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Abstract

The use of adhesively-bonded CFRP crack-patching in ‘old metallic bridges seems to be a
promising fatigue strengthening technique, but théfinternaldaminar structure of puddle iron could
influence its efficiency, resulting in premature taterlaminar failure within the metal before CFRP
debonding. To investigate the fatigue behaviour of this retrofitting system, six double-strap joints
with CFRP laminates adhesively=bonded'to puddle iron plates taken from a 19th century bridge
were tested. Three specimens were statically loaded until failure as control specimens, and other
three were tested under tensilestensile fatigue loading up to 2 million cycles at a frequency of 10
Hz, with stress ranges in the metal of 60, 75 and 90 MPa. An analytical model is used to compute
the maximum prineipal stress range in the adhesive during fatigue loading, which is assumed as
the governingéfatiguelstrength parameter in the double-strap joint. Based on the experimental
results of the present'work, together with a database for joints with modern steel collected from
literature, an,S-N fatigue curve is obtained for CFRP-metal double-strap specimens, and a fatigue
limit in terms of maximum principal stress range in the adhesive layer is proposed to be used in

design guidelines.

Keywords: CFRP-metal adhesive joints; Fatigue test; S—N curve; puddle iron; strengthening
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1. Introduction

Many old metallic bridges constructed during the second half of the 19th century up to the middle
of the 20th century are still in operation and are now reaching the end of their expected fatigue
life. Since these bridges have been subjected to increasing traffic loads along their service lives,
they require maintenance and rehabilitation works in order to postpone their replacement by new
bridges [1].

The traditional repairing method for extending the fatigue life of metallic bridges is basedyon the
use of steel plates attached to the damaged structural element by welding or bolting [2]. However,
metals from the end of 19th century to the beginning of 20th century used for bridge eonstru¢tion
are not suitable for welding due to a differentiated toughness, which meansgthat, cragks can
originate due to the residual stresses from the heat-affected zone of the weld [3]sMoreover, this
strengthening method is usually quite expensive and time-consuming, and shows several
disadvantages [4] such as the introduction of additional permanent, loads” and new stress
concentration areas, and also the additional steel plates are subjected to the same phenomena of
fatigue and corrosion. These negative effects can be avoided using,CFRP laminates, as this is an
effective strengthening system with high tensile stzength andgstiffness, that can be readily
implemented on field, minimizes the dead weight ine¢sement, reduces the traffic disruption and
offers good durability properties [5], [6], [7].

Most previous studies on the topic have mainlygfocused on the static behaviour of CFRP
strengthened steel structures [8]s [9]fandseme others have evaluated the fatigue behaviour of
CFRP laminates bonded to steelgsubstratesd[10], [11]. However, only few have focused on the
fatigue behaviour of old metallicstructures strengthened with CFRP [12], [13]. Generally, CFRP
laminates have a good fatigue resistance for in-plane loads parallel to the fibre direction [14], so
the CFRP is notgenerally afatigue critical issue in this structural strengthening system. However,
the efficiency‘offatigue strengthening depends on the bond performance between the CFRP and
the metal, soithe fatiguc loading effects on the bonding need to be considered.

During the,second half of the 19th century, puddle iron was the material used for the construction
ofimetallic bridges until it was replaced by old steel at the beginning of the 20% century. The
mantfacturing process of this metal led to the formation of high concentrations of unwanted
compounds, resulting in a banded structure with large slag inclusions [3]. This internal laminar
structure in the puddle iron could be a potential problem when considering CFRP strengthening,
since delamination under interlaminar shear within the puddle iron plate would be a similar
phenomenon to debonding of CFRP at the CFRP-metal interface, especially under fatigue loads
[15].

These particular properties of puddle iron could influence the effect of fatigue loading on the bond

behaviour between CFRP and the metal in old metallic bridges strengthened with this material.
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This lack of knowledge motivates the present work, in which an experimental campaign is carried
out to investigate the fatigue behaviour of the adhesive bonds in tensile CFRP-metal double-strap
joints with puddle iron plates taken from a bridge built in the 19th century. These specimens can
be considered representative of CFRP crack-patching sections under tension in old metallic
bridges that need to be repaired. The experimental results are then compared with those for joints
with modern steel reported in literature, evaluating the S-N fatigue curves and defining a fatigue

limit for CFRP-metal double-strap specimens that could be used in design guidelines.

