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Abstract

With the world moving towards a sustainable economy, it becomes important for the construction industry
to shift from a linear to a circular economy. This has given rise to various topics of interest, one being the use
of bolted shear connectors in the form of oversized injection bolted connections which replaces the welded
studs in the composite structures.

Injection Bolted Connections (IBC) are connections in which the cavity between the bolts and the plates
(hole clearance) is filled with two-component epoxy resin. These connections must be slip-resistant for these
connections to be used in bridges and storm barriers. Due to a larger hole clearance, the stiffness of the con-
nection is compromised. To avoid this, a new material called Steel Reinforced Resin (SRR) was developed at
TU Delft. Steel shots are injected into the resin not only to improve their stiffness but also to decrease the slip
of the connection.

This study aims to analyse the behaviour of the resin and SRR subjected to compression-compression
cyclic loading conditions. A custom made setup that replicates the nominal bearing stress experienced by
the resin in a double lap shear joint is used to study the behaviour of the resin under cyclic loading. Two
different test specimens which corresponded to 3 mm and 6 mm hole clearance were used for the tests. The
tests are conducted at three different nominal bearing stress ranges with a constant test ratio. The test con-
sists of two stages, initially, the test specimens were tested under quasi-static loading for 20 cycles at 0.05 Hz
to determine the initial stiffness and the second stage is cyclic loading stages where the specimens are tested
till 400,000 cycles at 2.5 Hz to determine the slip. The slip obtained from cyclic loading is extrapolated for 5
million cycles to check if maximum slip exceeds failure criterion of 0.3 mm and slip range exceeds the failure
criterion of 0.1 mm over 5 million cycles.

Numerical modelling was done using the material model obtained by Nijgh et al. [36] and Xin et al. [25]
to determine if the stresses experienced by the resin in the current test setup is similar to the stresses expe-
rienced by the resin of under double lap shear joint. Numerical modelling was also done to see if the results
(initial stiffness) obtained from the experiments can be replicated by the material models for static and one
cycle loading with the help of a reasonable friction coefficient between the steel and resin surfaces.

The results obtained from the experiments showed that the initial stiffness increased about 51.5% for 3
mm hole clearance and 92.1% increase for 6 mm hole clearance when SRR were used over conventional resin.
A common trend of increase in stiffness from the first cycle to 400,000 cycles was observed due to densifica-
tion of the material under loading and thus a common trend of decrease in slip range over number of cycles
for all the tested specimens was observed. Ratcheting behaviour where progressive accumulation of defor-
mation of the resin with an increase in the number of cycles was observed and this behaviour was about 3
times higher for resin specimens over SRR specimens. On extrapolating to 5 million cycles, resin specimens
with 3 mm hole clearance failed at a stress range of 200 MPa and resin specimens with 6 mm hole clearance
failed at stress range of 150 MPa. SRR specimens with 6 mm hole clearance failed at a stress range of 200 MPa.

From the numerical model, it was seen that the bearing stresses acting on the resin in the current test
setup was similar to the bearing stresses acting on the resin in a double lap shear joint. The friction coeffi-
cient for the resin to steel interaction was found to be 0.05 and for SRR to steel interaction, it was found to be
0.1. A good correlation was found between the force vs displacement curve obtained from the experiments to
the curve obtained from the numerical model. The material model with the modulus of elasticity for a resin-
hardener mixture of RenGel© SW 404 + HY 5159 was found to be more closer to the results obtained from the
experiments with a reasonable friction coefficient rather than the material model with the modulus of elas-
ticity for a resin-hardener mixture of RenGel© SW 404 + HY 2404. Hence, it was concluded that the modulus
of elasticity is different when these two different hardeners are used which is contrary to the properties given
by the manufacturer.
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1
Introduction

1.1. Motivation and problem statement
The need for a more sustainable environment is growing in today’s world. As of 2011, over 1500 million tons of
steel were being produced each year, and half of those produced steel were used in the construction industry
[41].The construction industry accounts for 40% consumption of primary energy thus producing 36% of CO2

emissions[46]. With the world moving towards a more sustainable environment, there is a need for the con-
struction sector to move forward in the same direction. Thus, there is a need to shift from a linear economy
to a circular economy by recycling and reusing the existing material. According to Addis [2], the following
three criteria must be satisfied for the reuse of structural elements. The elements must not be worn, yielded,
or corroded, it can still interact with new elements and the elements must not be subjected to fire, seismic,
or other external loading’s such that their standard sizes have not changed over 50 years. With this need for
a circular economy, a new field of research has opened up in which the welded shear connectors in compos-
ite structures have been replaced by injection bolted shear connectors which facilitate the reuse of concrete
deck and the steel beam by having higher tolerances during (dis)assembling of composite structures. Thus
the lifetime of the structure is not controlled by its functional lifetime rather than its technical lifetime [39]

Injection bolted connections (IBCs) are bolts in which the cavity produced by the clearance between the
bolt and the wall of the hole is filled up with a two-component resin [21][51]. An IBC is shown in figure 1.1[23].
These oversized hole clearances assure that the bolt or the flange does not get damaged while disassembling
the structure.

Figure 1.1: Injection bolted connection [23]

Injection bolted connections were first used in The Netherlands in the 1970s in the rehabilitation of old
bridges to replace the riveted connections of steel railway bridges as there was a lack of skilled labour[36]. The
other option was to use High strength friction grip bolts (HSFG bolts) but it was difficult to exactly predict the
friction coefficient of laying surface. Since then, the IBCs have been used in the case of new bridges, large
roofs like Johan Cruijff Arena, windmills, and storm surge barrier[51]. With the increase in the application of
IBCs and with the need to move towards a circular economy, it is important to research the behaviour of in-
jection bolted shear connections in general and the injected resin used to fill up the oversized hole clearance
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2 1. Introduction

in particular especially in quasi-static and cyclic loading conditions.

A new injection material that could be added to the resin was developed at the TU Delft laboratory. The
injection material is a spherical steel shot that can be injected into the hole clearance before the injection
of the resin and this is called Steel Reinforced Resin (SRR). SRR provides better strength and stiffness to the
connection when compared to normal epoxy resin. As the existing research on SRR is limited, it is important
to further study its behaviour when combined with the resin.

1.2. Main objective
The main objective of this work is to investigate the behaviour of conventional resin and steel-reinforced
resin in oversized hole clearance to provide a slip resistant connection. Experiments has to be done under
compression-compression cyclic loading using a custom-made test setup that replicates the bearing stresses
acting on the resin of injection bolted shear connections under double lap shear joints. Additionally, to val-
idate the test setup against the double lap shear joint and the results obtained for one cycle loading from
the experiments with numerical modelling of resin and SRR using reasonable friction coefficients for steel to
resin/SRR interactions.

1.3. Research question
The research questions can be classified into experiments and numerical modelling. The following are the
research questions that have been answered in this thesis.

Experiments
The main aim of the experiments are to investigate the behaviour of resin and steel reinforced resin (SRR)

in oversized hole clearances under quasi-static and cyclic loading. This broader research question can be
broken down into the following research objectives which can be achieved from the experiments.

• How does the oversized hole clearance affect the initial stiffness Ki ni of resin and steel-reinforced resin?

• How does the cyclic loading affects the progression of stiffness for conventional resin/ SRR and what is
final stiffness K f i n obtained at the end of cyclic loading for resin/ SRR?

• What is the slip obtain during the cyclic loading of the two materials and thus determine at what stress
range the failure occurs according to the failure criterion given in EN 1090-2 [21] and ECCS recommen-
dations for bolted connections with injection bolts [17] ?

• What kind of deformations are obtained on the unloading of resin and SRR at certain fixed intervals of
cyclic loading?

Numerical modelling
The main objective of numerical modelling is to validate the stresses obtained in the test setup with the

double lap shear joint and to validate the experimentally obtained results for one cycle using the material
models by means of the following research objectives.

• Will the resin experience stresses from the current test setup that is similar to the stresses experienced
by the resin in a double lap shear joint?

• Can the numerical material model reproduce force vs displacement curve after one loading cycle as
obtained from experiment and thus validate the initial stiffness Ki ni obtained?

• What are the friction coefficient of interaction between steel and resin/ SRR in the current test setup?

• Does modulus of elasticity change when resin mixture of RenGel© SW 404 / Ren© HY 5159 is used over
RenGel© SW 404 / Ren© HY 2404?
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1.4. Outline of the report
The report is divided into seven chapters. Chapter 1 has given a brief introduction followed by the problem
definition and research questions that have been answered in this thesis. Chapter 2 presents the background
study for the thesis. In chapter 2, an overview of the slip resistant joints and the application of injection
bolted connection are explained which is followed by the adaptation of oversized shear connectors with in-
jection bolts. Furthermore, the static and fatigue behavior of resin and steel-reinforced resin focusing on the
available literature is summarized.

In chapter 3, the experimental procedure is explained which includes the materials required for the ex-
periments, and the preparation of the specimens required for testing. It also deals with the testing parameters
adopted for the experiments.

Chapter 4 illustrates the results obtained from the experiments of quasi static and cyclic loading which
shows the behaviour of resin and SRR to these loading. The failure criterion which is adopted to determine
the failure of the specimen for the given testing parameters is also explained. Finally ending the chapter with
the effects of defeats present in the resin.

Chapter 5 discusses the evaluation of friction coefficient for steel to resin/ SRR interactions. The numeri-
cal modelling of the test setup under static and one cycle loading. Verification of the test setup along with the
comparison and validation of experimental results with respect to modelling results are shown.

A discussion on the results obtained in this study with the other research done at TU Delft is compared in
chapter 6. Finally, the major findings of this work and recommendations for future work are given in chapter
7.

Figure 1.2: Reader’s guide for this thesis
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2.1. Injection bolted connection
As previously stated in section 1.1, injection bolted connections are the ones in which the hole clearance is
filled by a two component epoxy resin. The two component epoxy resin consist of resin and hardener. This
provides a slip resistant connections, the cured and hardened resin acts as a solid mass thus preventing the
slip of connection. Slip resistant connections are essential when the connections are subjected to load rever-
sals of shear loading or when they are subjected to cyclic shear loading to improve the fatigue resistance[43].
Injection bolts can also be used where the corrosion of the bolts has to be prevented (for example: Storm
surge barriers). They prevent corrosion by concealing the hole clearance and not allowing the water to come
into with the bolts. In addition, sudden slip due to over loading is not possible in case of IBC but the sudden
slip can occur in high friction strength bolts[3]. In protruded fiber reinforced polymers (FRP), the resin seals
the welded edges of FRP profiles which eases the erection process[4] and acts as a slip resistant connection
as prestressed bolts cannot be used in FRP panels because of the loss of prestress due to relaxation.

Injection bolted connections commonly have 2 or 3 mm larger hole diameter than nominal diameter of
bolt similar to conventional bolt systems. So, the hole diameter which are used for conventional bolted con-
nection can also be used for injection bolted connections [21]. The resin is injected into the hole clearance
with a hole on the head section of the bolt using an injection gun. The dimensions are as shown in the figure
2.1. A special washer should be used under the bolt head [21]. The bolts can be either non-preloaded or
preloaded bolts. For non-preloaded bolts, the resin acts as load bearing as the load is transferred through the
bearing of plates and shear of bolts. In preloaded bolts, load is transferred by friction between two plates and
the resin need not be load bearing as the stresses around the hole are less.

Figure 2.1: Injection of resin into the bolt head [21]

In steel to steel connection, the stiffness of oversized IBC is less than the connection stiffness of conven-
tional fitted bolts. Due to the oversized hole, the stiffness of the connection decreases as larger area of steel in
replaced by the resin which has lesser stiffness when compared to steel [32]. Hence, to increase the strength
and stiffness of the connection, steel reinforced resin was developed at TU Delft [44] which on addition to
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6 2. State of the art

the resin, increases its strength and stiffness. However, in fibre reinforced polymers, IBC provide improved
stiffness and better fatigue performance are observed for load reversal[4].

2.2. Application of injection bolted connection
Injection bolted connections have been used in various application to obtain a slip resistant joint. Initially,
it was used to repair riveted connections in old bridges. A.M. Gresnigt et. al[3] has demonstrated on how in-
jection bolted connections were used to repair riveted connections of an old railway bridge in Germany. The
web of the main girder was corroded due to the rain and dirt filling up the gap between steel and concrete.
There was a reduction in thickness from 15 mm to a average of 9 mm because of corrosion. Design bearing
stress of 150 N/mm2 was adopted for a bolt with nominal hole clearance which is slightly higher than the
recommended stress of 130 N/mm2 as it was found to be conservative. There were 700 M24 bolts which were
installed as shown in figure 2.2.

Figure 2.2: Installation of injection bolts in progress and view of web reinforced with injection bolts [3]

At the time of installing the IBC, four specimens were tested at Stevin laboratory at TU Delft for a pe-
riod of four years (1997 to 2001) for long duration creep of resin hardener mixture (SW 404+ HY 2404). Three
specimens were tested at ambient temperature of 20◦C and one specimen was tested at a temperature of
70◦C which is considered to be the maximum temperature that can occur in real bridge structures (heating
by sunshine)[3]. The specimens were loaded to a maximum stress of 250 N/mm2. The load was applied step-
wise and at each increment, the load was kept constant until there was no change in the displacement. It was
concluded that the specimen tested at 70◦C had 20% higher displacement than the specimens tested at 20◦C
and using design nominal bearing stress of 150 N/mm2 for repair of the riveted connections in the railway
bridge was justified. It was also suggested to increase the nominal bearing stress up to 175 or 200 N/mm2.
The injections bolts have also been used by the Hoogoverns blast furnace works to repair crane girders [17]

Injection bolts were used in Maeslant Storm Surge Barrier, shown in figure 2.3 which is one of the largest
infrastructure project in Netherlands which was constructed between 1991 to 1997.

Figure 2.3: Storm surge barrier when closed and injection preloaded bolts used in the connection [44]

The barrier prevents the sea water entering the river thus keeping water levels low. The gates are only
closed when there is a rise in water levels of 3m+NAP which is likely to happen once in every 5-10 years. The
force of the water is resisted by the trusses and transferred to the foundation through ball bearing system.
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Preloaded injection bolts were used for the connection between trusses and ball bearing to prevent slip and
also to prevent corrosion of the bolts as it is in contact with water. Furthermore, injection bolts were also
used in the movable roof of new AJAX stadium. The reason behind this was the requirement that under no
circumstances any deformations in the connections should be allowed [23]. Injection bolts have also been
used in FRP bridges for providing a slip resistant connection as the use of prestressed bolts are not possible
due to creep relaxation of the material [4]

2.3. Behaviour of injection bolted connection under static loading
The static design resistance of injection bolted connection is given in EN 1993-1-8 [18]. The design resistance
are divided into three categories. Category A deals with the non preloaded injection bolts where its resistance
is minimum of shear resistance of the bolt (Fv ,R d ) and the bearing resistance of resin (Fb ,R b ,r e s i n).

FR d , A = mi n(Fv ,R d ,Fb ,R b ,r e s i n) (2.1)

Category B deals with slip resistance of preloaded bolts in serviceability limit state (SLS) and category C
deals with the slip resistance of preloaded bolts in ultimate limit state (ULS). The static design resistance was
minimum of shear resistance of the bolt (Fv ,R d ), the bearing resistance of the bolt (Fb ,R d ) and sum of design
slip resistance (Fs ,R d ) because of the clamping forces and the bearing resistance of the resin (Fb ,R b ,r e s i n).

FR d ,B /C = mi n(Fv ,R d ,Fb ,R d ,Fs ,R d +Fb ,R b ,r e s i n) (2.2)

According to EN 1993-1-8 [18], the design bearing resistance of the resin is given by,

Fb ,R b ,r e s i n = kt ks d tb ,r e s i nβ fb ,r e s i n

γM 4
(2.3)

where
Fb ,R b ,r e s i n : Bearing strength of an injection bolt [18]
kt : 1,0 for serviceability limit state (long duration) 1,2 for ultimate limit state [18]
ks : 1.0 for normal hole clearance 1,0 - 0,1 m for oversized hole clearance m: difference between normal

and oversized hole clearance; for slotted holes m= 0.5 x difference between hole length and width [18]
β: coefficient which depends on the thickness ratio of connected plates (Table 2.1)
tb ,r e s i n : effective bearing thickness of the resin [18] (Table 2.1)
fb ,r e s i n : Bearing strength of the resin calculated according to Annex G of EN 1090-2 [21] which states the

stress at which slip does not exceed 0.3mm over its lifetime of 50 years

According to A.M. Gresnigt et. al [3], the bearing stress of the resin could be raised from 130 N/mm2 to
150 N/mm2. On further research carried out by A.M. Gresnigt and D. Beg [22], there was need to divide the
bearing strength of resins into short duration loads like wind load and long duration creep load by which the
bearing resistance of the resin is calculated. After performing the experiment with two component epoxy
resin (RenGel SW 404+Ren HY 2404), this paper suggests a long duration bearing stress of fb ,r e s i n ,L T 200
N/mm2 and considerately high short duration bearing stress of fb ,r e s i n ,S T 280 N/mm2.

If length of the packing plates (l) is greater than three times the diameter of the bolt (3d) then the effective
bearing thickness (tb ,r e s i n) should not be more than 3d[18] because of non uniform stress distribution in
resin due to bending of the bolt.

t1/t2 β tb,r esi n

≥ 2,0 1,0 min(2t1;1,5d)
1,0 ≤ t1/t2 ≤ 2,0 1,66-0,33(t1/t2) min(t1;1,5d)

≤ 1,0 1.33 min(t1;1,5d)

Table 2.1: Values of β and tb , resin as a function of ratio t1/t2 in double lap shear connections[18][51]
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Figure 2.4: Stress distribution he resin when length of the bolt is three times larger than its diameter[17]

2.4. Behaviour of injection bolted connection under fatigue loading
According to EN 1993-1-9 [20], the fatigue detail category is same for injection bolts and non-injection bolts
for single and double shear joints. The distinction is only made for preloaded and non preloaded bolts. The
table 2.1 below gives the fatigue detail categories.

Non-preloaded Preloaded
Connection type Double lap Single lap Double lap Single lap
Non-injected 50 50 112 90
Injected 90 80 112 90

Table 2.2: Fatigue detail categories for double lap and single lap connections for preloaded, non-preloaded, and injected, non-injected
according to EN 1993-1-9[20] [51]

De Jesus et al. [5] experimentally studied the behaviour of injection bolted connection in single and dou-
ble lap shear joints. Fatigue experiments were conducted on normal bolts and resin injected bolt with a
preloaded torque of 80 Nm to determine the fatigue detail category of both variants of preloaded bolts. Ma-
terials from Fao bridge which was built in 1892 using Puddle iron was used for double lap shear connection
and material from Trezoi bridge which was built in 1956 using construction steel was used for single lap shear
connection. The resin used was epoxy resin SIKADUR 30®.

