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A B S T R A C T   

All over the world, the number of civil engineering structures, particularly bridges with long service periods, has 
been increasing. The most common evidences of damages are the presence of corroded metallic elements and 
cracks in structural details due to the fatigue phenomenon. A large number of cases were found in which fatigue 
cracks were detected in structural details, such as riveted connections. Different strategies can be implemented 
for repairing and strengthening operations of old metallic riveted bridges. However, the use of injection bolts has 
been considered as an alternative with important advantages. In this regard, it is essential to study their per-
formance under fatigue loading. In this investigation, an experimental campaign has been performed to assess 
the fatigue strength of injection bolts by means of comparison with standard bolts. These fatigue tests are defined 
to be representative of a structural strengthening scenario of an old metallic bridge. Experimental results show 
that injection bolts contribute to significantly reduce the scatter in the data related to fatigue resistance. For 
double shear specimens, the characteristic curve proposed for connections with injection bolts presents a detail 
category with 15% higher value when compared to non-injected specimens. The beneficial effect is also verified 
in terms of slip deformation. For single shear specimens, the overall effect of the adhesive is not clear.   

1. Introduction 

Since the end of the 19th century, the number of metallic bridges 
constructed all over the world has been increasing. A significant number 
of these structures have long service lives and, therefore, they are prone 
to present high levels of structural degradation. For the majority, traffic 
intensity has increased significantly and their material properties have 
been degraded [1]. Scientific investigations have been showing that the 
most common evidences of structural damages in metallic bridges with 
long service lives are the presence of corroded elements and fatigue 
cracks [2–5]. 

There are several possibilities for repairing and strengthening oper-
ations on metallic riveted bridges, such as: implementation of fibre 
reinforced polymer (FRP) plates (bonded/unbonded and pre-stress/non 
pre-stressed) or addition of supplementary steel plates. FRP plates can be 
effective by restoring the capacity of a damaged steel section or even 
strengthen it for higher loads than originally designed. Recent studies 

have shown that fatigue strengthening of steel members with FRP 
composites is promising, namely by delaying initial cracking, reducing 
the crack growth rate, extend the fatigue life and decrease the stiffness 
decay with residual deflection [6–9]. Strengthening using additional 
steel plates can be conducted using rivets, welding, high strength fric-
tion grip bolts or injection bolts, however the use of injection bolts has 
been considered as a better solution concerning their mechanical per-
formance and protection against corrosion [10,11]. Injection bolts can 
be used to connect new steel plates but also to replace faulty rivets. 

Several authors [12–18] have investigated the fatigue strength 
behaviour of riveted, bolted and welded connections, as well as the 
characterization of its fatigue fracture mechanism. Hosseini et al. [12] 
presented an experimental characterization study of bolted shear con-
nectors and local failure of concrete under static and fatigue loading 
conditions. Liu et al. [16] suggested a simplified fatigue approach based 
on the continuum damage mechanics for metallic bolted connections 
under uni- and multi-axial loading conditions. Leonetti et al. [14] pro-
posed the fatigue life prediction of riveted shear connections based on a 
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reliability modelling combined with local approaches. 
Injection bolts can be produced from standard bolts adapting them 

for the injection process [19]. As is shown in Fig. 1, the gap between the 
plates and the bolt shank is filled with an adhesive. After the curing 
process, it is intended to obtain a slip resistant connection. Most of the 
studies focused on the static or quasi-static performance of injection 
bolts [20–22] showing that this methodology has good results. 

Recent investigations have been made in order to evaluate the po-
tential of different materials to be used in the injection. Rodrigues et al. 
[23] made an experimental characterization of two structural adhesives 
aiming to obtain their performance under static and fatigue loading 
conditions. Results showed that the epoxy-based resin Sikadur®-52 is 
suitable to be used in injection bolts. Koper [24] studied the application 
of epoxy-based resins on injection bolts under static loading, concluding 
that the viscosity is the first parameter to be accounted for in order to 
achieve a successful injection. Low values of viscosity are not adequate 
because the adhesive easily gets out of the cavity, and high values of 
viscosity make the injection process very difficult and it is not easy to 
guarantee that all the space is filled up. Kolstein et al. [25] also found 
that grout materials, such as Sikadur®-30, are not adequate for injection 
bolts. In Nijgh [26], an innovative solution was created by filling the 
space with steel shots prior to injection with resin. This reinforced resin 
was created to increase connection stiffness and improve its creep 

performance. Additionally, experimental, numerical, and analytical as-
sessments of compressive behaviour under confined and unconfined 
conditions for different adhesives to be used in injection bolts were 
studied by different authors [27,28]. It was found that steel-reinforced 
resin has higher compressive strength values and shows to be a prom-
ising solution for injection bolts. 

