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Abstract

In the present work, the influence of hot-dip galvanization (HDG) on the fatigue behaviour of high-strength
bolted details is investigated through a set of 15 constant-amplitude tests. Cyclic behaviour of coated
specimens is hence compared against results for unprotected samples drawn from literature, i.e., both with
reference to neutral and aggressive exposure conditions. Namely, while behaviour of coated samples is
moderately inferior as respect to uncoated ones in dry air (—6% in terms of characteristic fatigue strength,
probability of failure Pr = 5%, confidence interval Cl = 75%), their performance still complies with European
normative requirements for double covered joints, and galvanization proves to be highly effective when
corrosion is likely to occur (with a characteristic strength increase of [+12%; +52%]). Finally, fractography
analyses on both uncoated and coated specimens were performed, suggesting that hydrogen embrittlement may

play a role in reducing fatigue strength of coated joints, that is, especially within the high-cycle fatigue regime.
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1 Introduction

Steel structures such as railway bridges and offshore constructions are often subjected to the combined action
of i) repeated loads and ii) detrimental exogenous agents (i.e., moisture, saline water, etc...) owing to their
peculiar destination of use [1]. Therefore, proper protective measures are usually adopted to prevent or retard
material degradation, which might otherwise induce sudden corrosion fatigue (CF) collapse in presence of
significant cyclic actions [2].

Two major strategies can be pursued for corrosion protection (CP), i.e. active and passive protection, which
can be further combined into hybrid systems when appropriate [3].

On one hand, active CP involves the use of direct current to manipulate the electric potential of metallic
surfaces to be protected and thus slow down corrosive processes. Although being highly efficient, this
technique is often costly and affected by power shutdowns, as it requires a constant electricity supply [3, 4].
On the other hand, passive CP benefits of either i) the physical barrier offered by non-conductive materials
(e.g., bitumen, polymeric resins) or ii) the higher reactivity of certain metals (e.g., Zn or Al alloys) acting as
sacrificial anodes on which corrosive processes are redirected. In both cases, passive protection is usually
adopted in form of surficial coatings [3-4].

Passive CP systems can represent a highly competitive option for new bridges and offshore structures, i.e.,
owing to their affordability and ease of implementation. Among the wide range of available surface treatments,
hot-dip galvanization (HDG) stands as one of the most common options to improve the performance of steel
components from a durability perspective, namely due to its adaptability to a large set of steel grades and
structural details [6-11]. HDG involves the immersion of metallic elements in a bath of melted zinc (= 450° C)
and their subsequent cooling in a quench tank, resulting in a thin sequence of bonded layers of Zn-Fe alloys
acting as sacrificial anodes [12].

Nevertheless, as highlighted by various researchers, HDG may potentially impair the fatigue performance of
structural steel details, as the surface alteration leads to multiple, potential crack initiation spots [13-16].
Namely, while Bergengren et al. [17] related the reduction of fatigue strength to the zinc layer thickness tz,
other researchers did not find a clear correlation between fatigue properties and tz, [18-19]. Within this
framework, Vogt et al. [20] estimated a threshold value for tz, (= 60 um) below which no influence on the

fatigue performance is expected for unnotched mild steel components.



However, it should be remarked that considerations reported in Berto et al. [6, 14], Ferraz & Rossi [13],
Rademacher et al. [15], Ungermann et al. [16] and Bergengren et al. [17] imply assuming pristine structural
details as a reference condition, while possible benefits of HDG in terms of extension of the service life should
be more properly assessed as respect to corroded details.

To this end, it is worth mentioning the contributions of Adaasoriya et al. [21-22], which investigated the
reduction of fatigue strength in worn steel smooth components. Accordingly, i) the constant-amplitude fatigue
limit (CAFL) Acp.cor. Of corroded elements can reduce to 0.55 + 0.75 times the relevant CAFL in pristine
conditions Aop, ii) the inverse slope of Wohler curves m can increase up to 1.4 times as respect to reference
values and iii) no endurance limit Aoy cor. Should be assumed for corroded elements. Analogous conclusions
were drawn by Jiang et al. [23] and Jikal et al. [24] with regard to pitted high strength steel (HSS) wires. For
the relevant case of high-strength bolts and bolted details, complying remarks were pointed out by Zampieri
et al. [25], Lachowiz et al. [26], Li et al. [27] and Jiang et al. [28], which highlighted the influence of increased
fretting wear on the fatigue life of corroded specimens, i.e., due to premature crack initiation at worn contact
surfaces [25-28].

Therefore, the convenience of HDG for steel structures located in aggressive environments is still a question
far from being solved up to present time [13]. To this end, while more contributions can be found in scientific
literature with respect to plain members and welded details [13, 14-20, 29], only few results are available
regarding bolted connections [6].