For double lap connection, there was a large scatter in the results obtained using resin injected speci-
mens. For a net stress range of 355.5 MPa, the average run out life obtained for standard bolts were 2,394,976
cycles and for resin injected bolts for the same stress range, the average run out life was just 333,548 cycles
which shows a considerable decrease in fatigue life of resin injected specimens for double lap shear connec-
tion. For single lap shear connection, less scatter was obtained for resin injected specimens but the reduction
in fatigue life for resin injected specimens was similar to double lap shear connection.

The S-N curve shown in the figure 2.5 had been plotted from the data obtained from the experiments. The
detail category as suggested by the EN 1993-1-9 [20] have also been plotted. It can be seen that the Euro code
value was conservative. For single shear connection, the S-N curve obtained from experimental data is paral-
lel to the ones obtained from EN 1993-1-9 [20]. For double shear connection, the S-N curve is not parallel and
this could be because of the difference inn materials as puddle iron was used for double shear connection.
The paper concludes by stating fatigue strength of rein injected preloaded bolts were less than the fatigue
strength obtained by convectional preloaded bolts and no such differences were made in EN 1993-1-9 [20].

Further on, more research was done by taking the data from the above mentioned paper by the same
authors José A.F.O. Correia et al [30]. This paper deals with fatigue behaviour of conventional and resin injec-
tion bolts with adhesives which improves the fatigue behaviour by better distribution of stresses. Numerical
model was also developed to verify the resistance provided by the adhersives and to verify the contribution
of crack initiation in bolted connection to its fatigue life. Morrow relation was used to formulate the crack
initiation through fatigue damage. Morrow relation relates the total elastoplastic strain to the number of re-
versals to failure [30]. Crack propagation was modelled with the concept of linear elastic fracture mechanics
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Figure 2.5: Comparison of S-N fatigue data from the single shear connections made of the material from the Trezói bridge (Left)
[5]. b. Comparison of S-N fatigue data from the double shear connections made of the material from the Fão bridge.[5] (Right)

(LEFM) using a crack propagation law presented by Paris. The results of the experiments show that the ad-
hesive bonding increases the fatigue life when two bolts are used and a reduction in fatigue life occurs when
only one bolt is used. The numerical model shows that adhesives products delays the time of crack initiation
thus improving the fatigue life of conventional and resin injected bolts with adhesives.

A few co-authors from previous paper Burno Pedrosa et al [8] performed fatigue experiments of single
lap shear connections from plates obtained from Eiffel bridge which was constructed using puddle iron. The
experiments were conducted on conventional bolts and resin injected bolts. The conclusion of the experi-
ments was that the resin injected bolts showed high fatigue strength than the conventional bolts in high cycle
fatigue.

Static and fatigue behaviour of resin injection bolted connections in pultruded FRP panels was studied
by A.M. Van Wingerde et al [4]. Test was conducted on the I profile as shown in the figure 2.6. The behaviour
of conventional bolts (M16 with 16.9 mm bolt hole diameter) and resin injected bolts(M14 bolts) were stud-
ied.The threaded part does not cross the panels for standard bolts but the threaded part of the injection bolt
may cross the panels. Static tensile test were conducted on two specimens of conventional bolts and two
specimens of resin injected bolts.

Figure 2.6: Dimension of I profile used for testing[4]

The specimens of conventional bolts failed at 221 KN and 240 KN while the resin injected bolts failed at
230 KN and 240 KN. The increase in strength for resin injected bolts is 5%, the difference is too small to have
a firm conclusion. A sudden reduction in stiffness because of occurrence of slip and then slow increase in
stiffness can be observed in conventional bolts. No such sudden reduction in stiffness was observed for resin
injected bolts and hence it was concluded that resin injected bolts was superior in terms of stiffness over con-
ventional bolts.
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Fatigue tests were conducted on two stress ratios of R=0.1 and R=-1. One connection each with conven-
tional bolts and resin injected bolts were tested at a stress range of 17.5 KN to 175 KN (R=0.1). The conven-
tional bolts failed at 2000 cycles which is 50% less than injection bolts. Another stress range of -80 KN and
80 KN (R=-1) was chosen to conduct the fatigue experiments. The normal connection failed at 3500 cycles
which is slightly higher than for R=0.1 but the maximum load level reached is lesser for R=-1 and hence there
could an difference. However, for resin injected bolts, the displacement did not increase and the number
of cycles to failure was 100 times more than the ones obtained when the stress ratio was 0.1.The number of
cycle to failure for resin injected bolts decreased slightly when the maximum stress was increased (-130 KN to
130 KN), however it was still stiffness than conventional bolted connection. When injected bolts were tested
at higher frequency, the number of cycles to failure decreased rapidly. For instance, when they were loaded
at -65 KN to 65 KN at a frequency of 3.3 Hz, the number of cycles to failure was 2,171,543 cycles but when
the frequency was increased to 4 Hz, number of cycles to failure was 17,181 cycles. From this paper, it was
concluded that the resin injected connection had better fatigue behaviour especially when the connection is
subjected to stress reversals.

Behrouz Zafari et al studied slip and fatigue resistant connection in FRP bridge engineering[6]. Forty six
joints using twenty three specimens were tested for static, fatigue or combination of both loads at ambient
room temperature in double lap shear joint. Five batches of two sets of specimens were tested without resin
to provide a baseline static strength. Sikadur®-30 and RenGel®-SW404 were used to fabricate 13 resin in-
jected bolted joint (RIBJ) specimens.Type 1 specimens(M16) bolts were tested for standard bolts with no hole
clearance, standard bolts with 2 mm hole clearance, Sikadur®-30 injected resin bolts and RenGel®-SW404
injected resin bolts. Similar four batches of type 2(M20) specimens were made for testing 2.7.

Figure 2.7: RIBJ test configurations: (a) Type 1; (b) Type 2.[6]

For type 1 specimens, the tests were conducted with bolt at the center. For type 2 specimens, the resin
thickness was maximum which means bolt was placed in its least favourable position. Eight batches of two
specimens were tested on static loading for short duration till ultimate joint failure[6]. Type 1 and 2 specimens
were loaded in increments 6 KN and 10 KN respectively at the same loading rate of 0.3 KN/s. The second set
of tests were conducted on type 1 specimens to determine slip at service load (1/3rd of ultimate failure load)
followed by cyclic loading and unloading. Third set of tests were conducted on both the resin of type 1 and
RenGel resin for type 2 specimens to understand static and cyclic behaviour of the resin. Upon reaching their
highest load value, the tension was kept constant for three days and then the test was terminated [6]. After
96 hours of sustained static loading, the specimens were subjected to cyclic loading of two million cycles at a
frequency of 2 Hz and a stress ratio of 0.1.

For the first set of tests in both types specimens, the standard bolts with nominal hole clearance has the
lowest mean failure load. The mean failure load of the fitted bolts (without hole clearance) about the same
mean failure load as the resin injected bolts. The increase in joint resistance with hole clearance when com-
pared to fitted or resin injected bolts was 9% for type 1 specimens and 17% for type 2 specimens. It was found
that bearing stress at joint failure was 32% higher for resin injected bolted connection and fitted bolts when
compared to nominal hole clearance for type 1 specimens and 43% higher for type 2 specimens. It was con-
cluded that since the increase was more than 40%, the bearing failure could not have been the ultimate failure
mode in resin injected bolted connection.
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The graph below 2.8 shows the results from second set of tests to determine the slip load. The load at
0.15mm of slip was considered to be the slip load. From the graph, it can be observed that the slip load for
type 1 specimen with 2 mm hole clearance was 11.5 KN for joint 1. Once the load exceeded, the slip increased
significantly with final value of 3 mm. The slip load for fitted bolt was 19 KN for the first joint and the max-
imum slip obtained was 0.3 mm. For RIBJs, their slip load(0.08 mm) was more than there service load of 25
KN. Slip load of specimen with RenGel was 39 KN for joint 1 and 42 KN for Sikadur-30 specimen.This confirms
that resin injected bolts offer better slip resistance for FRP structures.

Figure 2.8: Load-slip curves for: (Left) M16 18HL (Joint 1); (Right) M16 16HL (Joint 1).[6]

Third set of tests deals with the static and fatigue behaviour of both the resins. From type 1 specimen
with Sikadur-30, the final displacement obtained after 96 hours was 0.1 mm and 0.5 mm for the load of 25 KN
and 56 KN respectively. On linear interpolation, the value of displacement at a load of 40 KN was 0.29 mm.
RenGel resin with type 1 joint offer better stiffness when compared to Sikadur-30 resin. For a load of 48 KN,
the stiffness was 1.5 times higher and the slip was 72% lesser. RenGel type 1 specimen failed at 60 KN after
three static load levels and six million cycles of testing. For type 2 RenGel specimens, the displacement at 32
KN was 0.13 mm and at 66 KN was 0.64 mm and the specimen failed at 82 KN after two static load levels and
four million cycles. It was concluded that all the three resin injected specimens had a displacement <0.15
mm when they were loaded at their service loads.

The displacement values were extrapolated for 50 years to check if the slip exceeded the failure criterion
of 0.3 mm. Type 1 Sikadur-30 specimens at 32 KN had a slip of 0.19 mm but at 48 KN, the slip was 0.45 mm
which exceeded the limits. For type 1 RenGel specimens, the slip is 0.13 and 0.3 mm for the same tension
loads. For type 2 RenGel specimens, the displacement was 0.24 mm for 32 KN and 0.5 mm for 66 KN. It was
concluded that the displacement limits of 0.3 mm for 50 years is too low for FRP structures because of its
viscoelastic material properties. Rather a 0.75 mm displacement for 100 years is proposed as the alternative
failure criterion for FRP structures. For the cyclic loading of the specimens, it was observed that after the
initial shakedown of 200,000 cycles, the displacement was found be constant till the end of the experiment.
It was concluded that with this low amount of slip, resin injected bolts joints can be successfully used in FRP
structures.

2.5. Bolted shear connectors with standard and oversized holes in com-
posite structures

There is a need for the construction section to move towards a circular economy, which can be achieved my
dismounting and reusing existing structures. With this need, it becomes important to have hole clearance
slightly larger than the nominal hole clearance which accounts for larger fabrication and execution toler-
ances during (dis)assembling of composite beams. At TU Delft, research have been made to use oversized
injection bolts as shear connectors for composite structures which enables the the reuse of concrete as the
oversize clearance prevent the damage of concrete during dissembling.



12 2. State of the art

When the shear studs are welded to the concrete deck and steel beam, larger cutting works are required
during deconstruction and hence the reuseability of the entire elements are lost [1]. Thus, using a demount-
able injection bolted shear connections allows the reuse of the elements without compromising on its load
bearing capacity [1].. The figure 2.9 shows the demountable injection bolted shear connection. Shear con-
nector consists of embedded bolts and a coupler with higher strength class than that of the bolts. The clear-
ance between the steel flange of the beam and the embedded bolts are filled with resin. The resin is injected
through the bolt head at the bottom of the steel flange. With the presence of larger volume of resin in the hole
clearance, the slip resistant connection could fail due to deformation of the resin. Hence, it becomes clear
that there is a need to study the behaviour of resin at the steel-resin-bolt interface.

Figure 2.9: Demountable shear connector with resin in its oversized hole clearance [39](left); Embedded bolts with embedded
coupler [58] (right)

Muiris C et.al. [41] validated the performance of demountable shear connectors. Here, the welded studs
were replaced by bolted shear connectors with the aim to allow the reuse of the steel beam and the shear
connectors. Three composite beam of 2 m, 5 m, 10 m, were tested in three point, four point and six point
bending tests respectively with a demountable shear connector of M20 bolts. Hole diameter of 24 mm was
pre-drilled through the concrete deck and the steel flange to install the bolts. From the tests,it was found that
the demountable bolted shear connectors had the same performance as that of welded studs on the compos-
ite beam.

Fei Yang et. al. [60] developed a concept for dismounting the steel girders along with the concrete deck
with a novel steel-concrete bolt-coupler shear connectors. Short bolts, long bolts along with the coupler were
tested for their mechanical behaviour and the failure mode of the setup and compared to the results from
welded shear connectors. Static push out tests were done on four groups of bolted shear connectors and one
group of welded shear studs. The novel bolted connection proposed by Yang is as shown in the figure 2.10.

Three different specification of long and short bolts (M18, M20 and M27) with grade 8.8 and grade 10.9
were used with the same shank height of 200 mm for long bolts and variable shank height for short bolts to
ensure shear and tensile performance. Bolts were screwed into coupler with a length of 1.5 times the bolt
diameter. The bolts and the couplers had the same strength class. For welded studs, 22 mm studs were used.
Small hole clearance ranging from 0.15 to 0.5 mm were used to ease the fabrication and installation process.
The results of the test showed that the shot bolts failed due to shearing off of the bolts without local crushing
of concrete under the coupler. On comparing the bearing capacity of the bolted connectors to the welded
stud, it was found that M22 bolts of 8.8 grade had almost the same bearing capacity of 22 mm shear studs
whereas M27 grade 8.8 bolts had 1.6 times the bearing capacity that of 22 mm welded studs. M27 grade 8.8
bolts had the highest peak slip of 5.77 mm which is close to the maximum allowed slip value specified by EN
1994-1-1 [19]. There was a decrease in shear stiffness when the clearance between the bolt shank and the
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Figure 2.10: Novel bolted shear connector proposed by Fei Yang et. al. [60]

steel flange (hole clearance) increased.

The above mentioned shear connectors with resin researched at TU Delft (figure 2.9 provides fabrication
and installation tolerances and also avoids local crushing of concrete. Additionally, the joint stiffness can be
increased by adding steel shots to the injected resin

M.P. Nijgh et. al. [40] conducted experiments on demountable and reuseable tapered composite beam
to determine the optimum arrangement of injection bolted-coupler shear connector to maximise the com-
posite action. The experiments were conducted to investigate the elastic behaviour of the beam in a four
point bending test. The demountable shear connectors used are the ones shown in the figure 2.9.The main
conclusions from this paper was all the components such as steel beam, concrete deck and the external bolts
were completely dismounted and reassembled. It showed that the initial slip due to a larger hole clearance
in the steel flange was prevented by injecting the hole clearance with RenGel SW 404+HY2404/HY5159 epoxy
resin thus providing greater tolerances for composite structures. Numerical modelling showed good co rela-
tion with the results obtained from experiments with respect to the deflection and stiffness but the end slip
obtained in experiments was lesser than the slip predicted by the model.

2.6. Types of epoxy resins and hardeners
From the previous sections, the application of resins in injection bolted connections is clear. Various types of
epoxy resins are available. EN-1090-2 [21] provides the guidelines for the use of resin in IBCs. The code states
that a two component resin with a minimum pot-life of 15 minutes should be used. Upon mixing the resin
with the hardener, its viscosity should be such that the mixture should fill the hole clearance easily and the
flow should stop once the injection pressure has been removed [21]. The temperature of the resin should be
between 15-25 C.

Widely used two component epoxy resin is Araldite/RenGel SW 404 in combination with Ren HY 5159/
Ren HY 2404 which has been approved by Dutch Ministry of Infrastructure (Rijkswaterstaat) for its use in in-
frastructure projects. In this study RenGel SW 404+ HY 5159 are used. According to the manufacturer [27]
(Appendix A), the resin mixture of RenGel SW 404+ HY 5159 has a pot-life of 50 minutes and demoulding time
of 12 minutes. Time taken for the resin to be cured to obtain maximum strength is 24 hours. The Young’s
modulus proved by the manufacturer is around E=9- 9.5 GPa [27]. But other authors found different values
for Young’s modulus. For example, J Kortis [32] stated that the Young’s modulus of RenGel SW 404+ HY 2404
was 4.5-5 GPa. The tests done by M.P. Nijgh et.al [36] showed that the Young’s modulus was 5.53 GPa when
SW 404+ HY 2404 was used. It is also interesting to note that on few initial tests conducted with RenGel SW
404+ HY 5159 mixture at TU Delft, the Young’s modulus of this mixture was 7.818 GPa. Whereas, the manu-
facturer state that on using hardener HY 2404 or HY 5159, the value of Young,s modulus should not change.
Further tests has to be done to evaluate this. The resin/ hardener mixture has good mechanical strength and
abrasion resistance. A.M. Gresnigt et. al [3] performed experiments with the resin mixture of RenGel SW 404+
HY 2404 and found that the long and short duration bearing stresses can be taken as 200 MPa and 280 MPa
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respectively.

Sikadur 30 is another two component epoxy resin which is widely in use for injection bolted connections.
This resin is designed to be used for temperature between 8 to 35 C. According to the manufacturer [35] this
resin has high initial and ultimate mechanical strength and high creep resistance. The pot-life of this resin is
90 minutes at 20 C. Compressive strength of the resin ranges from 70-90 MPa. The modulus of elasticity as
stated by the manufacturer is 9.6 GPa. Research done at TU Delft shows that Sikadur 30 is like a paste and has
low viscosity [31]. Hence, it would be difficult for the resin to be injected into the bolt head washer and also
for the resin to flow and fill up the hole clearance upon injection. To overcome this problem of workability
with respect to Sikadur 30 resin, J. Qureshi et. al [47] developed an alternate washer to facilitate easier injec-
tion of resin into the bolt head. The figure 2.11 shows the washers in use (figure 2.11 (a) and (b)) and also the
washers new developed (figure 2.11 (c) and (d)) and out of the two variants, figure 2.11 (d) washer showed the
easiest and quickest injection of resin.

Figure 2.11: Different geometry details for the top washer under the bolt head of IBC [47]

A. Koper [31] extensively studied different types of epoxy resins that could be used for injection bolted
shear connection. This study was done on RenGel SW404/HY2404, Sika Sikadur-30, Sika Injection 451, Edilon
Dex R2K, Edilon Dex G 20. RenGel SW404/HY2404 was set as a benchmark to which application of other
resins was compared. In this regard, Edilon Dex R2K and Edilon Dex G 20 were injected successfully [31] but
the latter was discarded as it showed high creep deformations. Sika Injection 451 had low viscosity of 100 mPa
whereas, the value optimum for injection ranges between 11 to 80 mPa. As stated earlier, Sika Sikadur-30 had
very high viscosity.

M.P. Nijgh [44] studied the demountability of oversized injection bolted connections by performing short
and long term testing on RenGel SW404/HY2404 resin. A new material called steel reinforced resin was also
developed which consisted on steel shorts which could be injected along with the resin. It was concluded
that the IBC was demountable by using simple hand tools when release agents are used. Increase of hole
clearance leads to decrease in stiffness and increases the possibility of slip. Hence, the addition of steel shots
increased the connection stiffness by 71%, increased the load carrying capacity by 86% and decreased the
creep deformation by 36% when compared to the standard resin.