The application of preload on bolted connections influences the fa-
tigue behaviour, mainly because the load transfer mechanism is by 
friction of plates when preload forces are implemented, and by shear of 
bolts and bearing of plates when there is no preload. For bolted con-
nections designed as bearing-type, fatigue crack initiates at the edge of 
the hole and grows in the region of the net cross-section. This is typical 
for bolted connections where the applied load exceeds the slip resistance 
of faying surfaces [29]. In the case of preloaded bolted connections, 
stress concentration occurs in the geometric discontinuity between outer 
and inner plates and between washers and outer plates. This type of 
fatigue failure is governed by the fretting corrosion mechanism and is 
obtained at the gross cross-section of plates [30,31]. The influence of 
preload magnitude on the fatigue life of bolted connections was assessed 
by Jiménez-Peña et al. [31] by means of experimental and numerical 
investigations. Results showed that higher fatigue performance can be 
obtained with higher preload forces. In fact, the beneficial effect of 
preload has been proven by several authors [32–35]. 

Nomenclature 

FRP fiber reinforced polymer 
ECCS European Convention for Constructional Steelwork 
A, B linear regression parameters 
As tensile stress area of bolt 
C fatigue strength material constant 
d bolt diameter 
f frequency 
f(Rσ) normalization function to consider stress ratio effects 
fub ultimate strength of bolt 
Fnet,Rd analytical tensile resistance 
Fp,C applied preload on bolt 
Fs experimental slip resistance 
Fu experimental ultimate resistance 
k correlation coefficient for bolt preload 
k(1− αn),pn ,n one-sided tolerance limit for a normal distribution 
m inverse slope of fatigue strength curve 
M applied torque on bolt 
n sample size 

Nf number of cycles at failure 
pn probability of failure 
q parameter to distinguish between unknown value of 

inverse slope or fixed value 
R2 coefficient of determination 
Rσ stress ratio 
s standard deviation 
X independent variable 
Xj value of the independent variable for tested specimen j 
X mean value ofXj 

Y dependent variable 
Yj value of the dependent variable for tested specimen j 
Y mean value ofYj 

αn parameter to define confidence level 
Δσ stress range 
Δσgross stress range at gross cross-section 
Δσgross,norm normalized stress range at gross cross-section 
Δσnorm normalized stress range  

Fig. 1. Injection bolt configuration.  
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For single shear connections, there is one fundamental aspect related 
to the eccentricity in the neutral line. The main differences between 
connections with and without eccentricities are additional tensile load 
(which causes bending on the plates) and asymmetric loading conditions 
in the fastener leading to an inhomogeneous bearing pressure along the 
hole [36]. 

In what concerns fatigue design recommendations, the following S-N 
curves are proposed in EC3-1-9 (2005) [37]: detail category 112 should 
be used for double-covered symmetrical joints with preloaded high 
strength bolts or preloaded injection bolts; detail category 90 should be 
used for double-covered joints with fitted bolts or non-preloaded in-
jection bolts, and one-sided connections with preloaded high strength 
bolts or preloaded injection bolts. Additionally, in 1994, the European 
Convention for Constructional Steelwork (ECCS) published a document 
called European Recommendations for Bolted Connections with Injection 
Bolts [10] with practical guidelines for static and fatigue design. How-
ever, the fatigue strength characterization of bolted connections with 
injected bolts combining puddle iron plates and current structural steels 
plates is not yet studied. The structural reinforcement of existing 
metallic bridges is frequently done considering the replacement of old 
metallic elements by structural elements of current steel [38]. Wang 
et al. [39] presented a fatigue performance study on ancient metallic 
bridges using reinforcement techniques based on the application of new 
steel plates through bonding or bolting. In this sense, the fatigue 
strength characterization and the identification of failure mechanisms of 
structural connections combining existing metallic plates and current 
steel plates deserves special attention, especially the definition of reli-
able S-N curves. 