Assessing the fatigue performance of galvanized bolted connections is a crucial task, as bolting is one of the
most popular assembling techniques, i.e., due to its intrinsic cost-effectiveness, practicality and reliability [30].
Nevertheless, while bolted details are often adopted in steel constructions placed in aggressive environments
[2], there is still some scepticism in protecting them with HDG when significant cyclic loads are expected [13].
For instance, the Italian Railway Network (RFI) does not provide any indication about HDG for railway
bridges details, i.e., due to concerns about the fatigue performance reduction [31, 32].

If one considers the long service life required for such constructions (up to 100 + 120 years), the resulting
increase of maintenance costs proves to be considerable as respect to an initial HDG treatment.

Therefore, the main aims of this paper are i) to widen the small bulk of fatigue data related to galvanized high-

strength bolted details, i.e. allowing to more clearly investigate the influence of HDG on the cyclic performance



of such connections, ii) to assess the impact of HDG with reference to a common structural detail which is still
not covered by current European fatigue provisions and iii) to compare the cyclic behaviour of galvanized
bolted details with respect to pristine (unprotected) and corroded conditions, with the latter being of major
practical interest when dealing with aggressive exposure conditions. For this purpose, a set of 15 constant-
amplitude fatigue tests on galvanized bolted assemblies made with L profiles has been carried out. In order to
provide a benchmark in terms of fatigue performance, three specimens were not galvanized (see Section 2.1
for further details).

In order to ensure a robust statistical assessment, the bulk of fatigue data has been widened by also considering
i) the few literature outcomes for galvanized bolted joints (Berto et al. [6]) and ii) the Eurocode background
fatigue data for uncoated, preloaded bolted joints as recollected by Maljaars & Euler [33]. Results are hence
compared with EN1993:1-9 [34] and DNVGL-RP-C203 [35] recommendations for pristine and corroded
details. Namely, as no indications are reported in EN1993:1-9 [34] as respect to damaged connections,
normative Wohler curves are corrected according to suggestions from Adasooriya et al. [21-22].

The present work is hence divided in three parts. In the first Section, main features of bolted specimens are
presented. Therefore, in the second part, fatigue results are presented, discussed and compared against
provisions in force. Finally, in the last Section, further insights on the effect of HDG in terms of fatigue

behaviour are provided through fractography analysis.



2 Materials and Methods

2.1 Main features of tested specimens

Main geometrical features of tested specimens are depicted in Figure 1. The adopted configuration resembles
real details employed in steel railway bridges (Unsworth [36], Denton [37]). Each specimen consists of two
45 x 45 x 4 mm L profiles and two 300 x 80 x 12 mm plates made of European S235 JR steel grade
(characteristic yield stress f, = 235 N/mm?). Elements were connected by means of 5 x 2 pre-loaded HV M12
high-strength bolts (Class 10.9, each one equipped with plain gaskets), with 14 mm bolt holes being realized
through drilling. Bolt pre-loading was applied by means of a calibrated wrench up to a final torque of 91 Nm
(i.e., corresponding to an estimated preload of [48 kN; 75 kN] = [0.57 Fyp; 0.88 Fy;] according to simplified
normative formulations [38] — with Fy, being the ultimate tensile resistance of the bolt). Notably, assembled
specimens comply with EN1993:1-8 [38] requirements in terms of limit distances for connections in shear.

In compliance with Berto et al. [6], profiles and plates were hot-dip galvanized by immersion in a molten Zn
bath for a total time of 14 minutes before assembling. The resulting zinc layer had a thickness tz, = 400 um.
Fasteners were hot-dip zinc coated as well according to ISO 10684 provisions [39].

In order to remove the outer layer of pure Zn, which is overly soft and malleable, connections surfaces were
treated by means of a sweep blasting process (i.e., a light sandblasting treatment) according to 1SO 8503

indications [40].
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Figure 1 — Test setup and main geometrical features of coated & blasted high-strength bolted specimens
(measures in mm).



As stated earlier, in order to i) provide a preliminary benchmark for the fatigue performance of uncoated
specimens and ii) to check whether the behaviour of such samples is in line with normative and literature
remarks for comparable bolted details, three (out of fifteen) specimens having identical geometry were not
galvanized or sandblasted before testing. This ensures that possible differences in the fatigue behavior has to
be demanded to the coating process whose effect on the fatigue properties represents the aim of the present

work.

2.2 Constant-amplitude fatigue tests

Constant-amplitude fatigue tests were performed using the Instron 8854 Axial-Torsion System Universal
Machine, which features a servo-hydraulic dynamic test system and a combined axial/torsional actuator having
a maximum capacity of £250 kN/ 2000 Nm. In order to mainly focus on the influence of i) the detail
configuration and ii) the galvanization process, a constant load ratio R = 0 was assumed for all tests, i.e.,
preliminarily disregarding the impact of mean-stress effect [33], and the same load frequency fwst = 10 Hz was
always selected. In order to avoid overly long tests, a runout threshold for cycles at failure Nmax = 2 - 10° was
assumed.