2.7. Static behaviour of epoxy resin and steel reinforced resin
Epoxy resins are viscous liquid polymers with epoxide group. Two component epoxy resins have to mixed
with a hardener for curing which hardens the resin from liquid state to solid state. This process is on the
molecular level is called as cross linking which leads to the permanent change in material properties. Curing
is an exothermic process and hence the thermo-mechanical properties of the cured resin can be altered by
varying the amount of cross linking (hardener) and the flexibility of the polymer chains between cross-links
[26]. The behaviour of epoxy resins can vary from brittle or ductile depending on its yielding properties. Resin
behave more brittle under cyclic loading than under static loading condition due to their strain rate depen-
dence on yielding properties [9]. Whereas, in structural application (IBCs) ductile behaviour is preferred to
avoid sudden failure of the structure.

K. Ravi-Chandar et.al [49] studied deformations of two polymers, polycarbonate (PC) and polymethyl-
methacrylate (PMMA) under compression loading with unconfined and confined conditions. The geometry
of the test setup was designed in such a way as to delay the onset of localised deformations in other words, to
have a section with homogeneous deformations. The specimens used for testing is shown in the figure below
(figure 2.12). The geometry is cylindrical with an smaller internal diameter which is hollow and the polymer
which has to be tested in placed within that cavity. The test was conducted on three different cylindrical con-
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finement made out of three different materials (steel, PC and PMMA). It was assumed that this configuration
in which the polymers was tested will have homogeneous deformations which was evaluated at the end.

Figure 2.12: Geometry of the confined compression configuration by K.Ravi-Chandar [49]

The polymers were also tested on unconfined condition under uniaxial compression loading to deter-
mine the softening behaviour of the material. The behaviour of the polymers were divided into four stages.
Stage I and II were was the linear response of the material with modulus of elasticity of 2.4 and 3.5 GPa for
PC and PMMA respectively. Stages III showed the onset of inelastic deformation at the peak load. Promi-
nent inelastic deformation were observed in stage IV which led to changes in the shape of the specimen. The
results of confined specimens showed that when the entire testing apparatus (cylinder and specimen) were
made of PC and PMMA, the stage III and IV (inelastic deformations) was completely eliminated. When the
cylinder was made out a more stiffer material like steel the plastic deformations were suppressed. Confined
tests showed increase in axial stiffness. It was concluded that when tested at room temperature of 23 C, re-
coverable behaviour of pressure-volume was observed for both the polymers and at high confined pressures,
both the polymers did not show inelastic deformations but rather showed time dependent behaviour during
unloading.

D. Fernando et. al [16] conducted tensile loading tests on Sikadur 30 and four other adhesive which are
used in CFRPs. The behaviour of the adhesives including Sikadur 30 under tension was brittle in nature. Using
hardening models, Carvalho [10] described the behaviour of Sikadur 30 under confined compression which
shows more ductile behaviour of the resin under compressive loading. The stress-strain graph of Sikadur 30
under uniaxial unconfined tension and confined compression loading is shown in the figure 2.13 below.

Figure 2.13: Stress-strain relationship of Sikadur 30 under uniaxial tension and compression [16][10][44]

M.P. Nijgh et.al. [36] and [25] studied the response of two component epoxy resin (resin- RenGel SW 404+
Hardener- HY2404) and also steel shots inserted with the epoxy resin (SRR) under static compressive loading



16 2. State of the art

at a rate of 1 mm/s for unconfined and confined configurations. The modulus of elasticity for resin and SRR in
unconfined conditions were 5.53 GPa and 15.29 GPa respectively and the ultimate strength of resin and SRR
were 140.7 MPa and 119.43 MPa respectively when true stress and strain was used to calculate these values.
The stress-strain curves of unconfined specimens of resin and SRR has been shown in the figure below (figure
2.14).

Figure 2.14: Stress-strain relationship of unconfined resin specimens[25] (left). Stress-strain relationship of unconfined steel
reinforced resin specimens [25] (right)

For resin specimens, the stress-strain curves can be divided into three parts. The first part shows the lin-
ear increase of stress with strain. The second part shows the onset of yielding and nonlinear increase of stress
with respect to strain and the third part shows the failure of the specimen at its peak load with stress decreas-
ing with increasing strain. Whereas, for the steel reinforced resin, the stress-strain curve can be divided into
two parts. The first part shows the linear increase of stress with increase in strain and the second part shows
the damage at the peak load and the decrease of stress with increase in strain. The failure mode of resin spec-
imens were due to the long diagonal cracks travelling through the entire specimen and splitting them into
half. For SRR, the diagonal cracks originated from the bottom half and the specimens failed when the cracks
propagated to the bottom surface of the specimens.

The confined specimens were not loaded till their failure. The modulus of elasticity of the confined speci-
mens were 7.09 GPa and 18.09 GPa for resin and SRR specimens respectively when true stress and strain were
used to calculate these values. The modulus of elasticity had a 29.7% and 7.5% increase for confined resin and
SRR specimens respectively which was attributed to resin having higher poisons ratio than SRR. The stress-
strain curves for both resin and SRR confined specimen have a similar trend (figure 2.15). The stress-strain
curves of both the materials can be divided into two parts. The first part is the linear increase of stress with
strain and the second part shows the onset of plasticity and the non linear increase of stress with strain. The
yield strength of confined resin specimens had an increase of 95.6% whereas for SRR, the increase was 189%.

Figure 2.15: Stress-strain relationship of confined resin specimens[25] (left). Stress-strain relationship of confined steel
reinforced resin specimens [25] (right)
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2.8. Fatigue testing parameters
2.8.1. Basic terminologies of fatigue loading
It is important to understand the parameters which are essential for fatigue (cyclic) loading such as stress
range, mean stress, stress ratio and so on. The figure 2.16 below shows the different terminologies of fatigue
loading.

Figure 2.16: Basic terminologies of fatigue loading [51]

Where σmax and σmi n are the maximum and minimum nominal stress reached in one cycle respectively.
The algebraic difference between σmax and σmi n is defined as stress range (∆σ)[20]. Stress ratio (R) is de-
fined as the ratio of minimum nominal stress to maximum nominal stress (σmi n/ σmax ). If 0<R<1, then σmax

and σmi n are both tensile or compressive stress. This loading condition is called fluctuating cyclic loading. If
-1<R<0 then one of σmax or σmi n is tensile and the other is compressive stress. If R=-1, the loading condition
is called fully reversed cyclic loading. If R=0, then σmi n is 0 and hence its either a tension-tension cycle or a
compression-compression cycle. This type of loading is called repeated cyclic loading.

2.8.2. Hysteresis loop and frequency of fatigue loading
Hysteresis is the path traced by a material when subjected to quasi static or cyclic loading. For a perfectly
elastic material, the hysteresis is a line. For visco-elastic materials, unloading curve trails behind the loading
curve and the shape of hysteresis loop is elliptical which is shown in the figure 2.17 below. This behaviour
shows that the material is time dependent which depends on loading duration and rate of loading.

Figure 2.17: Energy dissipation under hysteresis curve [61] [9]
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The area under the hysteresis curve gives the energy dissipated by the material. In materials with time-
dependent properties and low thermal conductivity, the energy released in the form of heat cannot escape
into the environment rather ends up heating the material itself. Due to this reason, unlike in metals the ex-
periments cannot be accelerated by using higher frequency as these materials are temperature dependent
[9]. On exposing the polymers to a temperature above its threshold temperature, they tend to have reduction
in their ultimate strength and stiffness properties thus negatively affecting the fatigue life [48]. This thermal
softening could results in failure under fatigue loading even without crack propagation [48]. ASTM D7791-12
[28] proposes a test frequency of 1 to 25 Hz for plastics but strongly recommends the test frequency to be 5
Hz or below [37]. This adaption of test frequency can be observed throughout the literature. For example, J.
Correia et al [30] adopted a frequency of 4 to 6 Hz for single lap shear joint and 2.5 Hz for double lap shear
joint. M. Rodrigues et.al [37] adopted a frequency of 5 and 2.5 Hz for testing Sikadur®-30 and Sikadur®-52
resins. B. Zafari et.al [6] adopted a frequency of 2 Hz for testing injection bolted connections for FRP bridges.
With the help of these literature, in this study a test frequency of 2.5 Hz was adopted for the cyclic loading of
resin and steel reinforced resin specimens.

2.9. Fatigue behaviour of epoxy resins
With the application of resin in composite structures and fibre reinforced polymers, it becomes important
to understand the behaviour of resin under cyclic (fatigue) loading conditions which further helps to un-
derstand the behaviour of connection or the structure itself. Fatigue is defined as loss of strength or other
important property as the result of stressing over a period of time [38][9]. Polymers fail at much lower stress
levels under fluctuating loading when compared to monotonic loading and they fail quicker under alternat-
ing stress amplitude when compared to creep loading which is applied at a constant stress for a long time
[52]. Epoxy resins are strain-rate dependent and yielding depends on the speed at which the forces impact
the body (loading rate) [34]. Loading rates are higher on fatigue loading rather than static loading. Hence,
epoxy resins tends to be more brittle under cyclic loading[34].

Like in metals, the fatigue life of polymers can be expressed in terms of SN curves and it decreases with in-
crease in number of cycles. The failure modes of the polymers are defined in [29] with the common one being
the micro cracks on the specimen [9]. According to W. Cooper [12], fatigue of resin followed three different
stages which were: nucleation of a crack, propagation of cracks and final failure. However, for the confined
test setup used in this thesis and the specimens being tested in compression-compression cycle does not al-
low for initiation or propagation of cracks like in metals using which the SN curves are plotted. Thus, failure
due to fracture of resin under the loading conditions is not possible to define using SN curves for these set of
experiments. Hence, the failure of resin and steel reinforced resin under cyclic loading is defined according
to Annex G of EN 1090-2 [21] which defines the failure criterion in terms of relative displacement (slip) of the
material under creep loading. According to EN 1090-2 [21], the applied load should not cause a slip of more
than 0.3 mm over the design life of the structure which is taken as 50 years. However, this criterion is only
valid for creep loading but in this study, the specimens are loaded under cyclic loading and hence according
to EN 1993-1-9 [20], a connection detail will have infinite fatigue life if it does not not fail under 5 million
cycles and hence this criterion is used in this study.

Fatigue tests on two sets of resin (Epon 815/ Versamid 140-Ductile resin and Epon 828/Epon Z-Brittle
resin) under tensile-tensile cyclic loading was conducted by L. Lorenzo et.al. [34]. Fatigue response of the
epoxy resins were evaluated on the bases of duality and fracture of the resin specimens. The specimens ran
out at lower stresses with Epon 815 running out at 25% of its static strength and Epon 828 running out at 21%
of its static strength. The fatigue strain for ductile resin was 27% higher than of brittle resin. Plastic defor-
mations were observed for both the resin specimens with the permanent strain being three times larger for
ductile resin when compared to the brittle resin. However, it was still within the visco-elastic range of Epon
815 resin. Creep strain accumulation decreased over time and this decrease was higher for brittle resin over
ductile resin. The brittle resin failed at once without any stable crack growth patterns with lesser micro-cracks
nucleating to form a larger crack. ductile resin showed patterns of crack initiation, propagation of crack and
failure of specimens by nucleation of micro-cracks.

M. Nagasawa et.al. [42] studied the mechanical behaviour of resin under fatigue loading. They stated that
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initiation of cracks is a key aspect in fatigue of resins because of the presence of defects on the surface of the
resins. Epikote E828 resins were used for the experiments, It was seen that the crack initiation process takes
about 80% lifetime of the specimen (number of cycles that the specimen runs) which was quickly followed
by crack propagation and visible failure of specimen. Hence, no main polymer chains are broken during this
period. Hence it has concluded that the degree of cross linking has little effect on the fatigue life of the spec-
imen under rotary bending fatigue load. The resistance of the resin to cyclic deformation rather depended
upon the the packing density of the segments on its surface. The experimental data shows the accumulation
of strain (fatigue) over the number of cycles. However, the specimens did not show fatigue accumulation
upto 80% of its lifetime which was confirmed using a microscope. Hence, it was concluded that the strain
accumulated in this period was reversible when allowed to rest unlike in metals.

X.Shen et.al [54] studied the cyclic deformation of Epon 826 thermosetting epoxy resin under stress con-
trolled and strain controlled cyclic loading. The resin and hardener was mixed at a ratio of 100:36. The test
specimen were designed as per the recommendation of ASTM for low-cycle fatigue. The specimen used for
the test is shown below 2.18.

Figure 2.18: Geometry of a cylindrical specimen used in fatigue test (right)[54]. Photo of the specimen (left)[57]

Different amplitudes and loading rates were chosen and the tests were conducted until failure under
cyclic tensile and cyclic compression loading. Under cyclic tensile loading, the specimens were tested at
three different stress ranges of 45,55 and 66 MPa. It was seen that the non-linearity in stress-strain graphs
increased with increase in stress range. The number of cycles to failure was 300,220 and 10 cycles for the
stress ranges of 45,55 and 66 MPa respectively. The stiffness reduction over number of cycles was very less
for the first two stress ranges. Also, for the first two stress ranges, the ratcheting strain which is defined as
the increase in strain over number of cycles, gets accumulated and the stress-strain loop reached a stable
state [54]. Whereas, for a stress range of 66 MPa, the accumulation of ratcheting strain was significantly larger
leading to damage initiation and propagation. When the tested specimens were allowed to rest for 24 hours,
about 82.6% of the ratcheting strain was recovered. Furthermore, the strains showed a slow decreasing trend
even after 24 hours thus illustrating a time-dependent full recovery of deformation of the resin. On varying
the loading rate, it found that when the specimens were loaded at a rate of 24 MPa/s, the ratcheting strain
was 0.18%. When loaded at a lower loading rate of 0.24 MPa/s, the ratcheting strain was 0.61%. Compres-
sive cyclic test was conducted at a stress range of 55 MPa at a loading rate of 0.24 MPa/s. It was seen that
the creep resistance of the material was high in compression than in tension. The final ratcheting strain was
three times higher for tension when compared to compression. The elastic modulus was about 2.9% higher
for specimens tested under compression. When the specimens were tested under fully reversed cyclic load-
ing at 60 MPa, the specimens failed at 30 cycles. Under strain controlled loading, the specimens were loaded
to a maximum strain of 3%. It was seen that the specimen did not fail even after 600 cycles. This could be
attributed to the fact that stress relaxations occurred during strain controlled loading whereas, there was an
accumulation of ratcheting strain when tested under stress controlled loading.

Z. Xia et.al [59] studied the biaxial cyclic deformations of Epon 826 epoxy resin under proportional (equi-
biaxial) and non proportional cyclic loading. The geometry of the specimens used for testing was same as
the one shown in figure 2.18. Tests were conducted on two strain ranges of 1.5% and 3% and two stress rates
of stress ranges of 40 MPa and 60 MPa. Under strain controlled proportional loading, stress relaxation was
observed in both the axial and hoop directions. Under stress controlled proportional loading, ratcheting
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strain accumulation was observed in both the direction. This behaviour under biaxial is similar to uniaxial
tests done by X.Shen [54]. Under non proportional cyclic loading, anisotropic stress-strain response in ob-
served with the hysteresis loop rotating in opposite direction. A constitutive model was developed which can
be viewed as a combination one linear spring and several non linear Kelvin-Voigt elements in series. It was
found that the constitutive model was able to replicate the experimental behaviour of Epon 826 resin.

Uniaxial fatigue under fully reversed fatigue loading was conducted by G. Tao et.al [57] of Epon 826 epoxy
resin. Evolution of various mechanical properties of resin such as stress range, elastic modulus, stress-strain
relationship and strain energy over the entire period of the test were presented. The geometry of the test spec-
imen is the same as showed in figure 2.16. The strains were measured using a newly developed non contact
real-time strain measurement system. Two spots are marked on the longitudinal direction of the specimens
and Digital Image Corelation method was used to extract displacement date from those two points. A total
of 13 experiments were conducted at 10 different strain amplitudes under strain rate controlled loading. The
test which had the longest life was stopped at 1 million cycles and the corresponding strain of 1.3% was con-
sidered as fatigue limit [57].

The hysteresis loop showed high non-linearity at the highest strain amplitudes (-5% to 5%) and this non-
linearity decreased with increasing in number of cycles. A dominant linear hysteresis loop for the lowest
strain amplitudes (-2% to 2%) and the change in the shape of hysteresis loop was very less. The linearity of
stress-strain relationship results in increase of stress rage which is known as cyclic hardening. The modulus
of elasticity dropped over period of the test conducted. It was found that the drop in modulus in independent
of mode of loading (stress or strain controlled) and the value of mean stress/strain. The drop in modulus is
as shown in the figure 2.19(Left). It can be seen from the figure that the decrease in modulus decreases with
decrease in strain range. and the drop in found to be higher during the initial phase of the test and the drop
stabilises over a period of time for lower strain ranges. Whereas, the drop in modulus is seen throughout
the test for higher strain ranges. The drop in modulus results in decrease in stress range which is known as
cyclic softening. The modulus of elasticity was found to be 2900 MPa after the first cycle. The dissipated
strain energy was found to be increasing with increase in number of cycles for higher strain ranges and it was
found to be almost constant for lower strain ranges. Effect of mean strain ratio (Rm) which is defined as the
ratio of mean strain to strain amplitude was investigated which are presented in the figure 2.19(Right). These
tests were compared to fully reversed cyclic loading of Rm=0. It can be seen from the figure that for higher
Rm, the material behaviour switches from cyclic softening to cyclic hardening. For Rm=1, there was a de-
crease in non-linearity was dominant over the reduction in modulus pf elasticity and hence cyclic hardening
was observed and Rm=0, reduction in modulus was more dominant and hence cyclic softening was observed.

Figure 2.19: Evolution of modulus during the fatigue life period. The lines with fluctuations are from experiments and the
smoothed lines are simulations[57] (Left) (b) Evolution of stress ranges during the entire fatigue life period under the same

strain amplitude but with different mean strain ratios [57] (Right)

M. Rodriguesa et.al [37] studied the fatigue behaviour of Sikadur®-30 and Sikadur®-52 resins which were
used for filling the hole clearance of the connection in order to reinforce the connection of old bridges. Three
different moulds with different dimensions were chosen for monotonic tests. The tests were performed ac-
cording to ASTM D7791-12 standard [28]. Stress ratio of R=0 with test frequencies of 2.5 and 5 Hz were cho-
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sen for Sikadur®-52 and Sikadur®-30 respectively. It was concluded that Sikadur®-52 resin had a better fa-
tigue behaviour (higher fatigue cycles) and thus Sikadur®-52 could be used for injection bolted connections,
Whereas, Sikadur®-30 had higher stress range value for the same breaking cycle when compared Sikadur®-
52 resin and hence Sikadur®-30 resins are suitable for reinforcing the existing connections of old bridge.

