elastic SIF, accounting for the non-uni-
form stress distribution along the crack path. It is calculated herein
using weight functions, m(b, a, c), from [35], i.e.:

Kel ¼
Z a

0
kel �mðb; a; cÞ � db ð7Þ

where b is the depth below the surface and kel is the SCF (=rel/S) for
the uncracked weld toe. The local elastic stress associated with a gi-
ven nominal stress level, S, is then calculated as follows:

rel ¼ kp � S ð8Þ

Given the nominal stress history, the local non-linear stress–
strain history is calculated. Each time a stress–strain hysteresis
loop is closed, the maximum, minimum, and crack opening local
strains are calculated. DKeff is then determined and the fatigue life
is calculated using (2).

A significant simplification made in the current study in the
implementation of this model is that the local residual stress can
be introduced by shifting the stress monotonically from zero to
the specified residual stress level. In actuality, it is known that
the peening stress is the result of a large plastic deformation fol-
lowed by an elastic rebound (see Fig. 1a). Ignoring this means con-
servatively ignoring the effect of any strain hardening introduced
by the peening treatment.

The described SBFM model can be employed, with a few addi-
tional rules, to perform analyses under in-service or random rather
than block VA loading histories, where the definition of an overload
event (tensile or compressive) is not obvious. Under such condi-
tions, the build-up of the crack opening stress, rop, following over-
load events is modelled using (5). As was done in [28] based on
laboratory observations (consistent with similar observations re-
ported by others, i.e. [36]), it is assumed that if rss for a given cycle
is less than rcu, then rop immediately drops to the lower level. If rss

is greater than rcu, then (5) is employed to model the build-up of
rop following the overload event. Two exceptions to these rules
are: if the maximum stress level in the cycle is negative, or if the
cyclic stress intensity factor range, DK, is less than DKth, then it
is assumed that the cycle causes no change in rop.

4.2. Input parameter assumptions

In order to implement the SBFM model, laboratory test results
were used, where possible, to establish values for the various input
parameters. Specifically, the elastic modulus, E, static yield and
ultimate strength, ry and ru, the Ramberg–Osgood material
constants, K0 and n0, and the weld toe geometry parameters, hw
Fig. 11. Determination of SCFs. (a) FE model of w
and q, were established based on the test results reported in
Section 3.

In the case of the material parameters, the average base metal
values reported in Section 3.4 were used. In the case of the weld
toe geometry parameters, round values slightly more severe than
the mean measured values were assumed (hw = 45� and
q = 0.5 mm).

Two approaches were considered for determining kel due to the
applied load. In [12], this parameter was calculated using paramet-
ric equations from [37] for T-butt welds. In Fig. 11, the resulting kel

distribution for the 9.5 mm thick specimen is compared with a
similar distribution determined by 2D (plane strain) finite element
analysis (FEA) using the program ABAQUS 6.7.4 [38]. To obtain this
kel distribution, the uncracked specimen geometry was first ana-
lyzed to determine the location of the peak surface stress perpen-
dicular to the loading direction. The mesh was then regenerated
with a line of nodes placed perpendicular to the loading direction
and passing through the peak surface stress point. In Fig. 11, it
can be seen that the kel distributions determined using the two
methods are in close agreement. In subsequent analytical work,
the FEA-based kel distribution was used exclusively.

The residual stress (rres) distributions assumed in the SBFM
analysis are plotted in Fig. 9 along with the corresponding mea-
sured data. For the untreated weld, a simple uniform, tensile distri-
bution was assumed. For the needle peened weld, a three-line
model was assumed.

Other input parameters assumed in the SBFM analysis are as
follows: initial crack depth, ai = 0.15 mm, Paris m constant = 3.0,
threshold SIF range, DKth = 80 MPa

p
mm, critical crack depth,
eld detail. (b) SCF distribution comparison.
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ac = 0.5�T (note: T = plate thickness), and l = 0.002. The assumed
values for ai, m, and DKth are representative of the mean values
for structural steel welds based on measurements reported by oth-
ers. Further justification of these parameter choices is given in [12].