In this paper, an experimental campaign is addressed in which fa-
tigue tests have been conducted on preloaded bolted connections with 
injected and non-injected bolts aiming to understand the influence of the 
adhesive and to define reliable S-N design curves. Specimens were built 
combining current and old material plates. Additionally, results are 
compared with the design S-N curves included in EC3-1-9 [37] and 
proposed by Taras and Grainer [40]. It should be stated that the com-
parison between structural components composed with old metallic 
materials and current standards has been done by DiBattista et al. [41]. 

2. Experimental campaign 

A total of 45 specimens have been tested varying the type of 
connection (single and double shear), type of bolt (injected and non- 
injected) and stress range (high, medium and low). The geometry of 
specimens is presented in Fig. 2. 

Single shear connections are composed of one S355 steel plate and 
one puddle iron plate, while double shear connections are composed of 
two puddle iron plates positioned on the same side and one S355 steel 

plate in the opposite side. Puddled iron plates were extracted from the 
web of the main girders of a centenary Portuguese bridge named Eiffel 
bridge – see Fig. 3. It was inaugurated in 1886 and was built in puddled 
iron, which is a material with many heterogeneities responsible for 
significant scatter in its properties [42]. Holes in plates were then 
executed in a set of steps: drills were used first for spotting and then for 
complete drilling; then helical boring was implemented to enlarge the 
holes to its required size; and finally, surfaces of the hole were finished 
with a boring head. This execution of holing reduces the presence of 
geometrical defects which could influence negatively the fatigue life. 

High strength bolts (class 10.9) were used in the assembly, and 
preload forces were applied using the torque method and the procedure 
described in EN 1090-2 [19]. The specified bolt preload is obtained by 
Fp,C = 0.7⋅fub⋅As = 247 kN, where fub is the ultimate tensile strength of 
the bolt and As is the tensile stress area. Furthermore, the correlation 
between the torque, M, and the specified preload force, Fp,C, is given by 
M = k⋅d⋅Fp,C = 729 N.m, where k is the correlation coefficient (0.123) 
and d is the bolt diameter. 

Corrosion was removed from the plate contact surfaces. However, it 
was intended to obtain reduced load transfer by friction in order to 
achieve fatigue failure at net cross-section of plates because, with this 
failure pattern, the influence of the adhesive placed around the bolt 
shank is more effective comparing the case of fatigue failure at gross 
cross-section of plates. The adhesive used for injection bolts was the 
epoxy-based resin Sikadur®-52. It is a two-part epoxy resin with low 
viscosity and good adhesion to steel. The mechanical properties with 7 
days of curing and 23 ◦C presented by the manufacturer are the 
following: compressive strength – 34 MPa; tensile strength – 24 MPa. 
The pot life of Sikadur®-52 is 25 min at 20 ◦C, approximately [44]. 
Specimens with resin-injected bolts were subjected to a cure time of at 
least 7 days, which resulted into near maximum strength properties. 

Fig. 2. Geometry of specimens (*thickness varies between 6 and 8 mm): a) single shear; b) double shear. (dimensions in mm).  

Fig. 3. Eiffel bridge – Viana do Castelo, Portugal [43].  
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3. Statistical analysis and stress ratio normalization 

According to ISO 12107 [45] and EC3-1-9 [37], fatigue experimental 
data is represented with the applied stress range, Δσ, and number of 
cycles, Nf , using a logarithmic scale. This methodology allows to define 
a linear expression (Basquin model) between those parameters as is 
described in the following equation: 

logNf = logC+m⋅logΔσ (1)  

where m is the inverse slope and logC is the intersection with the axis 
logΔσ. 