A proper labelling has been introduced to uniquely identify each test. For instance, the first two letters refer to
the specimens’ surface treatment conditions — i.e., NC for not coated ones and ZS for galvanized and sweep
blasted ones — and they are followed by two numbers in reference to the order of performed tests.

Fatigue test results are summarized in Figure 2 and Table 1 in terms of nominal stress range Ac against the

number of cycles at failure Nt (Wo6hler or S-N curves).

Table 1 — Fatigue tests results (load ratio R = 0, fest = 10 Hz were assumed for all specimens). Stress ranges
evaluated in the gross cross-section of the most stressed elements, that is, the two L profiles, according to

EN1993:1-9 [34].

Label | Treatment | Load Range | Nominal Stress Range | Number of Cycles at Failure | Fracture Spot
[-] [-] AF [kN] Ac [N/mm?] Nt [-] [-]
NCO01 180 257.7 76826 L - Hole
NCO02 | Uncoated 240 343.5 7996 L - Hole
NCO03 140 200.4 567161 L - Hole




Figure 2 — Fatigue test results.

Cycles to failure N; [-]

ZS01 100 143.1 2000000+ Runout
7502 160 229.0 150112 L - Hole
ZS03 140 200.4 211622 L - Gross
7504 180 257.7 74987 L - Hole
ZS05 | Galvanized 120 171.8 751640 L - Gross
7506 and 240 3435 15874 L - Hole
Sweep
ZS07 | Blasted 200 286.3 42205 L - Hole
7508 200 286.3 58316 L - Gross
ZS09 240 3435 14001 L - Hole
ZS10 160 229.0 110227 L - Hole
ZS11 120 171.8 715469 Plate - Hole
ZS12 100 143.1 2000000+ Runout
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For the sake of clarity, tests resulting in a runout are highlighted with an arrow or in grey, respectively. Scatter

bands referred to the entire set of tests (NC + ZS) are depicted as well. According to EN1993:1-9 [34]

provisions for pre-loaded bolted connections, and consistently with literature results on similar uncoated

assemblies [33], stress ranges are referred to the gross cross-section of the most stressed elements, that is, the

tWO L pI’OfI|eS (AZL,gross = 2 X 3493 = 6986 mmz)

Statistical assessment of results is reported in Table 2 in terms of i) equivalent detail classes (DC) Accper for

different values of failure probability Pg, ii) inverse logarithmic slope m of the Wohler curves, i.e., supposed

independent of Ps [41] and iii) scatter ratio (SR) Ts = Aocces/Accs. According to EN1993:1-9 [34] and

DNVGL-RP-C203 [35] recommendations, DCs were estimated for Nf = N¢ = 2 - 108, Pr = 5% — 50% — 95%
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were assumed so as to provide characteristic and mean values of fatigue strength and a 75% confidence interval
was considered.

For the sake of comparison, data analysis has been performed both with reference to the lone set of galvanized
and blasted specimens (ZS) and to the entire ensemble of fatigue tests (NC + ZS). Owing to the limited number
of samples (n = 3), assessment for sole NC specimens has been omitted.

It is worth remarking that, although being commonly used in bridge design [36-37], tested details are not
explicitly addressed by normative provisions [34-35]. Thus, in order to assess their fatigue performance within
the framework of European codes, a reference DC was selected based on structural similarities; that is, in light
of i) the nominal absence of out-of-plane bending due to longitudinal symmetry and ii) the prevalence of
friction mechanism (i.e., due to gaskets-profiles and profiles-plates contact) for transferring shear loads, tested
samples were assimilated to preloaded double covered joints (detail category “112” [34] and “C1” [35],
respectively — Aoc = 112 N/mm? in both cases). Notably, as the assumed DC is the highest among all categories
for bolted details [34-35], cautionary comparisons are hence presented in the following.

On one hand, it can be noticed how both NC and ZS specimens can be preliminarily ascribed to a same, narrow
scatter band (T, = 1.24). Notably, the characteristic value of fatigue strength Accsnc+zs = 131.7 N/mm? is
higher than the recommended DCs for uncoated specimens according to both EN1993:1-9 [34] and DNVGL-
RP-C203 [35] (Accs/Aoc = 1.18). To this end, it is worth noting that EN1993:1-9 would recommend to select
the immediately lower DC (100 N/mm?, reduction of fatigue strength of —11%) for a galvanized double covered
joint. As for the resulting slope of the Wohler curve, the log-regression line is also flatter as respect to
normative provisions (m = 5.87 > 3 [34-35]).

Table 2 — Statistical assessment of fatigue results.