2.9.1. Ratcheting behaviour of resin
Ratcheting is defined as a progressive, incremental inelastic deformation characterized by a shift of the stress-
strain hysteresis loop along the strain axis [50]. In order words, it is the accumulation of plastic deformation
under cyclic loading [55].

X. Chen et.al [11] studied the ratcheting behaviour of polytetrafluoroethylene (PTFE) under cyclic com-
pression. PTFE is a white powder which was sieved and put into a mould. The mould was then cold com-
pacted and subjected to sintering at elevated temperatures. The specimens were compressed to a strain of
6.5% under different loading rates and the stresses were measured at a strain of 6.5%. It was found that the
stress-strain relationship depended upon the rate of loading under 40 N/s as the stress increased by 16.8%
when the rate of loading was increased from 4 N/s to 40 N/s. Whereas, the increase in stress dropped drasti-
cally to 5.28% when the loading rate was increased from 40 N/s to 400 N/s. The same conclusions were drawn
for compression modulus as it showed little difference above the loading rate of 40 N/s. The figure 2.20 shows
the evolution of ratcheting strain number of cycles for different loading rates and mean strains.

Figure 2.20: Ratcheting strain vs number of cycles at different loading rates (left)[11]; Ratcheting strain vs number of cycles at
the same stress amplitude and different mean stresses (right)[11]

From the figure 2.20(Left), it can be seen that ratcheting strain is highest (9% at 7th cycles) for the lowest
loading rate of 4 N/s and the value was found to be half for a loading rate of 40 N/s. It can be concluded
that the ratcheting strain decreases with increase in loading and it is sensitive to loading rate below 40 N/s
as the reduction in ratcheting strain over 40 N/s becomes less. Stress amplitude of 6 MPa with varying mean
stresses are shown in figure 2.20(Right). It can be seen that the ratcheting strain increases with increase in
mean stress. The value of ratcheting strain is highest for the first cycle and this value of ratcheting strain gets
smaller and smaller with increase in number cycles and get saturated around 200 cycles.

S. da Costa Mattos .et.al [13] studied the plastic behaviour of resin under cyclic tension. Static tensile tests
were conducted at four different loading rates (0.1, 1, 2 and 50 mm/min) to evaluate the basic mechanical
properties. To determine the ratcheting behaviour, cyclic tests with R=/=0 were conducted at a loading rate
of 2 mm/min with increasing stress amplitude of 1, 2, 3 and 5 MPa per cycle after which the stress was kept
constant. From the static tests, it was concluded that there was no significant dependency of loading rates on
the mechanical properties like elastic modulus, proportional limit, tensile strength and percentage elonga-
tion. A progressive accumulation of plastic deformation was observed until plastic shakedown which refers
to steady state hysteresis loop with stabilisation of plastic deformation occurred 2.21(a) . Cyclic hardening is
observed along with increase of elastic limit for each cycle 2.21(a). It was concluded from the experiments
that for the epoxy resin tested, kinematic hardening was greater than isotropic hardening and hence the pro-
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gressive accumulation of plastic deformation occurred even when the viscosity of the resin was neglected
2.21(b) and (c).

Figure 2.21: (a) Stress-strain relationship of epoxy resin under tensile loading [13];(b) Progression of the isotropic hardening
variable vs accumulation of plastic strain [13]; (c) Progression of kinematic hardening variable vs accumulation of plastic strain

[13]



3
Experimental setup and procedure

Experiments on resin and steel reinforced resin (SRR) under quasi-static and cyclic loading on were con-
ducted in Stevin Laboratory at TU Delft. Quasi-static loading refers to a load applied at a very slow rate such
that the inertial forces are neglected and cyclic loading is the application of load at a higher frequency.

As discussed earlier, in oversized Injection Bolted Connection (IBC), the larger hole clearance is filled
with two component epoxy resin. A custom-made test setup was designed to replicate the bearing stresses of
double lap shear joint acting on the resin and SRR in IBC under cyclic loading conditions without fracturing
the Resin/SRR. The tests were conducted in two stages. The first stage consists of quasi-static loading of
the specimens at a lower frequency of 0.05 Hz from which the initial stiffness of the resin and SRR can be
calculated and also the material behaviour can be understood better by analysing its hysteresis loop. The
second stage consists of cyclic loading with a higher frequency of 2.5 Hz to determine the slip after 400,000
cycles and to observe the type of deformation that the Resin/ SRR undergoes from the experimental data.

3.1. Geometry of test setup
The test setup consists of the following parts

• Top plate with a bolt of 20 mm in diameter inscribed at the end of the plate.

• Bottom plate with oversized hole clearance where the resin is injected.

• Two steel side plates to confine the resin.

• M8x60 mm Hex bolts to clamp the side plates to Bottom/female plate

Figure 3.1: Test specimen

23
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Figure 3.2: Test specimen used in the experimental setup

3.1.1. Top plate
The top plate is be divided into a tail section, middle section, and head section. Figure 3.3 shows the three
sections of the top plate along with their dimensions in mm. The tail section is rectangular in shape with a
lesser thickness (15 mm) so that the plate can be placed in the Hydraulic Wedge Grip Machine and the load
is applied at the ends of the tail section. The middle section is also rectangular in shape and it forms the
body of the plate with a thickness of 30 mm. The head section consists of a more narrow section with a bolt
inscribed along with the top plate. Since the bolt is embedded within the plate, the bolt is assumed to not
have a threaded part. The threaded part of the bolt has less stress concentration but also has less area for
resisting the load. In practical applications, the presence of a threaded part or shank part around the region
of bearing stress of the plate depends on the length of shear connectors available. The presence of the shank
part in the injection bolted connection is preferred as it results in more contact area and hence higher shear
resistance of the joint. As the bolt part is inscribed within the top plate, rotation of the bolt is prevented. The
dimension of the top plate is as shown in figure 3.3.

Figure 3.3: Top/male plate
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3.1.2. Bottom plate
The bottom plate has a tail section and middle section similar to that of the top plate. The bottom plate is
shown in the figure 3.4. The total length of the plate is 250 mm. The width of the plate is 30.5 mm which is
0.5 mm more than that of the top plate. This is intentionally done to avoid any contact between the top and
the bottom plate along its sides. The rest of the dimensions are as shown in the figure3.4. Diameters of 26
mm and 32 mm hole clearances are used for the experiments which are elaborately explained in section 3.3.1.
The head section of the bottom plate also consists of 8 mm diameter holes which are used to attach the side
plates to the bottom plate using M8x 60 mm Hex bolts.

Figure 3.4: Bottom/Female plate

3.1.3. Side/Cover plates and Hex bolts
Two side plates are attached on either side of the head section of the bottom plate to confine the resin. The
dimensions of the side plates are 60x50x10 mm. There are 8 mm hole clearances on the four corners of the
side plate to attach M8x 60mm bolts. Figure 3.5 shows the dimensions of the side plate. M8x60 mm Hex bolts
consist of a threaded bolt, nut, and washer. They were used to attach the side plate to the bottom plate by
applying torque to tighten the nut. Hex bolts are 8 mm in diameter and have a length of 60 mm.

Figure 3.5: Side Plates
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3.2. Materials
In this section, the materials used in the experimental setup are discussed. A detailed description of resin,
hardening agent, steel-reinforced resin, and releasing agents used and their material properties are explained.

3.2.1. Epoxy resin
A mixture of epoxy resin and hardener is used for the injection of hole clearance. The epoxy resin used in
this experimental set-up is Araldite/RenGel SW 404 which is shown in figure 3.6. The hardener used in com-
bination with resin is HY 5159. This combination of epoxy resin and the hardener is the already approved
resin product for injection bolt applications by the Dutch Ministry of Infrastructure (Rijkswaterstaat). The
ratio of compositions of Araldite and HY 5159 in the mixture is 100:8. The mixing ratio is important in a two-
component resin system. If less hardener is added then it results in under cured resin matrix and if excess
hardener is added, it results in resin not reacting with the hardener [31]. The resin Araldite has a characteristic
blue color while the hardener is a clear liquid with a pale yellow color. The viscosity of Resin is 55-80 Pa.s and
the viscosity of the hardener is 0.12-0.175 Pa.s at 25 degrees Celsius.

Epoxy resins are polymers with the epoxide group. Since they are liquid substances with high viscosity,
they needed to be cured [31]. Curing is defined as a chemical process resulting in the hardening of the poly-
mer and helps in the formation of the final structure of the resin. Once the hardener is mixed with the resin,
the curing process starts. During the curing, the viscosity of the mixed resin increases until the final structure
is achieved. Pot life is defined as the amount of time it takes for the initial viscosity of the mixed resin to
double (or quadruple for low viscosity products <1000 cPs) [15] [31]. This is a very important parameter for
practical applications since the injection of resin into the hole clearance has to be done within the pot life of
the mixture.

Figure 3.6: Epoxy resin Araldite/RenGel SW 404

In previous studies conducted at TU Delft on a similar topic, the resin was used with different hardener
HY 2404[51]. However, in the current study, HY 5159 is used as the hardening agent for the resin. HY 2404 has
a pot life of 15 minutes while HY 5159 has approximately 50 min. Having a higher pot life makes HY 5159 a
more practical option for the injection process. For a detailed comparison of properties of hardener HY 2404
and HY 5159, refer to Appendix A. Based on the data from the manufacturer, 24 hours is the needed time for
completion of the curing process of the resin. However, previous studies conducted on the resin at TU Delft
manifest that required stiffness is achieved after 3-4 hours[7].
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From the previous studies conducted at TU Delft, it was found that the Young’s modulus of the cured
resin hardener mixture used in the current was found to be 7818 MPa and the Poisson’s ratio was found to be
0.315 which was different to the previous studies. The difference in Young’s modulus of cured resin from the
current study and previous study [51] (5640 MPa) was because of using different hardening agent (HY 2404).
Although according to the manufacturer (Appendix A), the modulus of elasticity should be the same when
HY 5159 and HY 2404 are used. On doing the same set of experiments with these two hardeners, a different
set of results were obtained thus leading to a conclusion that both the hardener have different modulus of
elasticity. This is verified by numerical model in chapter 5.

3.2.2. Steel Reinforced Resin

One of the objectives of the current study is to compare the slip and stiffness of resin and steel-reinforced
resin. In this experimental set-up, small and strong steel shots are added to the hole clearance before inject-
ing the resin mixture. Steel reinforced resins consists of the resin-hardener mixture reinforced with spherical
steel shots of 0.84 mm nominal diameter made up of strength class S330. Figure 3.7 shows the steel shots
used in the experiment. The resin mixture used is RenGel SW 404 + HY 5159.

Figure 3.7: Spherical steel shots (S330) with diameter of 0.84 mm

Both resin and steel shots have distinct importance. Steel shots act as a skeleton and provide a load-
bearing path in the hole clearance. While the resin fills any residual free volume thereby preventing any
possible movement of the steel particles. The steel shots are well protected by the resin from potential envi-
ronmental hazards like corrosion. Finally, the steel-reinforced resin has an economic impact on the experi-
ment, as the hole clearance, now requires a lesser quantity of resin mixture[44].

The composition of steel particles and resin is essential in understanding the mechanical properties of
the specimen. The maximum possible packing density for the equally sized steel particles is 74% accord-
ing to Kepler conjecture theorem[51]. Although for practical applications, Scott and Kilgour[53] set it as 64%
randomly. For the current study which uses the research of Nijgh as the basis, the packing density of steel
particles is 60% [36]. The Young’s modulus for the steel-reinforced resin is 22900 and the Poisson ratio (v) is
0.22 which are considered to be the input parameters for the numerical model [36].
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3.2.3. Steel
Steel is used for the top plate, lower plate, and side plates for the confinement of hole clearance. The steel
grade, yield strength, and quantities used in the steel plates are listed in table 3.1.

Component Steel grade
Nominal yield
strength (M. Pa)

Quantity

Lower plate S355 355
9 (diameter 26 mm)
9 (diameter 32 mm)

Top plate S690 690 9
Side plate S355 355 18

Table 3.1: Steel grades and quantities of plates used in experiments

From the table 3.1, it can be observed that the top plate has a higher nominal yield strength of 690 MPa,
this is because the loading pin (bolt) has higher nominal yield strength than plates and since the loading pin
is inscribed with the top plate, higher grade of steel for top plates was necessary . The lower and side plates
have a lower steel grade of S355 MPa.

During the experiments, the top plate does not come in direct contact with the bottom plate and the load
is not transferred through the side plates. This ensures the load from the top plate is carried to the bottom
plate through the resin and since the loading is under compression-compression cycle, the top and bottom
plates remain intact till the end of the experiment which allows the reused of same sets of specimens for
further experiments.

Propriety Value
Mass density 7850 kg/m
Poisson’s ratio 0.3
Young’s Modulus 210 G.Pa

Table 3.2: Material proprieties of steel

3.2.4. Release agent
Releasing agent is a spray or liquid which is used on the steel plates to ensure that resin and the plates do
not stick to each other once the resin is injected into the hole clearance. This enables the demoulding of the
specimen and reuse of the plates. There are various releasing agents that are based on wax, silicone, or PVA
available in the market. For this research, a wax-based spray ACMOS 82-2405 shown in figure 3.8 is used as
the releasing agent.

Figure 3.8: Releasing agent ACMOS 82-2405



3.3. Preparation of test specimen 29

3.3. Preparation of test specimen
This section describes the procedure followed in the preparation of the test specimens and the issues faced
during the preparation. The following are the procedures that were followed for the preparation of the test
specimen.

• Assembly of specimens

• Geometrical imperfections in the specimens

• Injection of steel reinforcements and resin

• Curing of resin

• Correction and finalisation of the specimen

3.3.1. Assembly of test specimens
A support structure was designed to keep both the plate as straight as possible and to avoid any eccentricities
in both horizontal and vertical planes during the preparation of specimens which could have a significant
impact on the test results. The support structure is placed on a flat level on the working platform. The top
and bottom plates are aligned horizontally on a support structure. The bottom plate is placed such that the
hole through which the air escapes is faced upwards. The support structure shown in figure 3.9 is L-shaped
with a flat base and a backrest on either end with a gap at the center to facilitate injection of resin.

Figure 3.9: Support structure for preparing the specimen

The top and bottom plates were placed on the flat base and were pushed against the backrest using a
clamp. This arrangement proved to be vital to avoid any movement of the top and bottom plates during the
preparation stage of the specimen. Figure 3.10 show the misalignment that could occur if the specimen is
placed on the ground. In the figure, it can be seen that the bottom plate is not straightly aligned which could
give inaccurate results.

The release agent ACMOS 82-2405 was sprayed on the head section top and bottom plates which are in
contact with the resin. The top and bottom plates are assembled in such a way that the bolt which is em-
bedded in the top plate is at the center position of the hole clearance. This results in a 3 mm gap between
the bolt and hole (hole clearance) for a bottom plate with a 26 mm diameter and a hole clearance of 6 mm
for a bottom plate with a diameter of 32 mm. By choosing these hole clearances, a comparison can be made
between an oversize clearance which is barely 1 mm larger than the conventional hole clearance and to an
oversize hole clearance which is substantially larger of about 3 to 4 mm than the conventional hole clearance.
This is shown in figure 3.11

According to EN 1090-2 [21], the nominal hole clearance for a bolt diameter of 20 mm is 2 mm. In this
study, an attempt was made to study the behaviour of resin/SRR under larger hole clearance than the stan-
dard value as higher hole clearance increases the ease of dismounting of the connection. The bottom plate
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Figure 3.10: Possible misalignment that could occur when specimen is placed on the ground

Figure 3.11: Bolt at the center of hole diameter

with 26 mm diameter has a clearance of 6 mm and 32 mm diameter has a clearance of 12 mm. Figure 3.12
shows the assembly of the specimen prior to injection of resin.

3.3.2. Geometrical imperfections
There were 9 top plates, 9 bottom plates, and 18 side plates ordered from the steel shop for this research.
Since we are dealing with the magnitude of values between 0.1 mm to 0.5 mm, a small geometrical imperfec-
tion in terms of one or two dimensions of the top or bottom plate varying by about 0.5 to 1 mm would cause
a considerable difference in the result which was observed in the first set of specimens. Figure 3.13 shows the
imperfections like asymmetrical tail and head section of top and bottom plate that could occur during the
manufacturing process.

To avoid this, critical dimensions of the top and bottom plate are measured according to figure 3.14 with
the help of a digital vernier caliper. Measurements were taken three times to minimize the error and the plates
having similar dimensions are chosen to avoid any eccentricity in the connection.

The top plate was named Solid Plates (SP) from 1 to 9. The bottom plate with a diameter of 26 mm was
named as PD-26-1 to 9 and with a diameter of 32 mm as PD-32-1 to 9 where PD stands for plate diameter of
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Figure 3.12: Assembly of specimen before injecting resin

Figure 3.13: Geometrical imperfections due to manufacturing tolerances

Figure 3.14: Critical dimensions of top plate
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26 or 32 mm diameters and the specimen numbers. The top and bottom plates having similar measurements
to each other were matched and the same specimens were used to conduct all the tests.

3.3.3. Injection of resin
Once the plates are positioned horizontally such that the bolt is at the center of the hole clearance and
clamped to the support structure, the resin has to be injected. For injecting the resin, two Perspex glass
side plates were used. Perspex plates had the same dimension as that of the steel plates (60x50x10) and were
placed on either side of the head region of the bottom plate to confine the resin. On the perspex side plate
which was placed on one side of the bottom plate, a hole of 5 mm in diameter was drilled on the bottom right
corner such that the resin was injected directly into the hole clearance. On the perspex plate which was set
on the other side of bottom plate, a hole of 1 mm diameter was drilled on the left top corner such that the
resin overflow through the hole of 1 mm diameter once the entire hole clearance is filled up with resin.

These side plates were fixed to the bottom plate with the help of M8x60 mm bolts and tightened such that
there was no possibility of any air gaps (voids) between the side plate and the head region of the top plate and
thus resin is completely confined.

For specimens where only resin has to be injected, it can be done right away. For specimens with Steel
Reinforced Resin, steel shots are added before injecting the resin. Steel shots are added to the hole clearance
through the air escape path of 5 mm diameter on top of the bottom plate with the help of a funnel and the
steel shots were compacted with a stick such that the entire hole clearance is occupied by the steel shots.

Figure 3.15: a.Injection of resin into the hole clearance. b. Indication of completely filled hole clearance

Steel shots must be added till the hole clearance (the gap between top and bottom plate) is covered by the
steel shots. The 5 mm diameter hole on one of the perspex plates is covered with clay till the hole clearance
is completely covered with the steel shots.