2. Experimental program \

2.1. Specimen preparation

In the present study, six double-strap joints with CFRP laminates adhesi ed to puddle

iron plates taken from a 19th century bridge were prepared. Three of the sted under static

loading until failure as control specimens (S1, S2 and S3) an er }ee under tensile-tensile

fatigue loading (F1, F2 and F3) up to 2 million cycles at a f 10 Hz. The number of

cycles was selected based on the definition of reference fa gth for a particular detail in

Eurocode 3: the constant amplitude stress range 4o, for an endurance N = 2x10°

oo

loading on the bond behaviour could be.examined.*/

cles were later tested under static

cycles [16]. Those specimens which survived

loading until failure to compare the results ol specimens so that the effect of fatigue
1 six specimens had the same geometry, as
shown in Fig. 1, with a bond ler& . In order to ensure that the failure occurred on the
desired side of the specimen 60 mm¥side in Fig. 1), a longer bond length of 90 mm was

applied at the other side o ap. In addition, a bond length of 60 mm was selected so that

the results from this study ompared with the results of a previous research by the authors

reported in [17 ouble-strap joints with modern steel using the same combination of CFRP

and adhesive.

CFRP laminates te= 1,80 mm

60 mm
adhesive — ]_“—ri _ t, =0.50 mm
| 300 mm 300 mm
gap: 2 mm
Plan vi %0 steel plates
Clan view CFRP lami 60 mm mim /
300 mm_ 300 mm |
gap 2 mm
Fig. 1
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The puddle iron plates used to fabricate the double-strap specimens were cut by water-jetting
from the web of four stringers that were extracted during rehabilitation works in 2017 from an
old riveted metallic railway bridge (Fig. 2) that was built in Redondela (Pontevedra, Spain) in
1884.

Fig. 2

To prepare the double-strap joint specimens, first the
with aluminium silica (Fig. 3a), since it has been
treatment for the metal [18]. The surfaces were
adhesive application. After that, two metallic plates are aligned, maintaining a gap of 2 mm
between them by means of a n@e j mmediately after the metallic surface preparation
(within the first 12 hours) an adhesive r was applied uniformly on both the surface of the

metal and the CFRP laminate rder to avoid any possible contamination. Next, the CFRP

laminate was positioned surface of the metallic plate (Fig. 3b), and uniform pressure was

applied to remo e exeess of adhesive, until the desired adhesive thickness was achieved. To
control the co& ment of the specimen and the thickness of the adhesive, an alignment tool
and a series ofisep rs were used to maintain a 0.5 mm theoretical fixed thickness of adhesive

ing thepreparation (Fig. 3b).

s were cured in an oven at 50°C during 16 hours. Differential Scanning Calorimetry
sing DSC Q-200 were performed on adhesive samples cured in the oven under the same
conditions of double-strap joints to obtain the glass transition temperature (7;) of the adhesive
used to bond the CFRP laminates to the metal. An average value of 58°C was obtained, with a
coefficient of variation of 9.5%. This temperature should not be attained during fatigue testing
since it could affect the bond behaviour, so thermocouples were used during fatigue tests to

monitor the temperature in the joint during fatigue cycles.
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a) Grit blasting of metallic surface b) Bonding of CFRP laminates on m&
Fig. 3

L 4
2.2. Material properties \Q

The puddle iron plates had a length, width and thickness of 300 m and 7 mm,
respectively (Fig. 1). The width of these metallic plates was selected so e metal did not
yield during the double-strap joint tests. From tensile tests on dle iron coupons (tested
according to UNE-EN 6892-1 [19]), an average tensile mo icity, yield stress, tensile

strength and elongation at break of 198 GPa, 313 MPa
1). According to Charpy impact tests (UNE-EN ISO

a 9.04% was obtained (Table

]), an average impact energy of 6.3
Jresulted from nine specimens, with a coefficie ation of 45 % (this significant coefficient
of variation in the impact energy can be attribu the high heterogeneities in the material
microstructure). A significant amoun ongitudinalimon-metallic inclusions can be observed in
Fig. 4, typically composed of phosph and sulphur (it was found that the phosphorus content
in this metal is significant in parison with modern steels, Table 1). These inclusions are

considered to be responsi mbrittlement of this low-carbon content metal [21], which

CFRP lami . m nominal thickness, 25 mm width and 150 mm length were used (Fig.
1), manufacture@by resin infusion with a two-part epoxy resin (Araldite® LY 1568/Aradur® 3489)
i carbon fibre fabrics with Pyrofil™ HR40 fibres, and cured at 80°C during 4

rec
ccording to manufacturer recommendations. From tensile tests on standardized specimens
ing to ASTM-D3039 [22], the modulus of elasticity, tensile strength, strain at failure and
Poisson coefficient of CFRP laminates were experimentally determined, obtaining values of
183.61 GPa, 1663 MPa, 0.91% and 0.328, respectively (Table 1).