Thereby, a mean S-N curve can be defined for the obtained results 
using a linear regression analysis based on the least squares method. In 
this sense, variables of linear expression presented in Eq. (2) are defined 
as: dependent variable Y, defined as Y = logNf ; independent variable X, 
as X = logΔσ; B is computed using Eq. (3), where Y and X are the mean 
values of the experimental data Xj = logNj and Yj = logΔσj, respectively, 
and n is the sample size: 

Y = A + B⋅X (2)  

B =

∑n
j=1(Xj − X)(Yj − Y)
∑n

j=1(Xj − X)2 (3)  

A = Y − B⋅X (4) 

Moreover, a characteristic S-N curve can be established as the lower 
limit corresponding to a probability of failure, pn, for the population at a 
confidence level (1 − αn) and for a sample size n using the following 
equation: 

logNf = logC+m⋅logΔσ − k(1− αn),pn ,n⋅s (5)  

where k(1− αn),pn ,n is the one-sided tolerance limit (computed in the soft-
ware MATLAB® using functions developed by Viktor Witkovsky [46]) 
for a normal distribution which depends on the confidence level, 
(1 − αn), probability of failure, pn, and sample size, n. The last parameter 
s is the standard deviation computed with Eq. (6), where q is equal to 2 
for analysis with no fixed value for the inverse slope of the S-N curve, 
and equal to 1 for analysis with a fixed value for the inverse slope [47]: 

s2 =

∑n
j=1(Yj − A − B⋅Xj)

2

n − q
(6) 

A characteristic S-N curve can be established using the requirements 
prescribed in EN 1993-1-9 [37] which are: 75% confidence level and 5% 
probability of logNj to be exceeded for a normal distribution. Further-
more, it is also necessary to consider mean stress effects. Thus, experi-
mental data used in this paper were normalized by computing the 
normalized stress range, Δσnorm, as is shown in Eq. (7), this methodology 
being proposed by Taras and Greiner [40]: 

Δσnorm =
Δσ

f (Rσ)
(7)  

where Δσ is the stress range applied during the experimental test and 
f(Rσ) is a normalization function to consider stress ratio effects. This 
function depends on the year when the bridge was built. For wrought 
iron and mild steel manufactured before 1900, f(Rσ) is defined as: 

f (Rσ) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1 − Rσ

1 − 0.7⋅Rσ
, if − 1 ≤ Rσ ≤ 0

1 − Rσ

1 − 0.75⋅Rσ
, if Rσ > 0

(8) 

For mild steel after 1900 (S235, S275 and S355), the following 
normalization function is proposed: 

f (Rσ) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1 − Rσ

1 − 0.4⋅Rσ
, if − 1 ≤ Rσ ≤ 0

1 − Rσ

1 − 0.6⋅Rσ
, if Rσ > 0

(9)  

4. Experimental tests – Single shear specimens 

4.1. Preliminary static test 

A single shear specimen with the geometry presented in Fig. 2a) has 
been tested under monotonic loading conditions. Normal bolts are used 
(without resin) and all the conditions related to preload force and sur-
face treatment are the same as those used in fatigue tests. This test has 
been conducted under displacement control (0.01 mm/s). The force- 
displacement curve of this monotonic test is plotted in Fig. 4. The fail-
ure mode occurs at the net cross-section of the puddle iron plate. 

The analytical tension resistance, Fnet,Rd, computed with Equation 6.8 
of EC3-1-1 [48] is 147.3 kN. The slip resistance is obtained from the test 
as Fs = 64 kN and the ultimate resistance as Fu = 180.8 kN. Taking into 
account the obtained values, fatigue tests have been defined considering 
that the maximum load should be superior to the slip resistance of the 
connection in order to obtain load transfer by bearing of the resin and 
inferior to the analytical tension resistance. 

4.2. Fatigue tests 

Specimens have been tested on a WALTERBAI Testing Machine rated 
to 600 kN (Fig. 5). All fatigue tests have been carried out under load 
control with a stress R-ratio equal to 0.1. Test frequency is set to 5 Hz for 
all tests except for high-cycle fatigue tests where test frequency is 
defined as 10 Hz. The presence of the adhesive requires low values of 
frequency. ASTM D7791 [49] indicates a test frequency between 1 and 
25 Hz and recommends the lowest value as much as possible. When no 
fatigue failure is obtained at 5 million cycles, the test is stopped, and is 
considered as a run-out. This value corresponds to the constant ampli-
tude fatigue limit defined in EC3-1-9 [37]. Experimental results of fa-
tigue tests on single shear specimens are presented in Table 1. Failures 
occurred in the puddle iron plate for all specimens, except for specimen 
No. 10 (rupture in S355 plate) due to adhesive partial injection. Some 
non-valid data was found due to deficient injection of the resin or early 
rupture. 