Given the values established for all of the other input parame-
ters, values for the Paris C constant and crack shape versus depth
function were established based on visual observation of the crack
shape and fitting with the ACPD-based crack growth curves. Specif-
ically, a value for the Paris C constant of 2.8 � 10�13 (N, mm) was
established so that the model gave close predictions of the crack
growth curves obtained for the untreated welds under CA loading
at DS = 270 MPa and R = 0.1 within the 1.0 mm < a < 3.0 mm range.
Over this range, a through crack was assumed, based on the obser-
vations for this specimen type. An initial crack aspect ratio, (a/c)i, of
0.6 was then fixed and the ratio, a/c, was assumed to vary linearly
from 0.6 to 0.0 at a crack depth of 1.0 mm. This resulted in close
fatigue life predictions for this specimen type. Although higher
crack aspect ratios were observed for a > 1.0 mm in the peened
specimens, this trend was conservatively ignored in the analysis.
4.3. Comparison of specimen fatigue lives and analysis predictions

In Fig. 12, the resulting SBFM model predictions are compared
with the fatigue lives and ACPD-based crack growth curves for
the untreated welds under CA loading at DS = 270 MPa and
R = 0.1. Looking at this figure, it can be seen that the shape of the
Fig. 13. SBFM results for CA loading. (

Fig. 14. SBFM results for CA-UL and VA load
crack growth curve and the average fatigue life for this specimen
type are closely predicted by the SBFM model.

Fig. 13 shows a comparison of the model predictions and test
results for the CA loading tests. Looking at this figure, it can be seen
that the model closely predicts the applied stress ratio effects on
the fatigue lives of the untreated welds. For the treated welds, at
DS = 180 MPa, the model correctly predicts finite fatigue lives for
the treated welds at R = 0.4 and runouts for the treated welds at
R = 0.1. The mean fatigue lives for each test type are also in close
agreement. In some cases, however, the average fatigue lives of
the treated welds are underpredicted slightly.

A similar comparison of for the CA-UL and VA loading tests is
presented in Fig. 14. Again, the model predicts a number of signif-
icant trends observed in the test data. Specifically, it is predicted
that the ps-r-15 VA loading history should result in fatigue lives
greater than those under the ps-m-40 history for the untreated
welds, while the reverse trend is correctly predicted for the treated
welds. Again, the mean fatigue lives are also in reasonably close
agreement.
5. In-service variable amplitude loading studies

5.1. Analysis under other in-service loading histories

Looking at Fig. 14, it is apparent that the degree to which the
needle peening treatment increases the fatigue performance of
a) As-welded. (b) Needle peened.

ing. (a) As-welded. (b) Needle peened.



Fig. 15. Examined influence lines. (a) 1-Span simply supported girders. (b) 2-Span continuous girders.

Fig. 16. Analysis results for various influence lines and bridge spans. (a) S–N curve envelopes. (b) Fatigue life improvement envelope.
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the treated weld depends to a significant extent on the nature of
the in-service loading history. Thus, in order to extend the results
of the limited testing program performed for the current study to
other loading histories typical of highway bridges, additional anal-
yses were performed for a wider range of influence lines and bridge
spans.

Specifically, influence lines for the following five locations were
considered (see Fig. 15): mid-span moment for 1- and 2-span gird-
ers (ps-m, p2tr-m), intermediate support moment for 2-span gird-
ers (p2tr-a), and support reactions for 1- and 2-span girders (ps-r
and p2tr-r). In addition, the following four bridge spans were con-
sidered: 15, 25, 40, and 60 m. The selected bridge influence lines
Fig. 17. Analysis results for examined dead load and overload scen
and spans were not intended to reflect the most likely cases for fa-
tigue cracking in highway bridges, but rather to cover a broad
range of load history characteristics that can expected in these
structures. To generate each loading history, a random sample of
1000 trucks taken from the 1995 Ontario survey [20] was passed
over each influence line/bridge span combination.

In Fig. 16a S–N curve envelopes of the analysis results are pre-
sented. For comparison purposes, corresponding S–N curves for
CA loading at R = 0.1 are also shown. Looking at this figure, it can
be seen that the VA loading envelopes are reasonably close to the
CA loading curves at the higher equivalent stress ranges, but ex-
tend below the constant amplitude fatigue limit (CAFL) at the
arios. (a) Dead load study results. (b) Overload study results.
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lower equivalent stress ranges. Under VA loading, the envelopes for
the untreated and needle peened welds overlap at the higher stress
ranges. This is due in part to the fact that the untreated welds are
performing better under VA loading in some cases than predicted
based on the CA loading analysis results. The VA loading envelope
for the needle peened welds indicates that, for all of the examined
cases, these welds have lower fatigue lives than predicted, given
the CA loading analysis results at R = 0.1 and assumed definition
for DSeq (1).