As structural epoxy adhesive for bonding the CFRP laminates to the metallic plates, Araldite®
2031 was used, and its mechanical properties were obtained experimentally from tensile tests
according to ASTM-D638 standard [23], with an average modulus of elasticity, tensile strength
and ultimate tensile strain of 1451 MPa, 19 MPa and 2.98%, respectively.
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The selection of this CFRP laminate and epoxy adhesive was based on the results of an

experimental campaign carried out by the authors to study the influence of carbon fibre stiffness

and adhesive ductility on CFRP-metal adhesive joints [17]. The measured material properties of

puddle iron plates, CFRP laminates and adhesive are listed in Table 1. Tensile stress-strain curves

for the puddle iron, CFRP and adhesive are reported in Fig. 5.

Table 1. Material properties of puddle iron and modern steel plates, CFRP laminate and adhesive.

Pyddle Modern CFRP  Adhesive Q\
iron Steel # PY
Tensile strength (MPa) 367!  410-560 1663 1
Yield strength (MPa) 3131 >275 N/A A
Tensile modulus (GPa) 198! 210 183.6 %
Elongation at break (%) 9.041 >23 / 93
Poisson’s ratio 033 0.3 & 0.3
Toughness (J) 2 6.3 -

! Average values based on 5 specimens, tested acg
2 According to UNE-EN ISO 148 [20] (test

3 Assumed value (not measured during te

4 According to UNE-EN 10025-2 [24

Table 2. Chemical composition (@n % wei

of tested puddle iron and typical modern steel.

Investig

e
Typical V\ odern steel **

C Si Mn P S
0.02 0.17 0.04 >0.12 0.04
<0.21 Variable  <1.50 <0.04 <0.04

* Averagewalues

m two specimens taken from Redondela stringers

% n-alloy structural steel S 275 JR (according to EN 10025-2 [24])
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imental results

. Static tests

Three control specimens were tested under static loading until failure to obtain the static bond
strength P, ;.. and to analyse the failure mode of double-strap joints in case of puddle iron, so it
can be compared to the behaviour of specimens with modern steel. All tests were carried out in
tensile using an Instron 3382 multitest press, in displacement control at a loading rate of 0.5

mm/min until failure. The average failure load was 69.24 kN, with a deviation of 2.7 %. Based



194
195
196
197
198
199
200

201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219

on this result, it can be noticed that a double-strap joint with puddle iron has an average static
bond strength consistent with results reported in previous research [17] with modern steel
specimens with the same geometry and same CFRP and adhesive. In specimens with modern steel
[17], an average static bond strength of 61.85 kN was obtained (10.7 % lower, a difference that
can be attributed to the inherent variability of the strength of these joints). The instrumentation

and test set-up for the specimens tested under static loading are shown in Fig. 6.

a) Specimen S1 b) Specimen ¢) Detail of strain gauges
Fig.
These specimens were instrumented by strain ttached to the CFRP at the joint location
(gauges G2 and G4, one gauge at eac e of the speeimen) to measure the stains in both CFRP
laminates during loading (Fig. 6). Si y,/other two strain gauges were placed on the metal at

20 mm from the CFRP laminate end (gauges G/ and G3) to measure the strain in the metallic

plate. The strain measure d to check the eccentricity of the applied tensile force and

the load transferred
in Table 3 a

etal to the CFRP by means of the adhesive bond. As can be seen
ecimen S2 it is clear that there was bending during testing, as the
difference inystr en the two faces of the specimen was considerable (29.5% in the metal

strain and 36. in the CFRP strain, at failure load), so this result was discarded and not

tain the average static bond strength. This bending during testing, that can be
ed to a misalignment during specimen preparation, justifies the lower failure load in this
en S2 (23.3 % reduction), compared to the other two results. The load-strain curves from
tensile static tests are shown in Fig. 7 for both the metal strains ¢,,,,, and CFRP strains gcgp in
specimens S1 and S3, computed as the average of strains measured at both specimen faces (Fig.
7a), while for specimen S2 it is shown at each face (A and B) separately to reflect the bending
during loading (Fig. 7b). Face A of the specimen is the frontal one (visible in Fig. 6), while face

B is the back one (not visible).