It was found a correlation between the applied stress range and the 
location of fatigue failure. Higher values of applied stress range mainly 
conducted to failure pattern through the net cross-section of plates while 
lower values of applied stress range mainly conducted to failure pattern 
through the gross cross-section of plates. Fig. 6 presents pictures from 
gross and net failures, injection bolts, and fracture surface on puddle 
iron plate. 

The use of injection bolts should contribute to increase the stiffness 
of the connection and the slip displacement during fatigue tests should 
be lower when compared to standard bolted connections. Maximum 
deformation was recorded in every cycle during fatigue tests aiming to 
analyse the influence of the adhesive, therefore, in Fig. 7 is shown the 
evolution of slip displacement for two fatigue tests (standard vs injected) 
for each stress level (Δσ1 to Δσ4). It is observed that using injected bolts 
contributed to decrease the slip of the connection. Taking into account 
only the tests presented in Fig. 7, the reduction is around 60%. 

Experimental fatigue data is presented in the S-N diagram in Fig. 8. 
Stress range values are computed using gross cross-section area of 
puddle iron plate, as is recommended in EC3-1-9 [37] for preloaded 
bolted connections, and Eq. (8) is used for normalization regarding the 
influence of the stress ratio. Then, the statistical analysis described in 
Section 3 is applied. The mean S-N curve for standard bolted connections 
is characterized by an inverse slope of m = 5.1, whereas the mean S-N 
curve for bolted connections with injection bolts has an inverse slope of 

B. Pedrosa et al.                                                                                                                                                                                                                                 
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m = 6.9. The level of scatter can be assessed by the coefficient of 
determination (R2). It is observed that implementing injection bolts 
contribute to reduce the level of scatter, since fatigue data for standard 
bolts has R2 = 0.5 while fatigue data for injection bolts has R2 = 0.8. In 
order to determine mean S-N curves whose inverse slope values are 
natural numbers, new statistical analysis has been performed, in this 
case, imposing that the value of the inverse slope is the closest natural 
value to 6.9 in the case of injection bolts (which is 7) and to 5.1 in the 
case of standard bolts (which is 5). 

Table 2 shows a comparison of fatigue life (computed on charac-
teristic curves from Fig. 8) for preloaded injection bolts and preloaded 
standard bolts on each stress range separately. It can be observed that 
the beneficial effect on the fatigue strength by using preloaded injection 
bolts is evident in all stress levels but with higher relevance for high- 
cycle fatigue regimes. The fundamental aspect is that the lower level 
of scatter verified for data from preloaded injection bolts led to higher 
fatigue strength in the characteristic curve for all fatigue regimes. In 
fact, on average, using preloaded injection bolts leads to 8.6% higher 
fatigue lives for the studied stress ranges. 

However, due to the high level of scatter, the difference in the value 
of the inverse slope (7 for injection bolts and 5 for standard bolts) and 
the low quantity of data, authors decided to propose a S-N curve for all 
data from single shear specimens as is shown in Fig. 9. It was found that 
the optimal mean S-N curve has an inverse slope (m) with a value of 6.3 
and a coefficient of determination (R2) with a value of 0.7. In order to 
determine a mean S-N curve whose inverse slope value is a natural 
number, a new mean S-N curve has been defined, in this case imposing 
that the value of the inverse slope is the closest natural value of 6.3 
(which is 6). In this sense, in the following analysis, only the curve with 
an inverse slope equal to 6 is used. 

In Fig. 10, fatigue experimental data from single shear bolted con-
nections is compared to the design recommendation on EC3-1-9 [37]. 
Note that the detail category recommended in this standard (detail 
category 90) does not represent a safe design criterion. In fact, this 
design curve is not able to represent the fatigue strength of old metallic 
materials, as was already discussed by several authors [42,50]. Taras 
and Greiner [40] performed an analysis of a significant amount of fa-
tigue tests using riveted connections from old bridges. They proposed a 
design S-N curve with an inverse slope m = 5 and a detail category of 71 
for single shear riveted connections. This curve seems to be adequate to 
represent fatigue experimental data obtained in this experimental 
campaign. 