Resin RenGel SW 404 and hardener HY 5159 were weighed and then mixed using a stirrer. The mixture is
poured into a plastic tube with a nozzle of 4 mm diameter and the tube is closed with a cap and is assembled
into a handheld caulking gun.

The resin mixture is injected into the hole clearance through the perspex glass plate of 5 mm diameter
with the help of the caulking gun. The hole clearance is completely filled with resin when the resin overflows
through the 1 mm hole on the perspex plate on the other side and also through the air escape path on top of
the bottom plate.
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Injection of resin should be done at a slow pace to avoid any formation of voids (air gaps) within the hole
clearance as it would lead to incorrect results. Once the hole clearance is completely filled with resin, a 5 mm
hole on the side plate was closed using artificial clay. The specimens were allowed to cure for about 24 hours
before removing the perspex glass side plates.

3.3.4. Correction and finalization of specimen
After 24 hours of curing, the perspex glass side plates were removed. If the resin does not cover the entire hole
clearance as shown in figure 3.16a, the resin mixture is added around the region where the resin is missing
and the excess resin is skimmed off to form a smooth and uniform surface as shown in figure 3.16b.This is
allowed to cure for 3 to 4 hours as the strength and stiffness are obtained within that time.

Figure 3.16: a. Hole clearance not completely filled by resin b. Further addition of resin into the hole clearance

Once the hole clearance is completely covered by the resin without any imperfection, metal side plates
are attached on either side of the head region of the bottom plates. The specimens are named and kept for
testing. This marks the end of the preparation stage of the specimens and the specimens can be tested as
shown in figure 3.17

Figure 3.17: Completed specimen ready to be tested

3.4. Testing of specimens
Hydraulic Wedge Grip Machine in Stevin Laboratory at TU Delft was used to test the specimens in quasi-static
and cyclic loading conditions. Tests are conducted to evaluate the initial stiffness of the joint in quasi-static
loading, the slip obtained in cyclic loading, and the deformation of resin and steel-reinforced resin during the
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cyclic loading. Two LVDTs (Linear Variable Displacement Transducers), one on the sides of the top plate and
one on the sides of the bottom plate were positioned using a quick setting strong glue to measure the relative
displacements of the top and bottom plates (slip).

The specimens were placed vertically such that the lower end of the bottom plate is clamped by the lower
wedge and the force is applied by the upper wedge on the upper end of the top plate as shown in figure 3.18a.

3.4.1. Loading method and control
The specimens were tested under constant amplitude compression loading, i.e the stress ratio (R =σmi n/σmax )
< 1 (for example, R= -10/-100= 0.1 < 1). In a double lap shear connection of injection bolted connections, the
resin is always under compression as shown in figure 3.19 and hence the resin is tested under pure compres-
sion.

Figure 3.18: a. Testing of specimen in Hydraulic Wedge Grip Machine. b. Schematic representation of Hydraulic Wedge Grip
Machine [51]

This test setup enables the transfer of forces from the top plate through the resin to the bottom plate.
This allows the resin to act as a load bearing component. However, the resin cannot be tested in tension as
it would lead to separation of the top and bottom plate. This setup also facilitates the resin/SRR to be tested
under cyclic loading without the formation of cracks as top and bottom plate do not come in direct contact
with each other.

Figure 3.19: Stress distribution on resin in double lap shear joint in IBCs
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Force-controlled loading mode was adapted to test the specimens on the hydraulic wedge grip machine.
Displacement controlled loading is used for static loading to represent the failure of the specimens. However,
here the focus was on the behaviour of resin and steel-reinforced resin under cyclic loading. Hence under
cyclic loading, it is important to control the stress applied.

3.4.2. Stress range
In this research, specimens are tested for three different bearing stress ranges (Table ) to determine the slip
at the given stress range. The long term bearing stress of the resin was taken as fb,r esi n,LT = 200 MPa [24].
Stress ranges (∆σ=σmax −σmi n) of 100, 150 and 200 MPa were adopted for testing of the specimen. Since the
loading of the specimen is done using the force-controlled setting, these bearing stresses have to be converted
into equivalent force and it can be done using the following formula.

σb = Fb

db .tp
(3.1)

Where σb is Equivalent bearing stress [N /mm2], Fb is external load [N], db is bolt diameter [mm] tp is
thickness of the plate [mm].

Max bearing stress
(σmax ) MPa

Min bearing stress
(σmi n) MPa

Stress range
(∆σ) MPa

Fmax

KN
Fmi n

KN
R =σmi n/σmax

125 25 100 75 15 0.2
175 25 150 105 15 0.14
225 25 200 135 15 0.11

Table 3.3: Stress ranges adapted for testing the specimens

The value of R=0 which relates to minimum nominal bearing stress being 0 is avoided as any small error
in the machine would results in a tensile force on the specimens which would result in separation of top and
bottom plates.

3.4.3. Naming of specimens and number of tests
There are two different hole diameters (26 mm and 32 mm), two different types of injection material (Resin
and Steel Reinforced Resin), three different stress ranges, it was important to have a different name for each
specimen so that it becomes easy to identify the results from each specimen. The name of the specimen starts
with the date on which it was made, followed by if the specimens injected with resin (R) or steel-reinforced
resin (SRR), followed by the hole diameter (D26 or D32), followed by the stress range (100, 150 or 200 MPa)
and finally by the specimen number (1,2 or 3).

Injection
material

Nominal hole
clearance (mm)

Nominal bearing
stress range (MPa)

No of specimens

Resin

26
100 3
150 3
200 3

32
100 3
150 3
200 3

SRR

26
100 3
150 3
200 3

32
100 3
150 3
200 3

Total= 36

Table 3.4: Number of specimens tested
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Considering an example, say the specimen prepared was the first specimen with hole clearance of 26
mm, the specimen is made by using Steel Reinforced Resin and with bearing stress of 100 MPa (∆σ=100 MPa)
which translate to a force range of -15 to -75 KN, then we name the specimen as:

Date_SR_D26_100_1
For resin with a diameter of 26 mm and with one particular stress range, 3 different specimens were tested.

There are three stress ranges and two-hole diameters and hence for specimens with resin, 18 specimens were
tested, and similarly, 18 specimens of steel-reinforced resin were tested which adds up to 36 specimens. As
fatigue experiments are prone to scattering, it was important to test these many specimens.

3.4.4. Quasi-static and cyclic loading
After placing the specimens into the wedge grip machine, the specimens were tested in two stages. They are
(1) Quasi-static loading stage and (2) Cyclic loading stage. Same stress ranges are used for both the loading
conditions

In quasi-static loading, the specimens are loaded for 20 cycles at a time period of 20 seconds for each
cycle. Since it is not possible to measure the slip at the tip of the bolt, two LVDTs that are stuck on the sides
of the top and bottom plate measures the relative movement of those plates which gives slip. Data points
are measured every 0.5 seconds and thus initial stiffness which is the slope of force vs displacement curve is
obtained in the second cycle (chapter 4.1). The quasi-static loading step lets the resin set before the start of
cyclic loading.

Once the quasi-static loading step is completed, the setting of the machine is changed to cyclic loading,
the LVDTs readings are set to zero again for measurement of slip during the cyclic loading. Specimens are
loaded until 400,000 cycles as it is assumed that a substantial increase in slip is obtained within this period
and no substantial slip develops after 400,000 cycles. A couple of specimens were tested till 800,000 cycles and
this assumption held true as there was on considerable slip after 400,000 cycles. The specimens are loaded
at a frequency of 2.5 Hz were adopted to avoid hysteresis heating effects which result in the decrease of ulti-
mate strength of the resin which is explained in detail in chapter 2. The American standard ASTM-D7791-12
strongly recommends the frequency of the resin to be 5 Hz or lesser. The specimen is completely unloaded
to a load of 1.5 KN at certain fixed cycles to evaluate the deformation of the resin.

Figure 3.20: Graphical representation of loading cycles

Data points are measured at every 2 seconds (5 cycles) till 1000 cycles and every 2 minutes (300 cycles)
from 1000 cycles to 400,000 cycles. Unloading of the specimens are done at 50, 100, 250, 500, 1000, 2500, 5000,
10 000, 25 000, 50 000, 100 000, 150 000, 200 000, 300 000 and 400 000 cycles to determine the progressive de-
formation of the resin over the cyclic loading by comparing the slip obtained at each of the unloaded points.
This method of data selection and unloading of the specimen was adopted as the rate of change of material
properties are high at the beginning and reduces gradually.

The results of the experiments are discussed in chapter 4.
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4.1. Calculation of initial stiffness from quasi-static loading
The force vs displacement graph obtained for the quasi static loading is shown in figure 4.1. Displacement is
calculated as the average between two LVDT’s on the sides of top and bottom plate. From the figure 4.1 during
the first cycle it can be seen that, there is significant increase in displacement. This is because the resin is a
elasto-plastic material and hence it is subjected to initial setting under application of load. For calculation of
initial stiffness (Ki ni ) the first cycle is neglected and the second cycle is considered. The slope of the loading
line of the force-displacement curve gives the value of the initial stiffness. The slope of the line was calculated
by taking two points which are around the mid point on the line and also using linear regression analysis to
make sure the obtained slope is not sensitive to the points chosen to calculate the slope. The value obtained
from both the methods were almost the same and no significant difference between the two methods were
observed. Hence the slope was calculated by using linear regression method.

Figure 4.1: Force vs displacement curve obtained after Quasi static loading of resin specimen

4.2. Results and interpretation of initial stiffness and final stiffness
Total number of test carried out for different stress ranges are explained in the section 3.4.4. The stiffness
was calculated from the second loading cycle and from the last loading cycle (20th cycle) of quasi static load-
ing. There was no significant change in the stiffness from the second cycle till the 20th cycle. The change

37
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in stiffness is less than 1 percent in quasi-static loading. Appendix C shows all the graphs obtained from the
quasi-static loading phase and the exact value of stiffness obtained for all the test specimens.

The graph above (figure 4.2) shows the variation of initial stiffness with respect to the stress range chosen
for the experiments. It can be seen that the stiffness is independent of the pressure applied as the variation
of stiffness for different stress range is negligible. There is a larger difference in stiffness between D32 to
D26 resin injected specimens when compared to steel reinforced resin. This difference in stiffness for resin
specimens is 26.95% and for SRR specimens is 18.09%. Hence it can be concluded that, the influences of hole
clearance from 26 mm to 32 mm on the stiffness decreases by about 49% when steel reinforced resin are used
over conventional resin. This complies with the slip obtained after the 2nd cycle where the increase in slip
from D26 to D32 is higher for resin injected specimens rather than steel reinforced specimens.

Figure 4.2: Initial stiffness vs stress range for resin specimens (Left). Initial stiffness vs stress range for SRR specimens (Right).

It can be seen from the figure 4.2 that the variation of stiffness with respect to the stress range is insignif-
icant, due to which the difference in stiffness between D26 specimens and D32 specimens are comparable
over its entire tested stress range. This comparison of difference in stiffness can be seen in the figure 4.3. Addi-
tion of steel shots to the resin increases the initial stiffness (Ki ni ) of the connection. On addition of steel shots
to the resin mixture, the initial stiffness of D26 (3 mm hole clearance) specimens on an average increase about
51.48% and this increase in initial stiffness is even higher for D32 (6 mm hole clearance) specimen with about
92.1%. This increase is larger for specimens with 32 mm diameter when compared to 26 mm diameter spec-
imens which is because the volume of steel shots are higher for the same which influences the initial stiffness.

Figure 4.3: Variation of initial stiffness vs diameter of the specimen
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Stiffness was calculated on the second and 20th cycle of quasi static loading (figure 4.4(a) and 4.5(a)).
Even though the stiffness measured at 20th cycle was higher than the stiffness measured at 2nd cycle, the
difference was insignificant with less than 1% for both resin and SRR. The final stiffness K f i n was computed
for the final loading and unloading at 400,000 cycle. There was a considerable increase in stiffness for resin
specimens (figure 4.4(b) and 4.5(b)) which is contrary to the behaviour of metals where the stiffness reduces
as the number of cycles increase due to degradation and damage to the material under cyclic loading. The
increase of stiffness in resin and SRR is attributed to the densification of the resin with increase in number of
cycles. This occurs because, on the molecular level the polymer chain rearranges and the voids in the mate-
rial gets closed leading to to densifiaction of the material [9].

For resin specimens, unloading at certain fixed cycle was not done for stress range of 100 MPa and hence
the final stiffness (K f i n) is only available for stress range of 150 and 200 MPa. For resin specimens with 26
mm hole diameter, the average increase in stiffness over the stress range of 150 and 200 MPa was found to
be 29.165%. Similarly, for resin specimens with 32 mm hole diameter, the average increase in stiffness was
found to be 53.13% . For steel reinforced specimens, the final stiffness reduced for a stress range of 100 MPa
but increased for the other two stress ranges (figure 4.5). On further analysing the progression of stiffness over
number of cycles for the SRR specimens whose initial stiffness was higher than the final stiffness (figure 4.6),
it was found that the stiffness still increased with increase in number of cycles but the initial stiffness from
quasi-static loading was so high that even with the stiffness increase, the final stiffness after 400,000 cycles
could not reached the value of the stiffness obtained after second cycle of quasi-static loading. A reason for
this behaviour could be that highest compaction of the resin could have occurred after the first cycle, after
which on further addition of loading, the densification of resin was minimal resulting in small increase of
stiffness over the cyclic loading. The progression of stiffness is also shown for resin and SRR for other stress
ranges where the final stiffness is higher than the initial stiffness. Here, it can be seen that during cyclic load-
ing, initially the stiffness value is lesser than the initial stiffness, however with increase in number of cycles,
the stiffness increases and reaches a value which is significantly larger than the value of initial stiffness which
can be seen from the figure 4.7. For SRR D26 specimens tested for a stress range of 100 MPa, initial stiffness
was 14.26% higher than final stiffness. For SRR D32 specimens tested or a stress range of 100 MPa, the initial
stiffness was 4.9% higher than final stiffness. For stress range of 150 and 200 MPa, final stiffness was higher
than initial stiffness. For SRR D26 specimens tested under these two stress range, the average increase in
stiffness is 6.935% and for D32 SRR specimens, the average increase is 14.535%. It can be concluded that the
increase in stiffness over number of cycles for SRR specimens is 2.83 times lower than resin specimens.It is
also important to note that the final stiffness was calculated using just the data point at the highest stress and
when the specimen is unloaded completely. Hence the values may not be sufficiently accurate and further
research has to be done on this.

Figure 4.4: Difference in stiffness of first and last cycle of quasi-static loading in resin (Left). Difference in initial stiffness of
quasi-static loading and final stiffness of cyclic loading in resin (Right)
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Figure 4.5: Difference in stiffness of first and last cycle of quasi-static loading in SRR (Left). Difference in initial quasi-static
stiffness of quasi-static loading and final stiffness of cyclic loading in SRR (Right)

Figure 4.6: Initial stiffness from quasi-static loading and progression of stiffness during cyclic loading for SRR_D26_100_1
specimen

Figure 4.7: Initial stiffness from quasi-static loading and progression of stiffness during cyclic loading for (i)R_D32_200_1 (left)
and (ii)SRR_D32_200_1 (right) specimen
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4.3. Failure criterion for cyclic loading
Failure criterion for a typical fatigue test of a material or connection is obtained by plotting a SN curve.
However, this cannot be done for the test setup used in this current study as the specimens are tested in
compression-compression cycle which does not result in formation of cracks in the resin and also the stress
ratio (R) used is different for all the three stress ranges. Hence, a design based criterion is applied to find out
the failure of the tested specimens using three different codes.

According to EN 1090-2, Annex G [21], the displacement should not exceed more than 0.3 mm during
the design life of a structure which is taken as 50 years. A graph of displacement vs log time is plotted and
the curve is extrapolated linearly by drawing a tangent to the curve for a period of 50 years. This criterion is
formulated for creep test where a constant load is applied over a period of time and then extrapolated over
50 years. However, in this study, the specimens are loading under cyclic loading and not under a constant
load. Hence, according to EN 1993-1-9 [20], a connection detail has infinite fatigue life if that detail does not
failure within 5 million cycles. Figure 4.8 shows the failure criterion from EN 1090-2 [21] and EN 1993-1-9
[20]. On combining these two criterion, a tested specimen in this study is considered to the slip resistance
(does not fail) if the maximum slip obtained does not exceed the failure criterion of 0.3 mm within 5 million
cycles. Apart from the above mentioned failure criterion, another additional failure criterion of resin in in-
jection bolted connections under fatigue loading is stated in ECCS recommendations for bolted connections
with injection bolts [17]. This standard states that in addition to the static requirement of 0.3 mm, the dis-
placement during one cycle should not be greater than 0.1 mm under fatigue/ cyclic loading [17]. For this
criterion, slip range is calculated and extrapolated to 5 million cycles to see how many specimens exceeds
this failure criterion of 0.1 mm.

Figure 4.8: (a) Failure criterion for creep loading according to EN 1090-2 [21]. (b) Fatigue strength curve for direct stress range
according to EN 1993-1-9 [20]

Most of the fatigue test (cyclic loading tests) done in this study were up to 400,000 cycles at a frequency of
2.5 Hz. The maximum slip and the slip range is extrapolated for a period of 5 million cycles to determine the
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failure of the specimen. If a specimen failure before 5 million cycles on any one of the two failure criterion,
then the cycle at which the specimen fails is considered to be the fatigue life of that specimens tested for a
specific stress range. The results obtained from extrapolation is discussed in section 4.5.

4.4. Results of cyclic loading
Cyclic loading of specimens with resin and SRR are addressed in this section. For sinusoidal cyclic loading,
the machine provides a range and the average value of the load applied and the measured slip for every data
point measured. The maximum and minimum slip and force can be obtained by the equation below. There
three graphs that are shown for each set of specimens for a particular stress range. One of the graphs shows
that the maximum slip vs number of cycles. Another graphs shows the slip range which is the difference
between maximum and minimum slip vs the number of cycles. Third graphs show the slip (displacement)
remaining on unloading at specific cycles. Number of cycles is plotted on the x-axis and slip (displacement)
is plotted on the y- axis for all the three graphs.

M ax( f or ce, sl i p) = aver ag ev a l u e ( f or ce, sl i p)+ r ang ev a l u e ( f or ce, sl i p)

2
(4.1)

Mi n( f or ce, sl i p) = aver ag ev a l u e ( f or ce, sl i p)− r ang ev a l u e ( f or ce, sl i p)

2
(4.2)

The maximum slip and slip range of three of resin and SRR specimens for a stress range of 100 MPa and
the slip remaining for SRR when unloaded to -1.5 KN at specific cycles as explained in section 3.4.4 are shown
in the graph 4.9. The maximum slip of resin specimens ranges between 0.095 to 0.115 mm after 400,000 cy-
cles. The slip stabilizes of maximum slip is between 25,000 to 75,000 cycles and there is a very small increase
in slip till 400,000 or even to 850,000 cycles as shown in one of the curve in the graph. For SRR specimens
the stabilisation of slip occur between 5,000 to 25,000 cycles which is lesser than the cycles required for resin
specimens to stabilise. The total slip of resin and SRR specimen for the stress range of 100 MPa is given in the
Appendix D. The specimen with steel reinforced resin show 45.64% less slip when compared to the specimen
with just the resin.