220  Table 3. Test results of static tests control specimens.

221
SpeCimen ta Pu,static GI G3 Emetal Agmetal G2 G4 ECFRP ASCFRP
mm kN pe pe pe % pe pe pe %
S-1 0.48 70.55 1189 1168 1179 -1.8 3715 3643 3679 -1.9
S-2 0.54  53.08 743 962 853 29.5 3392 2152 2772 -36.6
S-3 0.54 67.92 1054 1137 1096 7.9 3366 3449 3408 2.5
222

223 Where ¢, is the measured adhesive thickness; &,,..; and ecrrp are the average metal &
erenceyin

224  strains measured at both specimen faces, respectively; and 4¢,,..; and Aecppp arth\

225  metal and CFRP strains between the two faces of the specimen, respectively.

226
80
70 t = -
60 | -
= 50 f l/ r” Z
SR / 7 =
k= / z B
5 30 ¢ l, 2 +==« S1-metal 3 ---- S2-metal (A)
20 | f’ == S3-metal -=-S2-metal (B)
/ . B v
10 / —S1-CFRF S2-CFRP (A)
- -S3-CFRP - -S2-CFRP (B)
0 1 L 1 L 1 I 1 ] 1 1 1 1 L L 1 J
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Deformation & (pe) Deformation & ()
a) Specimens S1 an&% b) Specimen S2
ig. 7
227
228 3.2. Fatigue tests
229
230  Specimens F F3 were subjected to 2 million fatigue loading cycles in an Instron® 8802
231  Servohydraulic Fati esting System with a loading capacity of 250 kN (Fig. 8). The loading

232 frequeney, was selected equal to 10 Hz, as it is within the ranges in which temperature increases
233 1
234 be
235 =01, as it is frequently used in literature. The specimens F1, F2 and F3 were subjected to a

e o adversely affect the strength of the joint. The stress ratio, defined as the ratio

n the minimum and maximum load during fatigue test (P,,;,/P..), Was set in all cases as

236  constant sinusoidal tensile stress range in the metal Ao, of 60, 75 and 90 MPa, respectively, which
237 corresponds to a load ratio P,,.,/P, suic 0f 0.33, 0.42 and 0.51, respectively. These values were
238  adopted since fatigue is developed under service loads, which are usually below 50% of ultimate
239 loads. In fact, [5] recommend that the maximum load during fatigue test P, should not exceed
240  30-40% of the static bond strength P, ;... but in this case it was decided to test a specimen under
241 higher loads (F3).



242 Those specimens which survived the 2 million cycles fatigue loading (F1 and F2) were tested
243 until failure under static loading at an extension rate of 0.5 mm/min using the same testing
244 machine. The load-extension curves of these tests is shown in Fig. 9, being P the load applied by
245  the testing machine and 0 the extension of the specimen (measured as the separation between the
246 grippers of the testing machine). By comparing the static failure load before and after fatigue
247  tests, the effect of fatigue loading on the bond behaviour between CFRP laminates and puddle
248  iron plates can be investigated.

249

a) Specimen F1

¢) Specimen F3

250
80 r
70
60 r
z
-
= 0
]
20 |
10 |
0 1 1 1 ol p— ]
0.00 025 050 075 1.00 1.25 150 1.75 2.00
Extension & (mm)
Fig. 9
251

252 For each specimen, the applied load cycles (up to 2 million), the fatigue stress range in the bare
253 metal section and the residual static bond strength after 2 million fatigue cycles P, fq.. are
254 reported in Table 4.

255

256

257

10



258  Table 4. Test results of fatigue specimens.

259
i . . ) Pu,ﬁztigue/
Spec. 1y Pmm Pmax 4P Ao-s Pmm/Pmax Pmax/Pu,xtatzc Ncycles Pu,fatzgue P
u,static
mm kN kN kN MPa kN

F-1 0.71 23 23.0 20.7 60 0.1 0.33 2,000,000 63.1 0.91
F-2 0.87 2.9 29.0 26.1 75 0.1 0.42 2,000,000 73.7 1.06
F-3 0.53 3.5 35.0 31.5 90 0.1 0.51 323,384 - -

260
261 Where ¢, is the adhesive layer thickness; P,,;, is the minimum load during fatigue test; &
262  maximum load during fatigue test; AP = P, - P, is the fatigue load range; Yo, i

263 stress range in metal; R = P,,;,/P ... 18 the stress ratio; P,.../P. i 1 the load (rati een
264  the maximum load during fatigue test and the average static bond strengt specimens);

265  Ngees 1s the number of load cycles; P, uigi 15 the residual static bond @ after 2 million

266  fatigue cycles; P, juigue’ Pustaric 15 the residual strength ratio. /
267  During fatigue tests of adhesives at high loading frequenciess, th erature of the material