Specimens Upper DC Mean DC Characteristic DC | Inv. Slope SR
[-] Acc,gs [N/mm?] Accso [N/mm?] Accs [N/mm?] m [-] Ts [-]

ZS 150.4 139.4 129.2 5.37 1.16
NC + ZS 163.1 146.5 131.7 5.87 1.24

On the other hand, if the lone ZS specimens are accounted for (T, = 1.16), only a slightly lower value of

Accszs = 129.2 N/mm? is achieved (-1.9% as respect to Accsnc+zs), With the relevant S-N curve being steeper



(m =5.37). Nevertheless, fatigue strength for Nr = Nc still meets EN1993:1-9 [34] and DNVGL-RP-C203 [35]
safety requirements.

As a matter of fact, the main difference in terms of fatigue behavior among NC and ZS specimens is represented
by observed fracture spots (Figure 3). Indeed, while for tested NC specimens, cracks were detected in
correspondence of the net cross-section of L profiles (Figure 3a), i.e., in line with EN1993:1-9 [34] and
DNVGL-RP-C203 [35] predictions, ZS specimens exhibited either i) net-area failure of Ls (6/12 samples, see
Figure 3b), ii) gross-area failure of Ls (3/12 samples, see Figure 3¢) or even iii) gross-area failure of the plate
in a single case (ZS11, see Figure 3d).

These outcomes, which cannot be explained within the framework of a nominal stress approach, clearly
descend from the surficial alteration induced by HDG [6-20], which creates new potential cracking spots
originating from the interface layer between Zn and Fe. Further insights about such phenomenon are provided

in Section 3.2, where fractography analysis of ZS specimens is presented and discussed.
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ZS05 — Gross cross-section of the L profile ZS11 - Gross cross-section of the plate

- L S
c) d)
Figure 3 — Typical fracture spots for tested a) NC, b-c-d) ZS specimens.

Nevertheless, it is worth remarking that i) ZS samples still failed due to net-area cracking of L profiles in 50%
of the cases and ii) test results related to other fracture spots could be ascribed to the same scatter band with
negligible dispersion (Tszs = 1.16, see Table 2).

Although complying with literature remarks [6, 41], the above considerations should be intended as
preliminary owing to the limited number of specimens. Therefore, in the next Section, a review of literature
results on both uncoated and coated specimens characterized by the same nominal DC (Acc = 112 N/mm?) is
presented. Retrieved data are hence used to compare the fatigue performance of NC, ZS and corroded bolted

details on a more robust basis.

2.3 Literature results

In order to widen the bulk of fatigue data related to both uncoated and coated high-strength bolted specimens,
additional literature sources [6, 33] have been considered, i.e., concerning details characterized by the same
category of tested connections (i.e., 112/C1 [34-35]). Berto et al. [6] investigated the fatigue performance of
both uncoated and coated & blasted symmetric butt-shear bolted specimens (i.e., made of four 10 mm thick
S355 plates connected by 3 x 2 M12 10.9 pre-loaded bolts). Atotal of 11 + 17 constant-amplitude fatigue tests
(R = 0) were performed on NC and ZS specimens having identical geometry, respectively.

Maljaars & Euler [33] re-assessed the fatigue behaviour of 288 uncoated, preloaded splices with double

covered plates (DC 112/C1 [30-31]) drawn from 8 literature sources [42-49], i.e., in order to provide a
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background for the upcoming version of Eurocode 3 (prEN1993:1-9-2020 [50]). In order to ensure consistent
comparisons against reported tests, fatigue results referred to i) non failed specimens (runouts), ii) snug-
tightened joints and iii) bearing-type connections were excluded from analyses, i.e., resulting in a total of 244
valid test data.

In compliance with the labelling introduced in the previous Sections, test results from Berto et al. [6] and
Maljaars & Euler [33] are hence identified as B-NC/B-ZS and ME-NC, respectively.

Literature results are summarized in Figures 4-5 and Table 3 in terms of Wohler curves and statistical
assessment of experimental outcomes (Accpr, M, SR). For the sake of comparison, results of experimental tests
illustrated in Section 2.2 are reported as well.

It is worth remarking that fatigue results reported in Maljaars & Euler [33] originally referred to multiple stress
ratios R = omin/omax = 0.0 = 0.5. In order to account for the influence of mean-stress effect on fatigue life [51],
stress ranges were corrected to a reference zero-to-tension condition (Rrer = 0.0) according to the modified

Morrow criterion as follows (Equation 1 [33]):
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Figure 4 — Summary of experimental and literature results for uncoated specimens (NC: experimental tests; B-
NC: Berto et al. [6]; ME-NC: Maljaars & Euler [33]).
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Figure 5 — Summary of experimental and literature results for coated & blasted specimens (ZS: experimental
tests; B-ZS: Berto et al. [6]).
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with Aceq being the mean-stress corrected (equivalent) stress range and & being a mean-Stress sensitivity factor
depending on the structural detail of concern. According to Maljaars & Euler [33], £ = 0.4 was assumed for
investigated specimens.

Table 3 — Statistical assessment of experimental and literature results.