Figure 4.9: (a) Maximum slip vs number of cycles for R_D26_100 and SRR_D26_100; (b) Slip range vs number of cycles for
R_D26_100 and SRR_D26_100; (c) Slip remaining after unloading at specific cycles for SRR specimens (Right)
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From the figure 4.9(a). Two of the three curves for SRR specimen have a slip which decreases over time.
This could be because of cyclic strain hardening. On molecular level, during plastic deformation the molec-
ular chains dislocate and new molecular chains are formed which are stronger than the previous molecular
chains this is called strain hardening. In SRR specimens, the molecular chain does not have sufficient space
for dislocation and thus the force required for dislocating the molecular chain goes up and hence the strength
increases over time resulting in decrease in slip. Another hypothesis for this behaviour could be that from the
figure 4.6 in section 4.2, we can see that maximum compaction of resin has already taken place in the second
cycle of quasi-static loading and only small increase in stiffness during the cyclic loading. Because of this
high compaction of resin under first loading cycle, the slip tends to decrease as the highest possible stiffness
is already obtained after the first cycle. It has to be noted that the unloading of the specimen till 1.5 KN is only
done for SRR specimens here.

Figure 4.9(b) shows the decrease in slip range over number of cycles which aligns with the results obtained
in section 4.2 where an increase of stiffness over number of cycles were observed for all the tested specimens.
As the stiffness increases, the resin becomes more dense and hence even through the maximum slip remains
constants after stabilisation of slip occurs, the slip range decreases and this trend can be seen in all the ex-
periments. The plastic deformation (increase of slip over time on unloading to 1.5 KN) increase slightly even
as the slip at Fmax stabilises 4.9(c). This occurs because of ratcheting phenomenon which refers to the accu-
mulation of plastic strain with increase in number of cycles. This occurrence is observed for all the resin and
steel reinforced resin injected specimens which can be seen in graphs further. The remaining slip decreases
only for SRR_D26_100_2 specimen reaching a value of zero remaining slip as the maximum slip also keeps
decreasing without stabilisation of slip for this specimen.

The figure 4.10 show the progression of slip over number of cycle for a nominal bearing stress of 100 MPa
for 32 mm diameter specimens.

Figure 4.10: (a) Maximum slip vs number of cycles for R_D32_100 and SRR_D32_100; (b) Slip range vs number of cycles for
R_D32_100 and SRR_D32_100; (c) Slip remaining after unloading at specific cycles for SRR specimens)

The behaviour of the resin specimens are similar as explained before with their maximum slip being
around 0.16 to 0.23 mm. Two of the three specimens tested for SRR have been plotted as measurements
of one of the specimens had incorrect measurement from the loading machine. They also show a similar
trend with slip decreasing over time for one of the specimen and slip stabilising 5000 to 25000 cycles for the
other specimen. The maximum slip obtained by resin specimens is 2.12 times higher than the slip obtained
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by SRR specimens. Decrease in slip range over number of cycles are observed like before for all the specimens
irrespective of increase of decrease of maximum slip which is in line with the increase in stiffness irrespective
of maximum and minimum slip 4.10(b). The trend of the slip remaining after unloading follows a similar
pattern as for D26 SRR specimens. One of the two specimen shows an accumulation of slip over the number
of cycles even after the maximum slip is stabilised. For the other specimen for which the maximum slip keep
decreasing and does not show stabilisation of slip, the remaining slip also decrease. It is important to note
that, this specific type of behaviour is just observed for just two specimens out of 36 tested specimens for
resin and SRR.

The cyclic behaviour of resin and SRR D26 specimens for a stress range of 150 MPa is shown in figure 4.11.
Good set of sets without much scatter and similar behaviour in terms of stabilisation of maximum slip and
ratcheting is seen for both the specimens. Maximum slip of resin specimens ranges from 0.12 to 0.15 mm and
for SRR specimens slip ranges from 0.08 to 0.1 mm after 400,000 cycles. The increase in slip for resin specimen
31.26% more than steel reinforced resin specimens. Good sets of slip ranges between different specimens is
also seen with the trend being similar to specimens with previous stress ranges which is the decrease of slip
range over number of cycles 4.11(b). Unloading of the specimen till 1.5 KN for both type of specimens are
shown in the figure 4.11(c). An increase of plastic deformation with time even as the maximum slip is sta-
bilised is observed. Different level of ratcheting is observed for the resin/ SRR specimens tested at the same
stress range. For example, the slip remaining at the end of 400,000 for R_D26_150_1 is around 0.5 and for
R_D26_150_2 is around 0.32 even though the stress range is the same. This behaviour could be attributed to
the different degree of compaction of resin under the same stress range which can be seen in different final
stiffness values. For R_D26_150_1 the final stiffness is 1067 KN/mm and for R_D26_150_2 it is 1015 KN/mm.
Similar trend is also seen for SRR specimen. On an average, the slip remaining after unloading at 400,000
cycles is 1.64 times higher for resin than for SRR.

Figure 4.11: (a) Maximum slip vs number of cycles for R_D26_150 and SRR_D26_150; (b) Slip range vs number of cycles for
R_D26_150 and SRR_D26_150; (c) Slip remaining after unloading at specific cycles for resin and SRR specimens

The results for D32 specimens for the stress range of 150 MPa is shown in the figure 4.12.The resin and
SRR specimens are well grouped together with their maximum slip ranging between 0.24 to 0.26 mm for resin
specimens and for SRR specimens, the maximum slip is around 0.125 mm for SRR specimens after 400,000
cycles. The maximum slip of resin specimens are 1.61 times more than SRR specimens after 400,000 cycles.
The stabilisation of the curve and the plastic deformation follow similar trend as before. Decrease in slip
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Figure 4.12: (a) Maximum slip vs number of cycles for R_D32_150 and SRR_D32_150; (b) Slip range vs number of cycles for
R_D32_150 and SRR_D32_150; (c) Slip remaining after unloading at specific cycles for resin and SRR specimens

range over increase in cycles was observed 4.12(b). A clear separation of ratcheting behaviour between resin
and SRR specimens can be observed at this stress range 4.12(c). Good grouping of remaining slip with lesser
scatter was observed with aligns with less scatter obtained in the final stiffness after 400,000 cycles shown
in figure 4.4 and 4.5 which further proofs the hypothesis that the difference in the slip remaining is due to
the difference in the level of compaction of resin under cyclic loading. On an average the slip remaining on
unloading after 400,000 cycles is 3.2 times higher for resin specimens when compared to SRR.

The cyclic behaviour of D26 resin and SRR for the stress range of 200 MPa is shown in the figure 4.13.

Figure 4.13: (a) Maximum slip vs number of cycles for R_D26_200 and SRR_D26_200; (b) Slip range vs number of cycles for
R_D26_200 and SRR_D26_200; (c) Slip remaining after unloading at specific cycles for resin and SRR specimens
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The slip of resin specimen ranges between 0.17 to 0.2 mm and for SRR it is around 0.11 mm. Both the
specimens follow similar trend as before in terms of maximum slip, slip range and ratcheting behaviour. The
increase in slip for resin specimens over SRR specimens is 82.5%. Slip range decreases with increase in num-
ber of cycles. A clear separation between resin and SRR specimens in terms of their ratcheting behaviour is
seen. We can see that better grouping is observed for SRR over resin specimens similar to the previous graphs.
This could be because the volume of resin is lesser in SRR when compared to resin specimens and hence vari-
ability in terms of compaction of resin is lesser for SRR specimens over resin specimens. The slip remaining
at the end of 400,000 cycles on unloading is 3.04 times higher for D26 resin specimens over SRR tested at a
stress range of 200 MPa.

Figure 4.14 shows the behaviour of D32 specimens under cyclic loading tested for a stress range of 200
MPa.

Figure 4.14: (a) Maximum slip vs number of cycles for R_D32_200 and SRR_D32_200; (b) Slip range vs number of cycles for
R_D32_200 and SRR_D32_200; (c) Slip remaining after unloading at specific cycles for resin and SRR specimens

The maximum slip for resin specimens is between 0.25 to 0.31 mm. The slip for R_D32_200_1, the slip
exceeds the failure limit of 0.3 mm around 8700 cycles. For R_D32_200_2, there is a reduction 11.31% in max-
imum slip from 3560 cycles where the slip starts to decrease when compared at the end of the experiment and
for R_D32_200_3, the reduction in slip is 9.085 % in maximum slip obtained from 9400 cycles when compared
to the slip at the end of 400,000 cycles. This behaviour is observed for the first time in resin specimens as this
behaviour was only observed with steel reinforced resin specimens. Two hypothesis can be used to explain
this behaviour. One is that it could also be because of cyclic strain hardening. Due to the higher force range
when compared to the previous specimens, allows for more dislocation of molecular chain and those chains
further obstruct the movement of other molecular chain leading to increase in strength and thus decrease
in slip. The other one could be because the highest difference of about 59.08% increase in stiffness between
the first cycle and 400,000 cycle was obtained for resin specimens tested at stress range of 200 MPa. This
densification of material could result in a higher strength over the cyclic loading leading to decrease in slip.
However, all the three resin specimens showed about the same increase in stiffness from first cycle to 400,000
cycle. For SRR specimens, the slip ranges between 0.13 to 0.15 mm. It can be that for only one out of the three
curves show am decrease in slip and this decrease in slip is only found between 5000 to 25000 cycles after
which the slip stabilises just like the curves for other two specimens, the above mentioned two hypothesis
could be valid in this case of SRR specimens. However, further investigation is required on this resin and SRR
behaviour of decrease in maximum slip with increase in number of cycles at stress range of 200 MPa. The slip
obtained for resin specimens are 1.4 times higher than the slip obtained for SRR specimens.
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The progression of slip range over number of cycles is shown in the figure 4.14(b). Here, it is interest-
ing to note that the decrease in slip range over number of cycles is more steeper for the two sets of resin
specimens which show a decreasing trend of maximum slip. On analysing the stiffness for all the three resin
specimens, a lesser increase in stiffness were observed for specimen whose slip decreased steeply. Here it
can be concluded that the decrease in maximum slip results in a steeper decrease of slip range for the resin
specimens. This behaviour is just observed for these two resin specimens (R_D32_200_2 and R_D32_200_2.
Figure 4.14(c) shows the slip remaining after unloading to 1.5 KN over number of cycles. Good sets of results
are obtained for SRR specimens with very minimal scatter. Whereas, for resin specimens, since there is a
decrease in slip for two out of three tested specimens, there is a significant difference between the remaining
slip of R_D32_200_1 which is around 0.17 mm when compared to R_D32_200_2 and R_D32_200_3 where the
slip remaining is around 0.08 mm after 400,000 cycles. Because of this, a comparison of slip remaining after
400,000 cycles between resin and SRR cannot be done in this particular case.

The cyclic loading of resin and SRR specimens show good co relation between the three tested specimen
without showing much scatter in the results which was on the drawback in K. Roupakas [51] work. Two out of
five SRR specimens tested for a stress range of 100 MPa showed a drastically decreasing slip with increase in
number of cycle which was only found for those two SRR specimens 4.9 and 4.10. Further studies are required
to analysis and understand the decrease in slip with increase in number of cycles for resin and SRR. A com-
mon trend of decrease in slip range over number of cycles was observed for all the tested specimens which is
in agreement with the conclusion made on analysing the stiffness over number of cycles, where increase in
stiffness over number of cycles were observed for all the tested specimens irrespective of their diameters and
the tested stress ranges. The slip remaining on loading to -1.5 KN showed a similar behaviour of increase of
(accumulation) of slip even after the stabilisation of the maximum slip which can be attributed to the ratch-
eting behaviour of resin and SRR. The slip remaining on unloading at the end of 400,000 cycles was 2.36 times
higher for 26 mm resin specimens over SRR specimens and 3.16 times higher for 32 mm resin specimens over
SRR specimens.

4.5. Failure of specimen
It can be seen from the previous section that the failure criteria of 0.3 mm for maximum slip and 0.1 mm for
slip range was not reached by all the specimens up to 400,000 cycles. In this section, graphs are extrapolated
for 5 million cycles to see if the tested specimens exceed a maximum slip of 0.3 mm and slip range for 0.1
mm for the design life of 5 million cycles. Many specimens have exceeded 0.1 mm during the cyclic loading
and hence the cycles at which the specimens exceeds these failure limits and thus their fatigue life has been
addressed below.

The graph above (figure 4.15) shows the extrapolation of resin specimens. It can be seen that one speci-
mens for a stress range of 200 MPa has failed. The other two specimens which are tested at 200 MPa has its
slip decreasing drastically over time. More tests has to be done at this stress range to see if the same behaviour
occurs as explained in the previous section. It can be concluded that the resin specimens with 26 mm diam-
eter has infinite fatigue life for all the tested stress ranges and for resin specimens with 32 mm diameter, just
one specimen tested at the stress range of 200 MPa failed at 3009 cycles (R_D32_200_1) and none of the other
specimen exceeded the failure criterion of 0.3 mm.

Failure criterion of maximum slip exceeding 0.3 mm
Failed specimen Stress range (MPa) Fatigue life of the specimen
R_D32_200_1 200 (-25 to -225) 3009 cycles

Table 4.1: Fatigue life of specimens which exceeds the failure criterion of maximum slip greater than 0.3 mm

For steel reinforced resin specimens (figure 4.16), the maximum slip obtained over a span of 5 million cy-
cle is much lesser than resin specimens so much so that the slip at maximum stress range is about 0.15 mm.
There is a drastic reduction in slip for the lower stress range of -25 to -125 MPa. For the other two stress ranges,
the slip is almost stable and does not show rapid increase or decrease when extrapolated over its lifetime. It
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Figure 4.15: Extrapolation of slip range of resin specimens to 5 million cycles for failure criterion of 0.3 mm

can be concluded that for SRR specimens, all the tested stress range are safe over its lifetime. It would be in-
teresting to check the behaviour for a higher stress range of 450 MPa or above. The study done by L. Bucking
[9] on the material level shows that on extrapolating the graph for 50 years, steel reinforced specimens failed
for a maximum compressive stress of 450 MPa and the resin specimen failed at maximum compressive stress
of 135 MPa.

Figure 4.16: Extrapolation of slip range of SRR specimens to 5 million cycles for failure criterion of 0.3 mm

But as mentioned in the section 4.3, an addition failure criterion stated in ECCS recommendation of
bolted connection with injection bolts [17], the displacement under fatigue loading should not exceed 0.1
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mm during any one of the cycles. The difference between the maximum and minimum slip was calculated
and the result were extrapolated to 5 million cycles to see if the slip in one cycle exceeded 0.1 mm. This cri-
terion proved to be a little too aggressive especially for oversized hole clearance.The figure 4.17 shows the
extrapolation of slip range to 5 million cycles for resin specimens. From the figure, we can see that the slip
range decreases over time, this aligns with the discussion in the previous section that there is a increase in
stiffness with increase in number of cycles and hence the slip range decreases over time. Resin specimens
with 26 mm diameter failed at stress range of 200 MPa with the maximum displacement recorded in one cy-
cle was around 0.13 mm and for resin specimens with 26 mm diameter tested at 150 MPa had a maximum
displacement of around 0.096 mm which us just less than 0.1 mm. Resin specimens of 32 mm diameter failed
at the stress range of 150 MPa with their maximum displacement in one cycle being around 0.135 mm and
for the stress range of 200 MPa, their displacement was found to be around 0.19 mm. Resin specimens with
26 mm diameter has infinity fatigue life when tested at stress ranges of 100 MPa and 150 MPa and resin spec-
imens with 32 mm diameter has infinite fatigue life only for a resin range of 100 MPa. The table 4.2 below
shows the fatigue life of failed resin specimens and it can be seen that almost all of the specimens failed at a
very early stage, almost on the onset of loading.

Figure 4.17: Extrapolation of slip range of resin specimens to 5 million cycles for failure criterion of 0.1 mm

Failure criterion of slip range exceeding 0.1 mm
D26 resin specimens D32 resin specimens

Failed specimen Stress range (MPa) Fatigue life Failed specimen Stress range (MPa) Fatigue life

R_D26_150- Infinite fatigue life
R_D32_150_1 150 (-25 to -175) 120 cycles
R_D32_150_2 150 (-25 to -175) 30 cycles
R_D32_150_3 150 (-25 to -175) 22 cycles

R_D26_200_1 200 (-25 to -225) 22 cycles R_D32_200_1 200 (-25 to -225) 15 cycles
R_D26_200_2 200 (-25 to -225) 47 cycles R_D32_200_2 200 (-25 to -225) 27 cycles
R_D26_200_3 200 (-25 to -225) 18 cycles R_D32_200_3 200 (-25 to -225) 14 cycles

Table 4.2: Fatigue life of resin specimens which exceeds the failure criterion of slip range greater than 0.1 mm

The figure 4.18 below shows the extrapolation of the slip range for SRR specimens till 5 million cycles.
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Failure criterion of slip range exceeding 0.1 mm for SRR specimens
Failed specimen Stress range (MPa) Fatigue life of the specimen
SRR_D32_200_1 200 (-25 to -225) 363 cycles
SRR_D32_200_2 200 (-25 to -225) 366 cycles
SRR_D32_200_3 200 (-25 to -225) 25 cycles

Table 4.3: Fatigue life of SRR specimens which exceeds the failure criterion of slip range greater than 0.1 mm

Even for SRR specimens, decreasing slip range over number of cycles is observed but the decrease in slip
range is not as drastic as resin specimens which also aligns with the discussion in the previous section that
the increase in stiffness over number of cycles is grater for resin specimens rather than SRR specimens. For
SRR, specimens with 26 mm diameter does not exceed displacement of 0.1 mm during any of its cycles and
hence all the SRR specimens with 26 mm diameter is considered to have infinite fatigue life. The maximum
displacement recorded in a single cycle is 0.0918 mm for the stress range of 200 MPa. For the SRR specimens
with 32 mm diameter, failure criterion of 0.1 mm was exceeded when tested at a stress range of 200 MPa and
the maximum displacement in one cycle was 0.101 mm just above the failure criterion. Hence, SRR speci-
mens with 32 mm diameter has infinite fatigue life for stress ranges of 100 and 150 MPa and the fatigue life of
SRR specimens with 32 mm diameter for a stress range of 200 MPa is shown in the table 4.3 below.