268  wusually shows a rising tendency, being this temperature er as the frequency of load

269  increases [25]. For this reason, the temperature in the g fatigue testing was registered

270  using two thermocouples (one placed at each face en), positioned in contact with the
271  CFRP laminate just in the joint centre (Fig. 10): of these measurements was to check that
272 the temperature in the joint due to the high frequeney of fatigue loading is well below the glass
273 transition temperature 7, of thew‘l i C), so that this does not affect the strength of the

274 double-strap CFRP-metal joing, during t g. In all cases, the maximum temperature increase

e

emperature developed in the adhesive layer of joints under different

275  (compared to room tempe ing testing was below 6.6°C, which is an acceptable value

276 that do not affect the mec
277 where the chan

properties of the adhesive. Similar results are reported in [26],

278  fatigue loading werc imsignificant compared to the possible change in the ambient temperature
279  during the te

280




281 3.3. Residual stiffness of double strap joints after fatigue loading

282

283  To evaluate the stiffness degradation of the adhesive joint subjected to constant cyclic loading,
284  the applied load and crosshead displacement data were recorded during 1 second at a frequency
285  of 175 Hz (175 data points per second) every 100,000 cycles. Based on the data recorded during
286  the fatigue tests, load-extension curves are obtained. Fig. 11 illustrates the fatigue cycles load-
287  extension curves for specimens F1 and F2 at the first cycle, after 1 million cycles and after 2
288  million cycles, and the curves for F3 at the first cycle, after 200,000 cycles and after 00
289  cycles (at failure). &
290  The stiffness K of the specimen can be defined as the slope of the load-exten$ion e ofithe
291  double-strap joint test, K = AP/A6. The variation in this slope at different load cy¢les can represent

292  the effect of fatigue loading on the stiffness degradation of the specimen indicative of

293 debonding initiation and propagation [27]. It can be seen from Fig. 1 stiffness of all

294 specimens that survived 2 million cycles did not change after fatigue k’in g (the stiffness of the

295  specimens remained constant for stress ranges of 60 MP in Elgan Pa in F2 in the metallic
296  plates). As a result, it can be concluded that no crack initiati eloped in the adhesive joint
297  during fatigue loading at these stress levels, as cr tion could be considered when K

298  reduces to 90-95% of initial stiffness [27].
299  As it can be observed from Fig. 11, the hystere

(o

300 F2 was minimal. This evidences that the CFRP and,the adhesive did not contribute to the heat

y loss during the fatigue cycles of F1 and

301  generation (as measured by ther@ ched to the CFRP laminates during testing), while
302  the tensile stress in the metallic plates below the yield point, as also reported in [27] for
303  specimens with modern st
305 Puo/Pustaic of 0. e ness reduced 47.41% at the last fatigue cycles before failure (Fig. 11).
306  The obsewed& eduction is clearly attributed to the immediate development of debonding,
307  as this speci

308 ‘

304  However, for the speci a stress range of 90 MPa in the metal (F3) and a load ratio

Is suddenly after 323,384 fatigue cycles.

12



Fatigue tests

40 --NF1=1
P=69,65-23
35 P=36,68-72 =-=-=NF1 = 1.000.000
30 —NF1 =2.000.000
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Extension 6 (mm)

Fig. 11

309 ,
310 3.4. Residual bond strength

311

Load P (kN)
[\
o

15

312 After fatigue tests, the residual static bond strengths . of specimens which survived 2

313  million cycles are compared with the static bon sfof control specimens (Table 4). It is
314  shown that fatigue loading has almost no influe
315 load ratio P,.../P., sasic 18 0.42 (F2), as t sidual s

316  both cases. Even it is observe&h residual bond strength for a load ratio of 0.42 (F2)

he residual bond strength, even when the

ngth ratio Py, fuigue’ Py staiic 15 close to 1.00 in

317  compared to load ratio of 0.33 (F1), this difference can be attributed to experimental
318  variability. When the loa /P, siaiic 18 more than 0.50 (F3), the specimen fails during
319  fatigue test.

320

321 3.5 Failz&

322

323 differ ilure modes of CFRP-metal bonded system under tensile loading are proposed by
324 Z ang [6]. The comparison of failure modes between static control specimens (S1 and
325  S3),ithe specimen which survived fatigue loading (F1) and the specimen which failed during
326  fatigue loading (F3) is given in Fig. 12.