In Fig. 16b the results are presented in terms of a fatigue life
improvement, %impN, envelope for the same five influence lines
and four bridge spans, where:

%imp ¼ 100% � ðtreated� untreatedÞ
untreated

ð9Þ

Again, a curve for CA loading at R = 0.1 is provided for compar-
ison purposes. Looking at this figure, it can be seen that while the
envelope for the various examined VA loading histories falls below
the CA loading curve, substantial fatigue life improvements are still
predicted. For example, for DSeq 6 125 MPa, %impN is greater than
or equal to 100%, regardless of the load history.

5.2. Effect of dead load stresses

It has been shown by others and can also be seen in the test re-
sults reported in the current study (see Fig. 13b) that the effective-
ness of peening decreases as the stress ratio increases. Since welds
in bridges generally support some constant stress level (in addition
to the cyclic nominal stress) due to the dead load (i.e. self weight of
superstructure, road surface, etc.), additional analyses were per-
formed with two tensile dead load stress levels assumed: 25%
and 50% of the nominal yield stress of 350 MPa. The results of these
additional analyses are summarized in Fig. 17a.

In Fig. 17a, only the lower bounds of the envelopes for the var-
ious influence lines and bridge spans are shown. Looking at this fig-
ure, it can be seen that the dead load stress has a negligible effect
on the predicted fatigue life of the untreated weld. The fatigue life
of the treated weld decreases significantly, however, as the tensile
dead load stress increases, until at Sdead = 175 MPa, the effect of the
needle peening treatment is only a marginal increase in fatigue
performance.

5.3. Effect of periodic overload events

One concern that has been raised with the use of residual
stress-based post-weld treatments such as needle peening for
bridge applications is that the residual stresses introduced by the
Fig. 18. Other ways of characterizing the benefit of peening. (a) Analysis re
treatment may be dissipated by periodic overload events. It is be-
lieved that the SBFM model described herein is particularly well
suited for investigating the significance of this problem. To demon-
strate this, additional analyses are presented in this section where-
in the loading history has been modified by introducing a single
overload truck that reoccurs every 1000 cycles. The CL-625 (5 axle,
62.5 tonne) code truck model from [16] is used for this purpose,
with each axle load multiplied by a scaling factor of 2.0. The CL-
625 truck was originally developed to represent measured extreme
loading events for a range of axle spacings and axle group sizes. For
static design according to [16], it is multiplied by a load factor of
1.7. Thus, it is believed that the assumed overload truck weight
and frequency represent a particularly extreme case. The analysis
results for this overload scenario are presented in Fig. 17b.

In Fig. 17b, the equivalent stress range, DSeq, is based on the
loading history with no overload truck. This was done to allow di-
rect comparison of the results and assumes that: (1) the overload is
infrequent enough that its effect on the cumulative fatigue damage
is minor and (2) the overload event is an unexpected event that is
not captured by the code-defined characteristic stress range
parameter. Looking at Figure, it can be seen that the addition of
the overload truck actually causes an upward shift in the envelope
for the untreated welds. This trend can be explained by the positive
effects that tensile overloads can have on the residual stress distri-
bution and crack closure stress level under VA loading. In the case
of the treated welds, there is little effect on the envelope at the
higher equivalent stress ranges (i.e. in the low cycle domain). In
the high cycle domain, however, the results show that the overload
truck causes a straightening of the envelope and hence lower pre-
dicted fatigue lives. This trend can be explained by the occurrence
of the two underload mechanisms described in Fig. 1. Even under
this extreme overload scenario, however, a significant fatigue per-
formance increase due to needle peening is still predicted at the
lower equivalent stress ranges.
6. Discussion