Specimens Source Upper DC Mean DC | Characteristic DC| Inv. Slope| SR
[-] [-] Acces [N/mm?]| Accso [N'mm?]|  Accs [N/mm?] m[-] | Ts[-]
NC Section 2.2
B-NC Berto et al. [6] 243.5 181.9 135.8 5.00 1.79
ME-NC | Maljaars & Euler [33]
ZS Section 2.2
B-7S Berto et al. [6] 160.0 143.4 128.5 4.93 1.24

As noticeable in Figure 4, experimental outcomes (see Section 2.2) and results from Berto et al. [6] for
uncoated samples can be ascribed to the same scatter band identified by data reported in Maljaars & Euler
[29], i.e., with the only exception of NCO02 (Ac = Aceq = 250 N/mm?, Nt = 7996), which slightly falls outside
the 5% lower bound. This plausibly descends from non-negligible plasticity phenomena, as Ac > f, for NC02.
Remarkably, in spite of the multiple configurations considered (i.e., lap-shear and butt-joints, featuring 1 + 11
bolts and 3 + 5 plates having variable thickness —t = 8.5 + 15 mm — and steel grade [6, 33, 42-49]), the scatter
ratio for NC fatigue data is reasonably low (Tsne = 1.79).
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The resulting characteristic DC (Aocsnc = 135.8 N/mm?, see Table 3) largely meets EN1993:1-9 [34] and
DNVGL-RP-C203 [34] safety requirements (+21%).

As for coated & blasted specimens, statistical assessment of both ZS and B-ZS specimens results in a thinner,
yet different scatter band as respect to uncoated samples (Tszs = 1.24). On one hand, in compliance with
literature remarks [6-20], the characteristic value of DC (Acc,szs = 128.5 N/mm?, see Table 3) is slightly lower
than the corresponding value for uncoated joints (= —6%). On the other hand, a comparable inverse slope is
derived for ZS/B-ZS Wahler curves (m = 4.93, —2% as respect to NC samples).

Nevertheless, it is worth remarking that i) ZS curves still meet EN1993:1-9 [34] and DNVGL-RP-C203 [35]
requirements in terms of characteristic fatigue strength (+15% as respect to the considered value, i.e. 112
N/mm?, with the safety margin rising to +28% if DC 100 is assumed due to HDG [34]) and ii) derived slope
is flatter as respect to normative indications (m = 3 for N < Np = 5 - 106 [34]/107 [35]).

In light of the above, it can be inferred that fatigue performance of double covered ZS high-strength bolted
joints is moderately inferior as respect to pristine uncoated specimens. Hence, in the next Section, a corrosion-
depending correction for Wohler curves is introduced, i.e., in order to compare fatigue performance of coated
samples as respect to corroded details based on indications reported in Adasooriya et al. [20-21] and DNVGL-

RP-C203 [35].

2.4 Corrosion-affected Wohler curves

According to indications reported in Adasooriya et al. [20-21], fatigue performance of corroded specimens can
be inferred from pristine Waohler curves by i) reducing the CAFL Acp up to a corrosion-affected value Aop,corr,
ii) increasing the corresponding logarithmic slope meor. and iii) assuming no fatigue limit for worn elements
(that is, meor. < oo — Figure 6, green solid curve). It is worth remarking that the above method is intended to
address corrosion fatigue from a global perspective. Namely, while applied stress ranges are still estimated on
the reduced nominal cross-section (i.e., as in the ideal case of uniform corrosion), local sources of stress
amplification due to non-uniform corrosion (“pitting”, which may strongly affect the fatigue performance of
details [52-53]) are accounted for by penalizing S-N curves.

Based on analytical developments reported in Adasooriya et al. [20-21] and Milone et al. [2-3], Acp,cor. and

Meorr. (for N < 5 - 10°) can be estimated according to Equations (2-3):
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With ¢ = 6., corr. /0, < 1 being the endurance limit ratio among corroded and pristine details for N., = 10" cycles.
The entity of ¢ — and hence the corresponding fatigue strength reduction — is derived from a statistical
regression involving multiple specimens having the same (nominal) corrosion degree and yet different
distributions of corrosion pits [20-21].

It is worth remarking that above expressions underlie the assumption that no reduction in fatigue strength is
achieved for a threshold value of Ny = 10* cycles (that is, the effect of corrosion on low-cycle fatigue behaviour
is supposed to be negligible [20-21]). Although similar expressions might be written for N > 5 - 10°, their
analytical formulation is hence omitted, i.e., as the affected portion of fatigue domain is beyond the range of
interest in terms of Nt values.

An alternative expedient is recommended in DNVGL-RP-C203 [35] for the fatigue assessment of unprotected
details exposed to marine environment. For instance, pristine Wohler curves for a given detail class are
translated downward by replacing the S-axis intercept for Nf = 1 (loga;) with a reduced value log aj o
depending on the relevant DC (Figure 6, green dash-dotted curve). Moreover, the adoption of a constant slope
(m = 3) is recommended for curves related to corroded details.