327

13
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Fig. 12 \/

Concerning the failure mechanism, in control specimens fai ¢ was mainly metal/adhesive
interface debonding, with some adhesive remaining i @ al surface (CFRP/adhesive interface
debonding). In the case of fatigue tests, failure assmixed with metal/adhesive interface

debonding (in the half end of the joint) and CF

RP/a ve interface debonding, with some carbon

fibres remaining bonded to the metalsmRegardingithe expected failure of puddle iron under

interlaminar shear, no delamina~1 tal surface was observed during these tests. This

observation could indicate th e inte laminar structure of this puddle iron is not an issue

when considering CFRP ing of old bridges. This could be explained by a higher
interlaminar shear strengtl the metallic plate compared to the shear strength of the adhesive
bond between t minate and the metallic plate (being the adhesive layer the weakest
point). Also, tigue,damage was observed in the CFRP laminates for these loading levels, as

it was expectedy 1

nalysis in adhesive

During fatigue tests, CFRP debonding usually starts at stress concentration regions (gap between
metallic plates) and propagate along the CFRP/adhesive interfaces [27]. At these fatigue sensitive
zones, adhesive shear 7, and peeling o, stresses are higher, so they are regarded as essential
parameters to assess the fatigue lifetime of the bond between the metallic plates and the CFRP
laminates when failure takes place in the adhesive. Since maximum loads do not exceed the yield

stress of the metallic plates, all materials are under linear-elastic behaviour, so an elastic analysis

14
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can be performed to evaluate the stresses in the adhesive layer [6]. The stresses in the adhesive at

the gap position are evaluated using the analytical model proposed in [28]:

1
T, = -b—a/ICI (1
1| a;Cra 2FC 5
o, = — -
¢ ba a;)f‘ + a ? )

Where, ¢ \Q

3 4a; @
a; C; 5

) a> + aj l4 ( )
(6)

2

Oppal = % + (%) + (Ta)2 (7

Fatigue strength of double-strap joint can be evaluated using the maximum principal stress in the
adhesive layer, which develops at the gap between the metallic plates (stress concentration

region). This maximum principal stress in the adhesive o, can be used to characterize the failure

15
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in the adhesive layer, as it is assumed to be the governing fatigue stress in the double-strap joint.
The maximum principal stress range in the adhesive 4o, is reported in Table 5 for the specimen
geometry and material properties considered in the experimental tests, and it is computed as the
difference between the maximum principal stresses in the adhesive at P, and P,,;, during the
fatigue cycle. As can be seen in Table 4, this stress range in the adhesive layer for specimens that
survive 2 million cycles was below the tensile strength of the adhesive (19.0 MPa, see Table 1),

but it was not the case when the specimen failed due to fatigue cycles (F3). The higher predicted

stress by the analytical model in F3 compared to the tensile strength of the adhesive be
explained by a stress reduction in the real specimens at the gap position, which mea t
analytical model produces conservative values of stress levels in the adhesive at®he loca

Table 5. Fatigue tests parameters. Q
SPeC- Pmin Pmax 4P AJS ,cycles

kN kN kN MPa
F-1 2.3 23.0 207 60 2,000,000
F-2 2.9 29.0  26.1 75 . 2,000,000
F-3 35 35.0 315 9 72 323,384

4. S-N curve for double-strap joi

\

In order to obtain an S-N curve(repres ve of CFRP-metal double-strap joints subjected to
fatigue loading, a database ts) has been created with results consulted in the literature

[27], [30], [31], [32], [33 @ 51, [36], [37], with similar geometries and test parameters used

in tests perform work. The aim is to provide an estimation of the fatigue lifetime

of CFRP-met%_—lstrap joints, and demonstrate that results on puddle iron specimens in the
re

present wor parable to those with modern steel in literature. This could provide

confidenceyin t se of adhesively-bonded CFRP patches for the strengthening of old metallic

fatigue cycles N (on the x-axis) are represented on logarithmic scale for both axes. These data
points correspond to specimens from database and present work that failed during fatigue cycles
(32 data points). The double logarithm formula form (power function) shown in eq. (8) is used to

describe the S-N curve of adhesively-bonded CFRP-metal double-strap joints.

Aog= 104N "™ (8)
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where Ao, is the stress range in the metallic plate during fatigue loading, N is the number of fatigue
cycles, 4 and m are constants that can be obtained through a curve fitting to data points by using
the least squares method. The mean S-N curve in eq. (9) is computed as the best-fit curve to the
data, while the design curve in eq. (10) is considered 1.645 standard deviations below the mean

curve, which means that 95% of the results lie above the design curve.