It is recognized that the large scatter seen in Fig. 16 in the cal-
culated fatigue life improvement and the underprediction of the
VA loading test data for the peened welds could be the result of
using an equivalent stress range based on (1). To further examine
this possibility, the calculated S–N curves are replotted in
Fig. 18a in terms of a modified parameter, DSeq,mod, calculated
using (1), but with the assumed slope of 3.0 replaced with the ac-
tual slope in the low cycle domain, based on the CA loading S–N
curves for R = 0.1. Slopes of 3.37 and 6.72 were calculated for the
untreated and needle peened welds respectively. Looking at this
sults in terms of DSeq,mod. (b) Fatigue strength improvement envelopes.
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figure, it can be seen that the envelopes for both cases now have a
reduced width and are better aligned with the corresponding CA
loading curves. Although this result represents an improvement,
the consideration of varying S–N curve slopes in the design process
may not be straight forward, since many bridge design codes (i.e.
[16,17]) use effective truck models or fatigue correction factors cal-
ibrated assuming S–N curves for untreated steel welds, with
m = 3.0 [39]. Furthermore, as suggested in Fig. 17a, it is possible
that the S–N curve slopes for peened welds vary as a function of
the applied stress ratio, which complicates the matter further.

One possibility that avoids these problems, suggested in [40]
for UIT, is to only consider the benefit of peening in the infinite
life domain. Fig. 17b shows envelopes of the fatigue strength
(DSeq) improvement, %impS, due to needle peening for various
fatigue lives. Results obtained using the basic loading history, as
well as the examined overload history, are shown in this figure.
Looking Fig. 17b, it can be seen that the results for the basic load
history are safely predicted in the high cycle domain by the CA
loading curve. Although the results for the overload history fall
somewhat below the CA loading curve, they still show a signifi-
cant fatigue strength increase in the high cycle domain of
%impS = 85% or greater. Regarding this result, it should be noted
that the overload truck weight and frequency assumed in this
analysis were chosen somewhat arbitrarily to represent a particu-
larly extreme case, with the goal of illustrating the possible effects
of overloads on the fatigue performance improvement due to nee-
dle peening, as predicted by the SBFM model. If this approach
were to be used to develop a design code procedure, further work
would be needed to select in a more rigorous way a suitable set of
overload magnitudes and frequencies to be assumed in the proce-
dure calibration.
7. Conclusions

Based on the testing and analysis results presented herein, the
following conclusions are drawn:

� Needle peening introduces compressive residual stresses and
increases the hardness near the surface of the treated weld
toe. Its effect on the fatigue behaviour of structural steel welds
is a significant increase in fatigue life under loading conditions
typical of highway bridges.
� The influence of needle peening on the fatigue performance of

highway bridge welds under in-service variable amplitude (VA)
loading conditions can be predicted using a strain-based fracture
mechanics (SBFM) model wherein the effect of the treatment is
modelled as a change in the residual stress distribution along
the crack path. The SBFM model is particularly well-suited for
application to this problem as it implicitly considers two mecha-
nisms that can cause peened welds to have a lower than expected
fatigue performance under VA loading conditions.
� Application of the SBFM model to consider in-service loading

histories encompassing a wider range of influence lines, bridge
spans, and loading conditions shows that the predicted benefit
of needle peening is highly dependent on the loading character-
istics, as well as the presence of tensile dead load stresses. The
consideration of periodic overload trucks in the analysis is also
shown to result in a reduction in the fatigue performance of
needle peened welds.
� Using the actual S–N curve slope in the calculation of the equiv-

alent stress range reduces the scatter in the analysis results for
the peened welds. Possible design approaches for bridge codes
could employ fatigue correction factors or effective truck
models calibrated for S–N curves with m – 3.0 or involve only
considering the treatment benefit in the infinite life domain.
� Despite the complexities involved in accurately predicting the
benefit of needle peening on the fatigue performance of bridge
welds, this benefit is seen to be substantial for a wide range of
loading conditions likely to be seen in highway bridges.

Although the presented research is limited to the investigation
of needle peening, it is believed that the reported general trends
are applicable to steel bridge welds subjected to any peening treat-
ment that works primarily by introducing compressive residual
stresses.

8. Recommendations for future work

It is recommended to extend the results of this study through
further validation of the SBFM model considering large-scale fati-
gue test data. Scale effects are a concern, as the welds in full-scale
structures tend to see higher tensile residual stresses due to the
welding and fabrication process and higher local notch effects. In
addition, as the total weld length is greater, there is an increased
probability that a larger initial defect exists somewhere along the
weld length.

Application of the SBFM model to other peening methods and
in-service loading histories typical of other structure types are also
recommended areas of future work. Although a number of simpli-
fying assumptions are made herein regarding the various second-
ary effects of peening, the SBFM model could serve as a useful
tool for studying these effects, including the influences on the fati-
gue behaviour of local changes in hardness and modifications of
the weld toe geometry.
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