Figure 4.18: Extrapolation of slip range of SRR specimens to 5 million cycles for failure criterion of 0.1 mm

From the graphs and explanations above, we can see that just by incorporating failure criterion given in
EN 1090-2, Annex G [21], only resin specimens with 32 mm diameter failed at the stress range of 200 MPa
and moreover the SRR specimens did not even com close to the failure limit. But in addition to the above
mentioned failure criterion, when the failure criterion mentioned in ECCS recommendation [17] is also in-
corporated, the resin specimen with 26 mm diameter failed at a stress range of 200 MPa. Whereas, resin
specimens with 32 mm diameter failed at a stress range of 150 MPa. For SRR, no failure was seen for 26 mm
diameter specimens but the 32 mm diameter specimens failed at a stress range of 200 MPa. Since the speci-
mens either fails within a few cycles almost on the onset of loading or the specimens have infinite fatigue life,
it is not possible to plot SN curves for resin and SRR specimens.
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4.6. Defects in specimen
A few specimens showed inappropriate increase in displacement (slip) as early as the first loading cycle in
Quasi static loading phase and thus an increased level of slip during their cycle loading Figure 4.19 and 4.20.
On visual inspection of the specimen after the test, it was seen that there were large air inclusions (voids) in
the resin 4.21. These voids have a significant impact on the strength and stiffness of the resin.

Figure 4.19: Quasi static loading of defected specimen

Figure 4.20: Cyclic loading of defected specimen

Voids could occur during injecting the resin into the specimen due to mechanical trapping of air and the
pressure of injecting the resin or they can be formed due to shrinkage of resin during the curing process.
When resin is injected in an confined environment and left for curing, the void then moves up to to the top
due to buoyancy effects and relatively low viscosity of the resin [14]. The void that was observed here, was a
large one at the middle of the resin. This could be because the air was trapped because of high pressure while
injecting the resin into the specimen with the help of a hand held injecting gun. Care was taken to inject the
resin slowly and in fixed intervals so that the resin can flow smoothly and the air inclusions could be avoided.
Skilled labour or standard injecting procedure is required for the injection of resin into the hole clearance as
little amount of air inclusion within the resin could cause a significantly influence the slip of the connection.
On injecting the resin, it is not possible to know if there are any air inclusion within the resin by visual inspec-
tion and an X-ray scan would be needed to check this and hence it becomes important that sufficient care is
taking while injecting the resin.
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Figure 4.21: Voids in resin

4.7. Summary of experimental results
• On addition of steel shots to the resin, the initial stiffness (Ki ni ) increases by 51.5% for specimens with

an oversize of 3 mm (D26 specimens( and 92.1% increase for specimens with an oversize of 6 mm (D32
specimens).

• All the tested specimens showed an increase in stiffness over number of cycle due to compaction of
resin under loading. This increase in stiffness is 2.83 times higher for resin specimens over SRR speci-
mens.

• Good sets of results with less scatter was obtained during cyclic loading of the specimens which was a
major drawback of the previous study.

• Slip range showed the same decreasing trend over increase in number of cycles for all the tested spec-
imens. Ratcheting behaviour was also seen for the specimens when unloaded to -1.5 KN. The slip re-
maining on unloading of the specimens was 2.36 times higher for D26 resin specimens over SRR speci-
mens and 3.16 times higher for D32 resin specimens over SRR specimens.

• From both the failure criterion considered, resin specimens with 26 mm diameter had an infinite fa-
tigue life for stress ranges of 100 and 150 MPa and for resin specimen with 32 mm diameter, only spec-
imens tested at 100 MPa had infinite fatigue life. For SRR specimens with 26 mm diameter had infinite
stress fatigue life for all the tested stress ranges and SRR with 32 mm diameter had infinite fatigue life
upto 150 MPa. The specimens which exceeded the failure criterion did so at a very early stage of the
experiment almost at the onset of loading.
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Numerical modelling

The numerical modelling of the test setup was modelled in an FEM software ABAQUS. The model was made to
determine the friction coefficient between the steel and resin in injection bolted connection using the tailor-
made test setup. The initial stiffness (Ki ni ) was computed by varying the friction co-efficient of the model
such that the stiffness obtained from the model is close to the experimentally obtained values for all the three
stress ranges chosen for the experiment. The difference in Young’s modulus because of using two different
hardener in the experiments are also verified by modelling the test setup with both the input material prop-
erties and comparing them to the experiments. Verification of the test setup to the double lap shear joints
are carried out. Loading and unloading of one cycle was modelled and the hysteresis loop are compared with
the experiments for resin and steel reinforced resin. This section describes the modelling procedure and the
results obtained from modelling.

5.1. Modelling of test setup
The entire test setup was modelled for both the diameters of 26 and 32 mm hole clearances without any sim-
plifications. The dimensions of top plate, bottom plate side plates and M8 Hex bolts which are shown in the
figure 5.1 are same as those explained in section 3.1. Few of the differences from the test setup to the model
in terms of the geometry was that the M8 Hex bolts were modelled without any threads. Since these bolts
does not restrain the movements of either the top or bottom plates rather helps in attaching the side plate,
the simplification would not alter the results. The other simplification was the presence of air escape path
on the bottom plate was not modelled as the air escape path was designed to avoid voids during injection
of the resin and also the numerical model focuses on the behaviour of the resin and the interaction between
the steel and resin. Hence, this simplification is also justified. Finally, it was assumed that the resin fills up
the area between the top and bottom plate completely and the possibility of small voids occurring during the
injection process was discarded as the dimensions and positions of voids cannot be predicted.

The materials properties of resin and steel reinforced resin needed for modelling were derived from ma-
terial models according to H. Xin [36] and M. H. Nijgh [25]. The derived input material parameters are sum-
marized in Appendix B. Drucker Prager pressure dependent yield criterion is adopted to model the non linear
behaviour of resin and steel reinforced resin as they sensitive to hydro static stress [33]. Drucker Prager hard-
ening plastic criterion is used to simulate the resin damage and the cohesive surfaces reflecting the relation-
ship between traction and displacement at the interfaces [51] [25]. An elastic response for material properties
for steel is chosen as the stress applied does not reach the yield limit of the steel used.

After assembling all the drawn part according to the test setup, to define the interaction between all the
part, a general contact was chosen. It is the simplest form of defining the contact [56]. The contact property is
chosen as tangential behaviour and normal behaviour. "Tangential behaviour" deals with friction and elastic
slip between the contact elements. "Penalty" option is chosen in tangential behaviour where an elastic slip
(relative motion) between the contact surface is permitted [56] and different friction coefficients were cho-
sen for resin to steel interaction which will be discussed further (section 5.2). Friction co-efficient of 0.5 was

53
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Figure 5.1: (a) Top plate (b) Resin/SRR (c) Side plate (d) M8 Hex bolts (e) Bottom plate (f) Assembled model of test setup

chosen for steel to steel interaction of side plate and the top and bottom plates and a friction co-efficient of
0.3 was chosen for interaction of side plate and resin. "Hard behaviour" is selected with default setting which
minimizes the penetration of the slave surface into the master surface at the constraint locations and does
not allow the transfer of tensile stress across the interface [51]. M8 bolts are drawn without threads and the
bolt is drawn along with the nut and hence there is no need to define any tie constrains.

Boundary condition is given according to the test. The bottom face of bottom plate is completely fixed in
all the direction which does not allow the displacement and rotation in any direction. The force is applied in
vertical U2 direction from the top plate in loading step.

The model was meshed using tetrahedron elements (C3D4) because of its complex geometry. Two differ-
ent mesh sizes were used. A relatively smaller mesh size of 1 mm was used where the steel plates comes in
contact with the resin, near the hole diameter in the bottom plate to fix M8 bolts and the resin itself. Mesh
size of 5 mm was used for the all the other regions of the model. Mesh sensitive analysis was done to ensure
that the results obtained were independent of the mesh size provided.

5.2. Static loading and calibration of friction coefficient
The static loading of the model was up to the three different maximum stress to which the experiments were
designed for (section 3.4.2). The static modelling was done to analyse the force-displacement graph obtained
for different friction coefficients from the numerical model and compare it to the loading phase of second
loading cycle (linear branch) obtained from quasi-static phase of the experiments and thus compare the
stiffness from the models with the experiments. The static modelling was also done to validate the mate-
rial models obtained by [36] and [25]. It is important to note that there was a change in modulus of elasticity
for the resin hardener mixture while using hardener HY 2404 and HY 5159 which is not true according to the
manufacturer. The numerical model also validates the newly obtained value of modulus of elasticity by the
experiments done at TU Delft for the resin-hardener mixture of RenGel SW 404+HY 5159.

The force-displacement graph is obtained by adding the reaction force of all the nodes on the bottom
plate which gives the total force acting on the model. The displacement is calculated in the same way as ob-
tained in the experiments. The positions of LVDTs placed on the top and bottom plates in the experiments
is approximated in the model and the values of displacement (U2) is obtained from the nodes of the approx-
imated LVDT positions. This relative displacement of top and bottom plates gives the displacement in the
resin.

J. Correia et.al [30] adopted a friction coefficient of 0.3 to model single lap shear joint using resin injected
bolts where the steel used for the connection was from Trezoi bridge and the material was cleaned before
testing. L. Bucking [9] found out the friction coefficient for resin specimens to be 0.5 and for SRR specimens
to be 0.34 for her test setup in which the resin/SRR specimens were placed within a cylindrical mould. K.
Roupakas [51] who studied the fatigue behaviour of resin and SRR specimens using his tailor made setup
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adopted a frictionless contact between steel and resin as the steel surface was sprayed with a releasing agent
which prevents adhesive bonding/

Material models for resin and SRR was derived for two types of flows depending on the compressabil-
ity in the plastic region of the material- (i) Associative flow (ii) Non-dilatant flow. Non-dilatant flow states
that the material is not compressable under the influence of the load. In other words, the change in volume
is zero. Static loading of three different stress ranges were modelled for associative and non-dilatant flow.
Four different friction coefficients were adopted for interaction between steel and resin for resin specimens-
(i) frictionless (ii) 0.05 (iii) 0.1 (iv) 0.2 and three different friction coefficient was chosen for SRR specimens-
(i) frictionless (ii) 0.1 (iii) 0.2. These values were adopted on the basics that the release agent was sprayed
before injecting the resin. This prevents adhesive bonding of the resin and steel. The lower bound value
of frictionless interaction is a theoretical behaviour. Whereas, in the current experimental setup in spite of
adding the release agent, there will be some friction present between the steel plates and the resin. The upper
bound value of friction coefficient of 0.2 was adopted in order to have a lesser friction co-efficient than the
one chosen for interaction of resin with side plates (friction coefficient of 0.3) where the release agent was not
applied. The load-displacement curve were plotted for all the friction coefficients and the obtained stiffness
was compared with the experimental results.

Comparison of associative flow and non-dilatant flow models are shown in the figure 5.2 below.

Figure 5.2: Comparison of associative flow and non-dilatant flow models with 0.05 friction co-efficient for resin specimen
models and 0.1 friction co-efficient for SRR specimen models

The maximum stress applied was chosen for this comparison as the maximum difference in both the
models are seen at the highest stress applied (225 MPa). The models with friction coefficients of 0.05 for resin
to steel interaction and 0.1 for steel reinforced resin to steel interaction was chosen for this comparison. It
can be seen that there is no significant difference in load-displacement curve for associative and non-dilatant
models for two different diameters of 26 mm and 32 mm upto a maximum stress of 225 MPa (135 KN). The
table 5.1 shows the stiffness obtained from both the models for three stresses of 125, 175 and 225 MPa for
a friction coefficient of 0.05 for resin and 0.1 for SRR which are compared with the stiffness obtained from
experiments.

The maximum difference between both the models is seen for models with a larger diameter of 32 mm
(hole clearance of 12 mm) which can be seem in the stiffness presented in the table 5.1. It is because of the
higher volume of resin in the hole which can be compressed. However, it can be concluded that the differ-
ence in associative flow and non-dilatant flow models are negligible for the highest tested maximum stress
of 225 MPa. Similar trends were observed for models with different friction coefficients (Appendix E). Larger
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Name of the specimen
Stiffness for associative
flow (KN/mm)

Stiffness for non dilatant
flow (KN/mm)

Stiffness from
experiments (KN/mm)

R_D26_100 915,109 911,836 874,97
R_D26_150 894,357 889,522 867,703
R_D26_200 861,929 853,967 833,505
R_D32_100 647,917 647,471 585,53
R_D32_150 615,056 611,172 610,2067
R_D32_200 574,158 563,806 573,49
SRR_D26_100 1304,351 1304,335 1287,533
SRR_D26_150 1298,013 1294,337 1278,1655
SRR_D26_200 1287,069 1272,4738 1301,0015
SRR_D32_100 1085,676 1085,042 1133,911
SRR_D32_150 1066,737 1055,538 1046,751
SRR_D32_200 1042,036 1015,145 1093,555

Table 5.1: Comparison of stiffness obtained experiments and from material models of associative and non-dilatant flow

difference between both the flow models can be seem when loaded to a higher load level (750 MPa).

The figures below show the force-displacement curves for the resin and steel reinforced resin obtained
by varying the friction coefficients of the numerical model and comparison is made to the loading phase
of second cycle in quasi-static loading (excluding the non-linear part) obtained from the experiments. The
force-displacement graphs (left) is shown for the highest stress of 225 MPa (135 KN) for which the tests were
designed for. Similar trends were observed for the lower two stresses of 125 and 175 MPa. The graph on the
right shows the stiffness obtained by the numerical models with different friction coefficients and the stiffness
averaged over three experiments per stress range over the three tested stress ranges. from the figures 5.2, 5.3,
5.4 and 5.6, it can be seem that the numerical model with a friction coefficient of 0.05 for steel to resin interac-
tion and a friction co-efficient of 0.1 for steel to SRR interaction fits closely to the force-displacement curves
and thus the stiffness obtained from the experiments. Having two different friction coefficients for resin and
SRR when tested under the same experimental setup can be attributed to the fact that on application of load
on the specimen, the steel shots which are injected into the resin would come in contact with the surfaces
of the steel plate which results in a higher friction coefficient for steel reinforced resin when compared to
the conventional resin. For SRR specimens with 32 mm diameter, the curves obtained from experiments are
more closer to the curves obtained for a friction coefficient of 0.2. This further illustrates that the steel shots
coming in contact with the steel plates could result in higher friction between steel to SRR interaction as more
steel shots would come in contact with the steel surface for larger diameter specimens.

Figure 5.3: Comparison of force-displacement curve between experiments and numerical model of different friction coefficients
for R D26 200 (Left); Comparison of stiffness between experiments and numerical models for resin specimens with 26 mm

diameter (Right)
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Figure 5.4: Comparison of force-displacement curve between experiments and numerical model of different friction coefficients
for R D32 200 (Left); Comparison of stiffness between experiments and numerical models for resin specimens with 32 mm

diameter (Right)

Figure 5.5: Comparison of force-displacement curve between experiments and numerical model of different friction coefficients
for SRR D26 200 (Left); Comparison of stiffness between experiments and numerical models for SRR specimens with 26 mm

diameter (Right)

Figure 5.6: Comparison of force-displacement curve between experiments and numerical model of different friction coefficients
for SRR D32 200 (Left); Comparison of stiffness between experiments and numerical models for SRR specimens with 32 mm

diameter (Right)

The figures 5.7 and 5.8 show the variation in stiffness obtained for numerical models with hardener HY
2404 and HY 5159 as input parameters (Appendix B). The stiffness shown in the graph were obtained for
associative flow model with friction coefficient of 0.05 for resin and 0.1 for SRR as it closely aliened with
the experimental as explained earlier. It can be seen from the graphs that the stiffness obtained using HY



58 5. Numerical modelling

5159 numerical model matches closely with the experimentally obtained stiffness values rather than HY 2404
model. The difference in the experimental values and HY 5159 model ranges from 0.11% and 5.6% with their
median at 2.7%. Whereas, this difference between the experiments and HY 2404 model was higher with the
difference ranging between 9.7% to 23.02% with their median at 15%. To get the stiffness values closer to the
experimental results using the material model of HY 2404, unreasonably high friction coefficient of 0.5 for the
interaction of resin and steel and 0.55-0.6 friction coefficient for the interaction of SRR and steel. these are
very high friction coefficients that cannot occur in this current test setup especially when releasing agents are
added before the preparation of test specimens. With these data, it can be clearly seen that the HY 2404 and
HY 5159 have different material properties when added to the resin contrary to the manufacturer. This was
experimentally determined from the previous studies which is now verified by comparing the results of both
the numerical model to the experimentally obtained results using realistic friction coefficients in this study.

Figure 5.7: Comparison of stiffness between numerical models for hardener HY 2404, HY 5159 and experiments for resin
specimens with 26 mm diameter (Left); resin specimens with 32 mm diameter (Right)

Figure 5.8: Comparison of stiffness between numerical models for hardener HY 2404, HY 5159 and experiments for steel
reinforced resin specimens with 26 mm diameter (Left); SRR specimens with 32 mm diameter (Right)

5.2.1. Verification of test setup with double lap shear joint
The geometry of the specimen was chosen in a way that the stresses experienced by the resin could resemble
the bearing stress experienced by an injection bolted connection under double lap shear joint. The figure
below shows the representation of IBC under double lap shear joint and the test setup chosen for this study.

The longitudinal bearing stress of double lap shear joint is obtained from M. Nijgh work [44] and com-
pared to the model of the test setup of this study. The model with 26 mm hole diameter with resin char-
acteristics is loaded to an equivalent long term bearing stress of 200 MPa (σb,r esi n= 200 MPa) which is in
accordance with the research by A. Koper et.al [24]. The longitudinal bearing stresses are measured along the
circumference of the resin. The comparison of longitudinal bearing stresses between the double lap shear
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Figure 5.9: Double-lap shear test cf. EN 1090-2 Annex G/K [18] [45] (Left); Test setup used in this study (Right)

joint and the stresses in the vertical direction (S22) of the test setup which reciprocates the bearing stress is
shown in the figure 5.10 (left) and the counter plot of stress S22 on the resin along with the path chosen to
calibrate them is shown in the figure 5.10 (right). It can be seen from the figure that the stresses along the
resin in the test setup closely follows the stresses along the resin in double lap shear joint. The highest stress
is obtained at the center of the resin which is 218.59 MPa for the test setup and 198.94 MPa for double lap
shear joint. This difference of about 9.8% higher value of stress obtained in the test setup can be attributed to
the fact that in double lap shear joint, certain amount of force is transferred by the friction between the plates
that are in contact. Whereas, in the current test setup the load applied is directly transferred to the resin. it
can be seen that similar results were observed by K. Roupakas [51] using his test setup.