5. Experimental tests – Double shear specimens 

5.1. Preliminary static test 

The procedure implemented for single shear specimens has also been 
used for double shear specimens. In this sense, the first step was to 
perform a static test in order to define all the parameters for cyclic tests. 
Load and displacement values were recorded throughout the test, 
resulting in the curve shown in Fig. 11. The failure mode occurred at the 
net cross-section of S355 plate. It was verified that the slip resistance is 
Fs = 104 kN. The design tension resistance Fnet,Rd computed with 
Equation 6.8 of EC3-1-1 [48] is obtained as 210.2 kN. It is used as the 
upper limit of the load used in fatigue tests, while the slip resistance is 
used as a lower limit. 

Fig. 4. Monotonic test on single shear connection.  

Fig. 5. Fatigue test on single shear bolted connection.  
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5.2. Fatigue tests 

Fatigue tests on double shear specimens have been conducted using 
the same conditions of fatigue tests on single shear specimens, namely in 
what concerns: testing machine, stress ratio, frequency and stop crite-
rion. The only exception was the frequency of test with specimen No. 22 
which was set to 4 Hz. Fatigue experimental data is presented in Table 3. 
Failure mode is obtained at the S355 plate for the majority of the tested 
specimens. 

In what concerns slip displacement of double shear specimens during 
fatigue tests, in Fig. 12 is shown the evolution of slip for two fatigue tests 
(standard vs injected) for each stress level (Δσ1 to Δσ4). For the selected 
fatigue tests, slip displacement for standard specimens is above 3 mm 
while for injected specimens it is below 1.5 mm. The increase of stiffness 
(slip reduction) in this case is higher when compared to single shear 
specimens (around 80% in this case), which means that the beneficial 
effect of using injection bolts is superior for double shear configuration. 

The statistical analysis described in Section 3 is implemented on 

fatigue data from double shear specimens. The stress range is computed 
in the gross cross-section of the S355 steel plate and the influence of the 
stress ratio was considered by applying Eq. (9). The mean S-N curve for 
standard bolted connections is characterized by an inverse slope of m =
6.7, whereas the mean S-N curve for bolted connections with injection 
bolts has an inverse slope of m = 7.0. Note that implementing injection 
bolts contribute to reduce the level of scatter, since fatigue data for 
standard bolts have R2 = 0.5 while fatigue data for injection bolts have 
R2 = 0.9. New analytical analysis is then implemented using 7 as the 
inverse slope of S-N curves from specimens with standard and injection 
bolts and the results are shown in Fig. 13. 

The fatigue strength improvement produced by preloaded injection 
bolts is materialized in an increase of 25 MPa in the characteristic S-N 
curve (ΔσC,Injection = 186 MPa and ΔσC,Standard = 161 MPa). The com-
parison of fatigue life (computed on characteristic curves) between 
preloaded injection bolts and preloaded standard bolts can be made for 
each stress range separately as is presented in Table 4. It can be observed 
that the effect on fatigue strength by using preloaded injection bolts is 

Table 1 
Fatigue experimental results from single shear bolted connections.  

Stress level Specimen Resin Injected Δσgross [MPa] Δσgross,norm. [MPa] f [Hz] Nf [cycles] Obs. 

Δσ1-low cycle 1  180 175 5 5 678 Invalid 
2  166 161 5 164 054 Gross c. s. failure 
3  172 168 5 40 220 Net c. s. failure 
4 x 177 173 5 21 135 Net c. s. failure 
5 x 172 168 5 132 357 Mean c. s. failure 

Δσ2-medium cycle 6  159 154 5 325 628 Net c. s. failure 
7  153 149 5 57 990 Invalid 
8  157 153 5 29 028 Invalid 
9 x 156 152 5 175 045 Gross c. s. failure 
10 x 137 133 5 277 647 Invalid 
11 x 157 153 5 349 915 Gross c. s. failure 

Δσ3-medium cycle 12  129 126 5 50 725 Invalid 
13  131 127 5 675 759 Gross c. s. failure 
14  133 130 5 92 855 Net c. s. failure 
15 x 136 132 5 574 138 Net c. s. failure 
16 x 133 129 5 531 952 Mean c. s. failure 
17 x 129 126 5 413 977 Net c. s. failure 

Δσ4-high cycle 18  111 108 5 5 087 414 Run-out 
19  121 118 5 601 553 Mean c. s. failure 
20  117 114 5 905 699 Mean c. s. failure 
21 x 115 112 5 703 018 Gross c. s. failure 
22 x 116 113 5 1 289 745 Gross c. s. failure 
23 x 119 115 5 1 667 047 Gross c. s. failure 
24 x 111 108 10 5 115 822 Run-out  

Fig. 6. Analysis of single shear specimens after fatigue test.  
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beneficial for all stress ranges. Furthermore, it is verified that the 
average value of the beneficial effect by using injection bolts is 8.4%. 