Formulations reported in Adasooriya et al. [20-21] and DNVGL-RP-C203 [35] can be easily manipulated to
derive the reference DC for a corroded detail Acc cor. (Equations (4-5)), thus providing a synthetic indicator for

fatigue performance comparisons (see next Sections for further details):

5 —%Iogc .
Adasooriya et al. — AG¢ corr. = Ao - (5) .09 (4)
1
DNVGL-RP-C203 — Acc corr. = Ao - (algorr.)s 5)
1

14



2000.0

o« log @,
NE X Iog él,corr. L1 N
S Toe.m th
= ok
O
|
S
s 200.0
o
S
n
El Pristine Detail (DC 112/C1) g
IS Corroded Detail [20-21] AGp N
I ISP Corroded Detail [35]

20.0 |

1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07
Cycles to Failure N; [-]

Figure 6 — Corrosion-depending corrections for Wohler curves according to Adasooriya et al. [20-21] and
DNVGL-RP-C203 [35].
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3 Results and Discussion

3.1 Fatigue Performance of NC, ZS and Corroded High-Strength Bolted Details

Figure 7 depicts the comparison of fatigue performance of uncoated, coated & blasted and corroded high-
strength bolted details in terms of relevant characteristic Wohler curves (Cl = 75%, Pr = 5%). For the sake of
clarity, Wohler curves related to all considered uncoated (NC + ME-NC + B-NC) and coated & blasted (ZS +
B-ZS) specimens are hence referred as NC and ZS, respectively.

In order to account for the detrimental effect of corrosion on unprotected specimens, three alternative strategies
were assumed, namely: i) correction of the NC curve [33] by means of expressions proposed by Adasooriya et
al. [20-21] (Figure 7, green dotted curve, Accs= 74.8 N/mm?), ii) correction of normative curves (DC 112/C1
[30-31]) according to Adasooriya et al. [20-21] (Figure 7, green solid line, Accs = 61.7 N/mm?), iii)
introduction of the corrosion-affected curve for DC C1 according to DNVGL-RP-C203 [35] recommendations
(Figure 7, green dash-dotted line, Accs= 77.8 N/mm?).

According to Adasooriya et al. [20-21], a mean value of ¢ = 0.460 was assumed for calculations (that is, Aop cor.
=0.497 Acp). To this end, it is worth remarking that, while a characteristic value for ¢ = 0.270 (Aop cor. = 0.308
Aop) was also provided by Adasooriya et al., mean value of ¢ was hence selected to accomplish the most
unfavourable comparison for ZS specimens.

As for DNVGL-RP-C203 [35] recommendations, a reduced S-axis intercept log a; ¢, = 11.972 was assumed

for corroded C1 detail class (loga; = 12.449), thus resulting in a reduced detail class Acc corr. = 77.8 N/mm? (-
30% as respect to pristine conditions).

It is worth remarking that, as widely reported in scientific literature [6, 16, 33], size-effect may play a role in
the fatigue performance of bolted specimens (that is, both for uncoated and coated & blasted joints [6, 16, 33]).
Nevertheless, for the relevant case of pristine and corroded 112/C1 details, no thickness-related correction was
assumed. Indeed, connected elements in NC, ZS and B-ZS [6] specimens are always thinner than the reference
value trer = 25 mm reported in DNVGL-RP-C203 (that is, after which size-effect becomes non-negligible [35]).
As for experimental tests recollected by Maljaars & Euler [33, 42-49], no correction was assumed as well, i.e.
due to the thickness of connected elements being in the range t = 8.5 + 15 mm. (notably, such values comply

with typical geometrical features assumed for bridge joints design [36, 37, 54]).
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Literature corrections; for the sake of simplicity, slope variation for Nt > 5 - 10° is omitted).

Fatigue strength comparisons related to ZS, NC and corroded high-strength bolted details is summarized in

Table 4 in terms of characteristic DCs Aocs and inverse logarithmic slopes m.

Table 4 — Fatigue strength comparisons for ZS, NC and corroded specimens.

Specimens Characteristic DC Inv. Slope Strength Veriation
[-1 Accs [N/mm?] m [-]* A[%]**
NC 135.8 5.00 +5.7%
ZS 128.5 4.93 -

DC 112/C1 [34-35] 112.0 3.00 -12.9%

NC — Corroded [20-21] 74.8 3.20 -41.7%

DC 112 - Corroded [20-21, 34] 61.7 2.24 -52.0%
DC C1 - Corroded [35] 77.8 3.00 -39.5%

*Corrected slope according to Adasooriya et al. [20-21] being related to the range 10* <N <5 - 10°
**Strength variations being estimated assuming Accszs as a reference value