1000
® Liu[26]
O Liu[28]
A Colombi [23]
E O Wu[29] ‘
= X o X Jiao[30]
g 8 X Yo[32)
2100 [Ac, = 111.84 N 0021 (Mean S-N)| ox;, . @
50 !_ + Zhang [
g x ‘
@ + T 8 Jimen
i=3 + + ¥ Mean
@ il 1 A
Ac,= 4726 N 021 (Design S-N)| ¥ - w S
1 Category 71
10
1.E+03 1.E+04 1.E+05 1.
Number of cycles N
Fi
Aog = 111.84 21 (Mean S=N curve) ©)
Aoy = 4726 N ~"%%! (Design S-N curve) (10)

@ curve for overlapped welded joint detail described in Eurocode

for direct stress range of 71 MPa in the steel) is also represented for

Also, the catego,
3 (S-N fatigu

comparison i ,as a good correlation with experimental data on double-strap joints was

previously reported in literature [27], [28], [29], [31]. This curve is selected because it represents

igue limit of overlapped welded joints with an overlap length 50 mm </ < 80 mm, similar

to onded length of CFRP-metal double-strap joints tested. However, it can be seen in Fig. 13
that the fatigue resistance of the CFRP-metal double-strap joints cannot be compared with that of
overlapped welded joints (Eurocode 3 design category 71). The slope of the S-N curve for double-
straps joints is significantly lower, and also the detail category (defined in Eurocode 3 as the stress
range for and endurance of 2x10° cycles) is 35 MPa in the design S-N curve (well below 71 MPa).
This can be explained because the fatigue failure in adhesively-bonded CFRP-metal double-strap
joints takes place in the adhesive (or at the interface between adhesive and adherents), but not in

the bare metal, so it is more appropriate to consider the S-N curve using the stress range in the

17
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adhesive Ao, instead of the stress range in the metal Aoy, for the fatigue evaluation of these
double-strap joints.

In a similar way, the S-N curve in Fig. 14 is a plot of 40,4, (on the y-axis) versus N (on the x-
axis) on logarithmic scales in both axes. For the computation of 4o,4, the formula in eq. (7) is
used. The mean S-N curve in eq. (11) is computed as the best-fit curve to the data, while the
design curve in eq. (12) is considered 1.645 standard deviations below the mean curve, which

means that 95% of the results lie above the design curve.

Aoaan = 226.28 N~ 18 (Mean S-N curve) x

Aaan = 98.71 N ~*15% (Design S-N curve) \ )

From the results of the fatigue life evaluated by stress range in the adhesi @

(for 2x10° cycles) is considered to be approximately A, g, jimis =%£n th

15.7 MPa in the mean curve.

he fatigue limit

design curve, and

Liu [26]

Liu[28]

Wu [29]

*
o
A Colombi [23]
o
x

X Jiao [30]

% Yu[32]

+ Zhang [33]

® Jimenez-Vicaria

Stress range Ac,g, (MPa)

Mean S-N

- == DesignS-N

&.E%—% 1LE+04 1.E+05 1.E+06 1.E+07
Number of cycles N

Fig. 14

The fatigue strength curve obtained in Fig. 14 is for a particular category of structural detail (in
this case, CFRP-metal double strap joints bonded with epoxy adhesive). Also, it is important to
mention that this fatigue strength curve is valid a priori only for specimens with the value ranges
of the different properties of the joint specimen in Table 6, until a larger database can be used for

a better curve-fitting.
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446  Table 6. Test parameters ranges valid for the proposed fatigue curve.

447
Aoy A0 4 Poi/Puax PuadPustaic Ecerp tcrrp ! crrp E, Jia 1,
N/mm?  N/mm? N/mm? mm mm N/mm? N/mm? mm
Min 21.60 5.79 0.05 0.18 103500 0.37 60 1451 19.00 0.20
Max 21240 6439 0.43 0.80 478730 2.40 250 4500 41.30 1.10
448
449 4.1. Residual bond strength after fatigue loading
450
451 For the database specimens, the residual strength ratio (P, fuigue/Pu staiic) 18 plotte(yga' oa

452 ratio (Pa/Pusaic) in Fig. 15 and the number of fatigue cycles (V) in Fig. 16 to c eftect
453 of fatigue loading on the bond strength of double-strap joints. In this case, the 'specimens

454  from database that did not fail during fatigue cycles and were subsequsg stedunder static

455  loading until failure are considered (83 data points). Contrary to the a?
456  ratios could reduce the residual strength ratio, it is shown from 15 that thelload ratio has no
457  clear effect on the residual strength ratio. This can be co e ata points are similarly