In Fig. 14, fatigue experimental data from double shear bolted con-
nections is compared to the design recommendation on EC3-1-9 [37]. It 
is remarked that only one data points (from standard bolts) stand below 

Fig. 7. Slip displacement during fatigue tests – single shear specimens.  

Fig. 8. Experimental data for single shear specimens (injection vs. standard 
bolts): mean and characteristic curves with fixed slope. 

Table 2 
Comparison of fatigue life from preloaded standard and injection bolts for each 
stress range in the obtained characteristic curves – single shear specimens.  

Stress range Bolt type Number of cycles 
Nf  

Comparison (logarithmic 
values) 

Δσ1 = 178 
MPa 

Standard 13 089  
Injection 22 252 +5.6% 

Δσ2 = 162 
MPa 

Standard 20 961  
Injection 43 024 +7.2% 

Δσ3 = 136 
MPa 

Standard 50 269  
Injection 146 400 +9.9% 

Δσ4 = 119 
MPa 

Standard 98 008  
Injection 372 807 +11.6%  

Fig. 9. Experimental data for single shear specimens (all data): mean and 
characteristic curves with fixed inverse slope. 

Fig. 10. Experimental data from single shear specimens: design curves.  
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Fig. 11. Monotonic test of double shear specimen.  

Table 3 
Fatigue experimental results from double shear bolted connections.  

Δσ  Specimen Resin Δσgross [MPa]  Δσgross,norm [MPa]  f [Hz]  Nf [cycles]  Obs. 

Δσ1 (low cycle)  1  250 261 5 440 260 Net c. s. failure 
2  250 261 5 648 250 Mean c. s. failure 
3  250 261 5 91 024 Net c. s. failure 
4 x 250 261 5 340 283 Net c. s. failure 
5 x 250 261 5 510 796 Net c. s. failure 
6 x 250 261 5 314 980 Net c. s. failure 

Δσ2 (medium cycle)  7  222 232 5 250 165 Net c. s. failure 
8  222 232 5 892 015 Mean c. s. failure 
9  222 232 5 1 596 924 Net c. s. failure 
10 x 222 232 5 1 118 960 Mean c. s. failure 
11 x 222 232 5 791 521 Net c. s. failure 
12 x 222 232 5 856 283 Mean c. s. failure 

Δσ3 (medium cycle)  13  197 206 5 1 088 528 Mean c. s. failure 
14  198 207 5 1 606 433 Net c. s. failure 
15  197 206 5 1 471 636 Mean c. s. failure 
16 x 198 206 5 5 000 000 Run-out 
17 x 197 206 5 5 000 000 Run-out 
18 x 197 206 5 1 128 094 Mean c. s. failure 

Δσ4 (high cycle)  19  175 183 10 5 000 000 Run-out 
20  186 195 10 2 292 737 Gross c. s. failure 
21  187 195 10 5 000 000 Run-out 
22 x 187 195 4 4 234 000 Gross c. s. failure  

Fig. 12. Slip displacement during fatigue tests – double shear specimens.  
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the suggested curve. Taras and Greiner [40] proposed a design S-N curve 
with an inverse slope, m = 5, and fatigue strength of 90 MPa at 2 million 
cycles for double shear riveted connections. It represents a very con-
servative design criterion and is not adequate for this detail. 

6. Conclusions 

Preloaded bolted connections have been tested under fatigue loading 
conditions to compare the performance of standard bolts to injection 
bolts. 