One can immediately observe that, although being only slightly inferior to uncoated pristine specimens, fatigue
performance of ZS bolted joints is always higher as respect to corroded details, with a minimum gap A =
12.9% in terms of Acc s when correcting the Wohler curve for uncoated specimens with Adasooriya et al. [20-

21] formulations. Such gap increases up to 63.1% if the characteristic value of ¢ = 0.290 is assumed for

calculations.
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Interestingly, while ZS and NC curves are almost parallel to each other, the corrected NC curve is significantly
steeper (m = 5.00, 4.93 and 3.20, respectively, see Table 4); hence, fatigue performance of ZS specimens can
be deemed as superior as respect to corroded samples within the entire range of applicable stress ranges. While
the slope of other corrected curves significantly differs from the ZS regression line (m = 2.24 + 3.20), fatigue
strength of coated & blasted bolted joints still exceeds the resistance of corroded details in high-cycle fatigue
(HCF) conditions (= Nf > 105, see Figure 7), i.e., the most relevant regime for practical civil engineering
purposes [2, 41, 54].

In light of the above, HDG can be deemed as a suitable solution for safeguarding high-strength bolted steel
structures subjected to cyclic loads in an aggressive environment — that is, if significant corrosion fatigue
damage would be expected in absence of protective measures —i.e., due to fatigue strength being more sensitive
to the detrimental effect of corrosion as respect to galvanization treatment. Nevertheless, hot-dip zinc coating
still reduces the fatigue performance of pristine double covered joints up to a moderate extent. To this end, the
selection of an inferior DC for galvanized joints [34, 41] can be considered an appropriate design choice,
although considered ZS specimens still meet normative requirements [34-35] for DC 112 with a relatively
small margin of safety (+12.9%, see Table 4).

Interestingly, ZS pre-loaded bolted samples show a comparable strength decrease as respect to smooth
specimens [13, 16, 29], i.e., in opposition to coated welded details such as cruciform joints — for which a
negligible DC reduction was observed [13, 55].

In the first instance, this outcome can be related to the combined influence of galvanization and stress raising
sources (e.g., bolt holes) [6, 32-33], with the latter being absent in plain components and welded details being
already governed by i) stress singularity at weld toe and ii) material degradation within the heat-affected zone
(HAZ) [55, 56]. Nevertheless, in order to provide a more in-depth investigation about the effect of HDG on
high-strength bolted specimens, fracture surface analyses on ZS samples have been carried out. Further details

are reported in the next Section.

3.2 Fracture Surfaces Analyses

Fracture surfaces for each specimen were investigated through scanning electron microscopy (SEM)
technology. For this purpose, a Quanta 650 FEG SEM (Thermo Fisher Inc.) was operated at 20 kV accelerating

voltage with a 30 um aperture and a spot size of 3.0. A working distance of ~30 mm was adopted in order to

18



get secondary electron images from the fracture surface. A peculiar attention was paid to detecting possible
traces of hydrogen embrittlement (HE), which has been deemed to play a role in fracture of galvanized details
by several researchers [57-65]. Figure 8 shows the crack initiation sites as derived from the fractographic
investigations of specimens.

In case of ZS joints, the main crack always nucleates at the interface between the Zn layer and the steel core,
i.e., both in case of moderate loads (ZS03, AF =140 kN, Ac =145.8 N/mm?, see Figure 8a) and high loads
(ZS06, AF =240 kN, Ac =250.0 N/mm?, see Figure 8b). As for NC specimens, main cracks initiate on the L
profiles’ surface, that is, nearby the innermost bolt holes (see Figure 8c-d, specimens NC03 and NC02, Ac =
145.8 N/mm? and 250.0 N/mm?, respectively). This outcome plausibly descends from the combined action of
profile-gasket friction (i.e., the predominant mechanism for transferring shear actions in preloaded bolted
connections [30, 33, 54]) and local stress amplifications at bolt holes. Moreover, a further amplification source
for the observed crack spots is possibly represented by intrinsic imperfections and assembling tolerances that

might lead to unaccounted secondary (out-of-plane) bending stresses.

ZS03 (AF = 140 kN, Ac = 145.8 N/mm?) =

Initiation

c) d)
Figure 8 — Fractographies showing typical initiation sites in ZS (a-b) and NC (c-d) specimens under moderate
and high stress ranges.
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Further hints about crack initiation and propagation can be inferred by magnifying fractographic images, as
depicted in Figure 9. For ZS specimens, crack initiation appears to be accompanied with some brittle-like
features such as intergranular (IG) fracture, while the main crack grows in a transgranular (TG) manner (see
Figure 9a, specimen ZS02). Nevertheless, when the applied stress range is increased (see Figure 9b, specimen
ZS06), brittle features are absent and only TG-type striations can be seen on the fracture surface. Contrariwise,
in case of NC joints only TG-type striations can be observed, i.e., independently of the actual value of Ac.
Interestingly, a common feature among both coated and uncoated specimens is represented by the potential
trigger of secondary cracks. Namely, they can be observed for elevated loads in both cases (Figure 9b-d), while

they are uncommon for lower Ac values (Figure 9a-c).
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Figure 9 — Fracture features nearby initiation sites shown in Figure 8: a) ZS03, b) ZS06, c) NC03, d) NCO02.