458  dispersed (between 0.75 and 1.25) around the unity (P,

1.00) for the whole range of
459  load ratio values (from 0.18 to 0.62). In a similar we 16 shows that the residual strength
460  ratio scatters on both sides of the base line of P}, saic = 1.00 , independently on the fatigue
461  cycles the specimens survived before the static te herefore, the observations in Fig. 15 and

462  Fig. 16 indicate that the effect %flo tio and number of cycles on the residual static bond
o clea

463  strength of double-strap joints h. r tendency.
464
0.7
O Matta [27]
L]
. = Liu [28]
l | ]
0 000w W o
° Wu[29]
L] .‘ ]
o = o
§ . ¢ Borrie[31]
o
3 [ ] L}
S 03 -
— = =
"a "a = *Yu[32]
0.2 L
0 Jimenez-Vicaria
0.1
0.50 0.75 1.00 1.25 1.50
Residual strength ratio Py ryigue/Py static
Fig. 15
465
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5. Conclusions \

In this paper, the effect of fatigue loading on bond be en CFRP laminates and puddle

iron plates taken from an old railway bridge is 4 ed. The following conclusions can be
drawn, based on the experimental observation

e The particular properties of puddle iron seems to not affect the static bond strength of

double-strap joints, as ﬁ:i puddle iron had an average static bond strength
consistent with result modérn steel specimens with the same geometry and same
CFRP and adhesive ese particular properties of puddle iron did not influence the

effect of fatigue on the bond behaviour between CFRP and the puddle iron

i)
specime ve en the load ratio was 0.42 (F2), as the residual strength ratio is close
0

er, the number of tests with puddle iron is limited, so more tests should be

erforme e future to confirm this.
° temperature in the joint due to the high frequency of fatigue loading (10 Hz) was
below the glass transition temperature 7, of the adhesive, so this did not affect the
strength of the double-strap CFRP-metal joint during fatigue testing (maximum
temperature increase of 6.6°C is measured, comparable to the possible change in room
temperature).

e The stiffness of puddle iron specimens that survived 2 million cycles (F1 and F2) did not
change after fatigue loading, so no crack initiation was expected in the adhesive at load
ratios below 0.42 (F2). For specimen tested under a load ratio of 0.51 (F3), a clear
stiffness reduction (47.41%) was observed just before fatigue failure, attributed to the

sudden development of debonding.
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e The failure mode of puddle iron double-strap joints subjected to fatigue loading was
similar to the observed in modern steel ones: metal/adhesive interface debonding and
CFRP/adhesive interface debonding. No delamination under interlaminar shear within
the puddle iron plates was observed after fatigue, so it can be said that CFRP
strengthening could be applied to this puddle iron, although a more extense experimental
campaign should be done to confirm this.

e Based on experimental results, an S-N fatigue curve is obtained for CFRP-metal double-

strap specimens, and a fatigue limit in terms of maximum principal stress rang the

adhesive layer 40,4, is proposed to be used in design guidelines. The fatigue li

for 2x10° cycles in the design curve, is considered to be approximate& o, .8
MPa.
Further work should be performed in order to provide a larger database of with puddle

iron specimens, so a more accurate estimation of the fatigue lifetime of

joints with puddle iron can be obtained. \/
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Figures captions

Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.
Fig. 7.
Fig. 8.
Fig. 9.

Schematic view of the double-strap joint specimen (not to scale).

Puddle iron plates cut from the web of riveted stringers of Redondela bridge.

Specimens preparation.

Micrographs of puddle iron plates from Redondela Bridge (various magnifications).

Stress-strain curves of materials.

Test setup and instrumentation for specimens under static loading.

Load—CFRP strain curve for static specimens. \

Test setup and instrumentation for specimens under fatigue loading. @ Q
N hich

Load—extension curves for static tests after fatigue loading in specimen

survived 2 million cycles).

Fig. 10. Fatigue specimens monitored with thermocouples.

Fig. 11. Load—extension cyclic curves for fatigue specimens F aIvS ifferent cycles.

Fig. 12. Failure modes of double-strap joints.

Fig. 13. S-N curve in logarithmic representation for doubl ints in database and present

work (stress range in the metal Ao;).

Fig. 14. S-N curve in logarithmic representation

work (maximum principal stress range in the a

trap joints in database and present

/l O-deh)'

Fig. 15. Effect of load ratio on the resi strengthiratio of double-strap joints.

Fig. 16. Effect of fatigue loadinal al static bond strength of double-strap joints.

&
)
?\

25