It is found that using preloaded injection bolts instead of preloaded 
standard bolts on single lap connections contributes to increase the 
stiffness by reducing the slip displacement in around 60%. Fatigue data 
was analysed using a statistical methodology which showed a significant 
level of scatter. Mean and characteristic S-N curve were defined and the 
value for the inverse slope obtained for preloaded injection bolts and 
preloaded standard bolts was distinct. Even if the comparison of fatigue 
life computed on characteristic curves presented an average increase of 
8.6% when preloaded injection bolts, the high level of scatter, the dif-
ference in the value of the inverse slope and the low quantity of data led 
the authors to propose a unique characteristic curve computed using all 
data from single shear specimens. Since fatigue failure is obtained in 
puddle iron plates, experimental data is better correlated with the design 
curve proposed by Taras and Greiner than with the design curve pro-
posed in Eurocode 3. 

For double shear specimens, the reduction on slip displacement by 
using preloaded injection bolts is superior than for single shear speci-
mens. On this detail, the resin around the bolt shank is more effective 
and the reduction of slip displacement is around 80%. Fatigue failure 
mainly occurs at the net cross-section, and the beneficial effect of the 
adhesive is visible and consistent. The statistical analysis shows that 
experimental data for both preloaded injection bolts and preloaded 
standard bolts can be represented by a S-N curve with an inverse slope of 
7 and it enables to verify that using preloaded injection bolts leads to a 
characteristic curve with a detail category 15% higher. Since fatigue 
failure is obtained mainly at the S355 steel plate, fatigue strength results 
are not distant from those represented by the design curve proposed in 
Eurocode 3. On the other hand, the design recommendation made by 
Taras and Greiner is not adequate for the studied detail. 

There is one additional benefit from implementing injection bolts 
verified on both single and double specimens. This benefit is related to 
the reduction of scatter on the results. Lower values of scatter are 
important in order to allow the determination of reliable design criteria. 
Present results show that for high-cycle fatigue regimes there is a sig-
nificant beneficial effect of using injection bolts. Furthermore, future 
experimental investigations should focus on using only plates with 
current metallic materials and injection bolts with various high- 
performance adhesives. 
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José Correia: Conceptualization, Methodology, Validation, Resources, 
Writing - review & editing, Visualization, Supervision, Project admin-
istration. Carlos Rebelo: Conceptualization, Methodology, Validation, 
Resources, Writing - review & editing, Visualization, Supervision, 
Project administration, Funding acquisition. Milan Veljkovic: Super-
vision. Helena Gervásio: Supervision, Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors would like to acknowledge the Fundação para a Ciência 
e Tecnologia (FCT) for funding the Ph.D. scholarship SFRH/BD/ 
145037/2019 and the researcher position (UIDB/04708/2020 and 

Fig. 13. Experimental data for double shear specimens (injection vs. standard 
bolts): mean and characteristic curves with fixed inverse slope. 

Table 4 
Comparison of fatigue life from preloaded standard and injection bolts for each 
stress range in the obtained characteristic curves – double shear specimens.  

Stress range Bolt type Number of cycles 
Nf  

Comparison (logarithmic 
values) 

Δσ1 = 261 
MPa 

Standard 67 931  
Injection 188 298 +9.2% 

Δσ2 = 232 
MPa 

Standard 154 930  
Injection 429 451 +8.5% 

Δσ3 = 206 
MPa 

Standard 356 025  
Injection 986 868 +8.0% 

Δσ4 = 195 
MPa 

Standard 522 767  
Injection 1 449 063 +7.7%  

Fig. 14. Experimental data from double shear specimens: design curves.  

B. Pedrosa et al.                                                                                                                                                                                                                                 



Engineering Structures 234 (2021) 112005

10

UIDP/04708/2020 - CONSTRUCT). This work was also financed 
through the Regional Operational Programme CENTRO2020 within the 
scope of the project CENTRO-01-0145-FEDER-000006, and the Fiber-
Bridge – Fatigue strengthening and assessment of railway metallic 
bridges using fiber-reinforced polymers (POCI-01-0145-FEDER-030103) 
by FEDER funds through COMPETE2020 (POCI) and by national funds 
(PIDDAC) through the Portuguese Science Foundation (FCT/MCTES). 

References 

[1] Akesson B. Fatigue life of riveted steel bridges. 1st ed. CRC Press; 2010. 
[2] Geissler K. Assessment of old steel bridges. Struct Eng Int 2002;12:258–63. 
[3] Larsson T. Fatigue assessment of riveted bridges. PhD Thesis. Department of Civil 

and Environmental Engineering, Lulea University of Technology, 2009. 
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