For thoroughness, detailed fractographic investigations for ZS specimens under other loading levels are
reported in Figure 10, i.e. providing a coverage of all considered stress ranges within the present study.
Interestingly, it can be observed that, while the main crack grows in a TG manner, some brittle features such

as I1G and quasi-cleavage (QC) fracture can be always appreciated up to a threshold value of Ac < 208.3 N/mm?
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(AF <200 kN, see Figure 10a-b-c-d). Contrariwise, as stated above, specimen tested at the highest load level
(AF = 240 kN, Ac = 250 N/mm?, see Figure 9b) does not show significant brittle features. The opposite trend
is shown by secondary cracks, the occurrence of which becomes more and more common for increasing loads

up to the highest considered stress range.

ZS05 (AF = 120 kN, Ac = 125.0 N/mm?)
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Figure 10 — Fracture features nearby initiation sites for ZS specimens under different load levels: a) ZS05, b)
ZS02, ¢) ZS04, d) ZS07.

The above outcomes from reported fractographic investigations suggest that HE could actually influence the
fatigue failure of coated & blasted specimens. Namely, while the crack initiation generally occurs in stress-
concentrated sites on the surface of NC samples, in case of ZS specimens the cracks initiate at the interface
between the Zn layer and the base-steel.

To this end, it is worth reporting that Jeon et al. [57] suggested that Zn coating can act as a barrier for hydrogen
permeation, i.e., due to the formation of a Zn passive film at the surface which reduces the hydrogen evolution

rate. Nevertheless, the same Zn layer may also hinder the out-diffusion of internal hydrogen which could have
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been introduced during previous processes (e.g., during hot-dip galvanization), thus resulting in an
embrittlement effect [58].

As a matter of fact, typical evidences of hydrogen-assisted fatigue crack growth can be identified as 1G- and
QC-type fracture features, e.g., as observed in pure Fe [59-60], Fe-3wt%Si [61-62], medium-Mn steels [63]
and X70 pipeline steels [64]. Such features are quite similar to the ones observed in tested galvanized samples
shown in Figures 9-10.

Although further studies are needed, it has also been suggested that HE may further intensify when a
galvanized component is in contact with an alkaline environment, e.g., in a water-containing environment
which is suitable for water hydrolysis. Indeed, in this case the hydrogen evolution can directly take place on
the galvanized surface, thus resulting in an even higher level of brittleness [65].

Nevertheless, it is worth remarking that the brittle-like features disappear for the highest load levels. This
outcome plausibly descends from fatigue crack growth being dominated by load-controlled mechanisms for
elevated stress ranges, with the hydrogen-metal interaction becoming less influent. This complies with the
increasing formation rate of secondary cracks for higher Ac values, which proved to be insensitive to the

presence of a Zn coating (Figure 9).
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4 Conclusions

In the present work, the influence of hot-dip galvanization on the fatigue performance of high-strength bolted

specimens was thoroughly investigated. To this end, a set of 15 constant-amplitude fatigue tests was carried

out. Fatigue data were hence statistically assessed and compared against i) results for uncoated, pristine

specimens drawn from literature [6, 33] and ii) literature and normative indications for unprotected details in

an aggressive environment [20-21, 35]. Subsequently, fracture surfaces of galvanized specimens were

investigated through SEM technology. In light of the achieved results, the following conclusive remarks can

be pointed out:

The characteristic fatigue strength Accsof the investigated high-strength bolted details is 135.8 N/mm?
at 2 - 108 cycles (higher than the DC 112/C1 suggested in standards [34-35]) in pristine conditions
while for the investigated coated & blasted specimens is 128.5 N/mm? at 2 - 10° cycles resulting in a
reduction of ~6% due to the galvanization;

Nevertheless, the process of hot-dip galvanization can results in a fatigue resistance Accszs of [1.13;
1.52] times higher as respect to unprotected joints exposed to aggressive environment (according to
literature models to evaluate the detrimental effects of corrosion [20-21, 35]);

ZS high-strength bolted specimens appear to be more influenced by the coating process as respect to
welded details [13, 16, 55]. This descends from the combined effect of galvanization and light notch
effect at bolt holes;

Fracture surfaces of failed ZS specimens were investigated through SEM inspection. Accordingly,
hydrogen embrittlement may play an important role as respect to the fatigue performance of galvanized
specimens, as the Zn layer hinders the out-diffusion of hydrogen embodied during the molten bath;
Nevertheless, the influence of HDG appears to be less pronounced for higher load levels, as load-
controlled mechanisms become more and more predominant, as testified by the increasing occurrence

of secondary cracks.
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