Figure 5.10: Comparison of longitudinal bearing stresses along the curvature of resin between double lap shear joint and the
test setup used in this study(Left); Counter plot of stress S22 and the path along the curvature of resin (Right)

Distribution of longitudinal bearing stresses across the resin which depicts the length of the bolt for dou-
ble lap shear joint and the test setup is shown in the figure 5.11. It can be seen from the figure that the stress
distribution along the bolt length is more or less uniform. This is in accordance with the Eurocode EN 1993-1-
8 [18] which states that for a double lap shear joint the nominal bearing stress distribution can be considered
uniform if the ratio of clamped length of the bolt to the bolt diameter is less than 3 (l/d < 3). If the ratio is
greater then uneven stress distribution has to be considered due to bending of bolt.
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Figure 5.11: Comparison of longitudinal bearing stresses along the bolt length of resin between double lap shear joint and the
test setup used in this study(Left); Counter plot of stress S22 and the path along the bolt length of resin (Right)

5.3. Loading and unloading of the test setup
With the current material model used to describe resin and steel reinforced resin, it becomes difficult to
predict the fatigue properties of these materials as the model does not take progressive damage into account
under fatigue loading, Hence, an effort is made to model loading and unloading (1 cycle) of the test specimen,
The area under hysteresis loop which gives the energy dissipated by resin and SRR obtained from experiments
is compared with associative and non-dilatant flow material models to determine which flow better fits the
test setup chose for this study. The friction coefficient of 0.05 for resin to steel interaction and 0.1 for SRR to
steel interaction is chosen as these value best fit the results for static modelling as explained in the previous
section. The area under the hysteresis loop is calculated in Excel using the Trapezoidal Rule by which the area
under loading curve is subtracted by area under unloading curve to give area enclosed by the hysteresis loop.
The figures 5.12 and 5.13 below shows the hysteresis loop and thus the energy dissipated for the second cycle
of quasi-static loading and the numerical models.

Figure 5.12: (a) and (b) Comparison of hysteresis loop obtained from 2nd cycle of quasi-static loading from experiments and
one loading cycle of associative and non-dilatant flow from numerical for R D26 200 and R D32 200 specimens respectively; (c)

Comparison of dissipated energy from the obtained hysteresis loop
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It can be seen from the graphs that good co-relation of hysteresis for one cycle is obtained between the
experiments and the numerical model. Not much difference was seen between non dilatant model and as-
sociative model. On closer examination of the area under the graph which gives the energy dissipated by
the material (5.12(c) and 5.13(c)) shows that the dissipated energy of non-dilatant model is more closer with
the experimentally obtained dissipated energies from the second cycle of quasi-static loading with means
stress of 200 MPa. A common trend was observed in energy dissipated between the numerical models and
experimental results for resin and SRR with 26 and 32 mm hole diameter in which the dissipated energy pre-
dicted by the model was always less than obtained from experiments. For resin specimens with 26 mm hole
diameter, the associative model showed 56.1% less dissipated energy and the non-dilatant model showed
34.1% less dissipated energy when compared to the mean dissipated energy over three experiments. For
resin specimens with 32 mm hole diameter, this difference was reduced with with associative model having
15.31% and non-dilatant model having just 1.09% lesser dissipated energy than the experimental results. The
difference in dissipated energies for SRR specimens had an higher difference between experiments and nu-
merical model with associative model predicting 124.08% and non-dilatant model predicting 41.27% lesser
than experiments for SRR specimens with 26 mm diameter. For SRR with 32 mm hole diameter, the associa-
tive model showed 55.52% and non-dilatant model showed 6.16% lesser dissipated energy when compared
to the experiments. Hence, it can be concluded that the difference in dissipated energy between numerical
model and experiments are lesser for specimens with 32 mm hole diameter in general and resin specimens
in specific and non-dilatant model fits best with the experimentally obtained results.

Figure 5.13: (a) and (b) Comparison of hysteresis loop obtained from 2nd cycle of quasi-static loading from experiments and
one loading cycle of associative and non-dilatant flow from numerical for SRR D26 200 and SRR D32 200 specimens

respectively; (c) Comparison of dissipated energy from the obtained hysteresis loop

5.4. Summary of numerical modelling
• The stresses experienced in the current test setup is similar to that of the stresses experienced by the

resin of injection bolted connection under double lap shear joint

• No significant difference was observed between the material models of associative and n0n-dilatant
flows upto a stress of 225 MPa and this is expected to change when tested at a higher stress.

• Friction coefficient of 0.05 best suited for interaction between resin and steel and friction coefficient of
0.1 best suited for interaction between SRR and steel,



62 5. Numerical modelling

• On comparing the dissipated energy on modelling one cycle using associative and non-dilatant mate-
rial models to the second cycle of quasi-static loading from experiments, even though the difference
was small, non-dilatant flow model had a better fit with the experimental results,

• Numerical model using material properties of hardeners HY 2404 and HY 5259 obtained experimentally
from previous studies was modelled and it was found that the results obtained in from the experiments
conducted in this study resembled close to the material model with HY 5159 and unrealistically higher
friction coefficients were needed when to get similar results from using numerical model of HY 2404.
Hence, it was verified that modulus of elasticity does change when using two different hardener which
was experimentally shown in the previous studies.



6
Discussion

This chapter deals with comparing the results obtained in this study to the previous studies conducted at TU
Delft. K. Roupakas [51] conducted fatigue loading on his test specimen to determine the fatigue behaviour
of resin and SRR. His study resulted in scatter in fatigue results and no conclusive results were obtained. In
this study, the test setup was modified by the addition of an air escape path, attaching the bolt to the top
plate, and minimizing the manufacturing tolerances of the test setup choosing the dimensions of the top and
bottom plate which had the best fit. This reduced the scatter in the test results and meaningful conclusions
are drawn from the experiments.

L. Bucking [9] studied the behaviour of resin and SRR to fatigue loading on the material level. During
monotonic tests on resin and SRR, a stress plateau was observed around 150 MPa which can be seen in the
graph shown below 6.1(a). One of the hypotheses was that the stress plateau was due to the yielding prop-
erties of the resin itself and the other hypothesis was the confinement used for testing the resin could yield.
From this study, it can be proven that the stress plateau is not related to the material behaviour of resin such
as yielding of resin but rather it has to something with the confinement used to test the resin as no such stress
plateau’s were observed in the confined environment under quasi-static loading of this study at the stress of
150 MPa for any of the specimens tested.

Figure 6.1: (a) Graphs from experiments on resin under monotonic loading indicating stress plateau and graph obtained from
FEM modelling [9]; (b) Graph obtained from quasi static experiments from this study

From chapter 4, it can be seen that the stiffness of the resin and SRR increase with the increase in the num-
ber of cycles which is related to the densification of the material. L. Bucking [9] stated that the densification of
resin could lead to a formation of a gap between the resin and the bolt in a double lap shear joint connection
which would cause sudden slip when non-preloaded bolts are used and the connection could be suscepti-
ble to corrosion. However, no such gap formation was reported in the literature with IBC with nominal hole
clearance, with oversized hole clearance due to larger resin volume and a larger degree of densification, there
could be a possibility f formation of the gap. In this study, however, no such gaps were observed between
the contact surface of the resin and top/ bottom plates after 400,000 cycles of testing due to densification of
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the resin. This could change if the stress range was increased or the size of the hole clearance e was further
increased or if tensile stresses appear on the resin which would lead to detachment of the resin from the bolt.
As it is an important phenomenon to be considered while dealing with double lap shear joints using oversized
hole clearances, further studies have to be done on this to form a more concrete conclusion.

In this study, there was no significant abrasion of steel shots on the top or the bottom plates after 400,000
cycles. The top plate is made of mild steel S690 and the bottom plate is made of S355. The lack of significant
impact due to mechanical abrasion of steel shots can also be seen in the test results as no difference in the
trend of results was observed in spite of using the same sets of specimens for all tests conducted. However, in
double lap shear joints, steel shots could be mechanical abrasion on the bolt or on the plate when the joint
is subjected to higher loading cycles or at higher stress ranges. Abrasion on bolt could lead to localized stress
concentrations which could lead to initiation and propagation of cracks under cyclic loading. Indentation on
the steel plates could affect its reusability. Hence, furthermore, experiments on double lap shear joint with
steel reinforced resin should be performed to check the effect of mechanical abrasion.

The presence of air inclusions (voids) within the resin when injected using a handheld injecting gun by
A. Koper [31] and K. Roupakas [51] led to scatter in their experimental results. In general, it is important to
lead the air which is trapped inside the hole clearance is allowed to escape through an air escape path which
was done in this thesis. In this study, it was seen that when the resin was injected at a slower rate and lower
pressure, allowing the resin to settle and injecting the resin in short intervals within its pot life resulted in
test specimens with lesser air inclusions. It was also seen that with a better experience of injecting the resin,
the air inclusions were considerably reduced. However, air inclusions were seen in a few of the experiments.
When there were air inclusions, the experiments resulted in a slip that was two to three times higher than the
specimens without the air inclusions. Hence, injection of resin into the hole clearance is an important aspect
and hence further research is needed to standardize the injection process and to make sure no air inclusions
are presented within the resin.
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Conclusions and future recommendation

7.1. Conclusions
This section presents the conclusions that can be drawn from the sets of experiments conducted on resin and
steel reinforced resin and the numerical modelling of static and single cycle loading of the test setup

7.1.1. Conclusion from experiments
• Addition of steel shots into the resin (SRR) had a significant increase in the initial connection stiffness

(Ki ni ) with 51.5% increase for specimens with hole diameter of 26 mm and 92.1% increase for speci-
mens with hole diameter of 32 mm.

• The drop in stiffness from 26 mm hole diameter to 32 mm hole diameter is larger for resin injected
specimens when compared to steel reinforced resin specimens. This drop in stiffness for resin speci-
mens is 26.95% and for SRR it is 18.09%. Hence, it can be concluded that, the drop in stiffness between
26 mm hole diameter and 32 hole diameter reduces by 49% when SRR are used over convectional resin.

• The stiffness obtained for all the three tested stress ranges were almost constant. Hence, it can be con-
cluded that in the current test setup the stiffness of the resin and steel reinforced resin is independent
of the hydrostatic pressure applied.

• There was an increase in stiffness between first cycle of quasi-static loading and 400,000 cycles of cyclic
loading when measured after 400,000 cycles for both resin and SRR specimens which is contrary to
metals. This increase in stiffness is due to densification of resin with increase in number of loading
and unloading cycles the microscopic voids in the material gets closed. For resin specimens with 26
mm hole diameter, the final stiffness (K f i n) was 29.165% higher than initial stiffness (Ki ni ) and for
resin specimens with 32 mm hole diameter, this difference was 53.13%. For SRR specimens tested for a
stress range of 100 MPa contrary to the above mentioned behaviour was seen where the initial stiffness
was 14.26 higher than final stiffness for SRR specimens with 26 mm hole diameter and 4.9% higher
for SRR specimens with 32 mm hole diameter resulting in decrease of stiffness over number of cycles.
However, on closer examination, it was seen that the stiffness still increased with increase in number
of cycle but the initial stiffness was so high that the final stiffness did not reach the value of the initial
stiffness. This could be because of higher initial compaction of the resin under the first loading cycle.
For SRR specimens tested for stress range of 150 and 200 MPa, normal trend was seen with average
initial stiffness being 6.935% lower than final stiffness for specimens with 26 mm hole diameter and
14.535% lower for 32 mm hole diameter specimens.

• The difference between the initial stiffness from final stiffness for resin specimens is 2.83 times higher
when compared to the difference between initial stiffness from final stiffness for steel reinforced resin.

• The increase in stiffness between the second cycle of quasi static loading to the 20th cycle of quasi
loading was minimal with the increase being less than 1%
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• Good sets of results with less scatter was obtained for both resin and SRR specimens when tested under
cyclic loading upto 400,000 cycles at a frequency of 2.5 Hz. The stabilisation of slip occurred between
25000 to 75000 cycles for resin specimens and 5000 to 25000 cycles for SRR specimens after which the
slip became almost constant.

• For a stress range of 100 MPa, addition of steel shots to the resin reduces the slip obtained after 400,000
cycles of cyclic loading by 42.32% for 26 mm hole diameter specimens and 166.033% for 32 mm di-
ameter specimens. For stress range of 150 MPa, the final slip was reduced by 49.46% for 26 mm hole
diameter specimens and 145.187% for hole diameter of 32 mm hole diameter by the addition of steel
shots into the resin. For stress range of 200 MPa, the reduction was 75.203% for 26 mm hole diameter
specimens and 104.048% for 32mm hole diameter specimens. In total it can be concluded that addi-
tion of steel shots into the resin reduces the slip by 55.66% for 26 mm hole diameter specimens and the
reduction is 1.385 times for with specimens with the larger hole clearance of 32 mm.

• A common trend of decrease in slip range over increase in number of cycles during the cyclic loading
was observed for all the tested specimens irrespective to their hole diameter and the stress ranges which
aligns with the finding that the stiffness increased with increase in number of cycles for all the tested
specimens.

• Ratcheting behaviour was observed for all the tested specimens on unloading to -1.5 KN. The slip re-
maining on unloading at the end of the experiment (400,000 cycles) showed that the resin specimens
with 26 mm diameter had 2.36 times higher remaining slip when compared to SRR specimens with 26
mm diameter. This difference was even higher for D32 specimens with the remaining slip being 3.16
times higher for resin specimens with 32 mm diameter when compared to SRR specimens with 32 mm
diameter.

• When the values of maximum slip and slip range were extrapolated for 5 million cycles which gives the
failure criterion for the resin and SRR which was formulated using three codes, EN 1090-2, Annex G [21],
EN 1993-1-9 [20] and ECCS recommendations of bolted connections with injection bolts [17], it was
found that the failure criterion of 0.3 mm was never reached by SRR specimens of both the diameter.
For conventional resin specimens, this failure criterion was exceeded by one of these specimens tested
with 32 mm hole diameter for a stress range of 200 MPa (stress range of -25 to -225 MPa). Hence it
can be concluded that conventional resin specimens with 32 mm hole diameter fails for a stress range
of 200 MPa. However, according to ECCS recommendations [17], in addition to the failure criterion
mentioned in EN 1090-2, it states that slip obtained in a single cycle should not be more than 0.1 mm.
On considering this criterion, it was found that the resin specimen with 26 mm diameter failed at a
stress range of 200 MPa and the resin specimens with 32 mm diameter failed at a stress ranges of 150
and 200 MPa. For SRR specimens, this failure criterion was just exceeded by 32 mm diameter specimens
at the stress range of 200 MPa. The specimens which exceeded the failure criterion did so at a very early
stage of the experiments almost on the onset of loading.

7.1.2. Conclusions from numerical modelling
• Verification of the test setup to resemble the stresses experienced by the resin of injection bolted con-

nection under double lap shear joint was conducted successfully with the difference in longitudinal
bearing stress experienced by the test setup and double lap shear joint being around 9.8%.

• For static modelling with maximum applied stress of 225 MPa, no significant difference was observed
between associative and non-dilatant material models. However seeing the trend of the graph, this
conclusion is expected to change when higher stresses are applied.

• The friction coefficients between steel and resin/ SRR were determined by comparing the force vs dis-
placement curve (stiffness) obtained in second cycle of quasi-static loading to the curve (stiffness) ob-
tained from static loading of the model. It was found that friction coefficient of 0.05 best suited the steel
to resin interactions and friction coefficient of 0.1 best suited the steel to SRR interaction.

• Study conducted at TU Delft through experiments showed that on using hardener HY 5159+ resin re-
sulted in different modulus of elasticity of the resin-hardener mixture when hardener HY 2404+ resin
was used which is contrary to the manufacturer. For the experiments in this study, HY 5159+ resin was
used. On modelling the test setup with both the experimentally obtained material properties, it was
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seen that the stiffness obtained by using the material properties of HY 5159+ resin was closer to the ex-
perimentally obtained stiffness with an error of 2.7%. Whereas, when material properties of HY 2404+
resin was used, this difference in stiffness ranged between 9.7% and 23.02%. A very higher friction coef-
ficient of 0.5 for resin-steel interaction and 0.55-0.6 for SRR-steel interaction was required to obtained
the stiffness similar to experiments when model with HY 2404+resin was used. This high friction coeffi-
cient is not possible especially when releasing agents are added while the preparation of the specimens.
Hence it can be concluded that modulus of elasticity changes from HY 2404 and HY 5159 hardener are
used.

• The dissipated energy from modelling of one cycle and comparing the modelling results to the second
cycle of quasi-static loading from experiments showed that the non-dilatant model fits best to the ex-
perimentally obtained results even though the difference in associative and non-dilatant models were
small.

7.2. Future recommendations
7.2.1. Future works on experiments

• Further experiments should be done in order to understand the decrease in slip with increase in num-
ber of cycles.

• Fatigue detail class for injection bolted connections should be derived from experiments on IBCs.

• Injecting procedure of resins into the oversized hole clearances would be standardise in such a way as
to avoid formation of air inclusions which compromises the slip resistant characteristics of IBCs.

• Higher stress ranges must be tested especially with steel reinforced resin to find out the stress range for
which SRR fails. Experiments could be extend till 2 million cycles to further analyse the behaviour of
resin and SRR

• Reduction in volume of the resin under cyclic loading and impact of mechanical abrasion of steel shots
on the plates and bolts have to be further investigated,

7.2.2. Future works on numerical modelling
• Material models of resin and SRR to predict the cyclic loading should be derived based on the cyclic

hardening/ softening behaviour and the damage mechanism of resin and SRR under cyclic loading
condition.

• The entire double lap shear joint with oversized IBC should be modelled under static and cyclic loading
to find the contribution of deformations in resin to the total deformation of the connection itself.

• The possibility of formation of gap in over-sized hole clearance due to reduction in volume of resin in
double lap shear joint could be checked using the numerical model.
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Paste 
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Clear liquid 
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Clear liquid 
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  Viscosity at 25ºC * 
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Density 
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3
 1.85-1.95 1.0-1.05 0.98 
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PROCESSING   
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Mix the two components thoroughly in the ratio indicated. 
Apply in thin layers with a brush or spatula, wait until gelcoat has gelled, but ensure that it is still slightly 
tacky before proceeding. 
Post-curing will improve final properties. 
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B
Input parameters for ABAQUS model

Material Properties Conventional resin Steel-reinforced resin Steel
Density 1800000 5100000 7800000
Modulus of elasticity 7818 MPa 21900 MPa 210000 MPa
Poison’s ratio 0.315 0.22 0.3

Table B.1: Material properties of the resin, steel-reinforced resin and steel

Materials Angle of friction Flow stress ratio Dilation angle
ASSOCIATIVE FLOW

Resin 10.33 0.93 10.33
Steel-reinforced resin 35.74 0.78 35.74

NON-DILATANT FLOW
Resin 10.7 1 0
Steel-reinforced resin 36.54 1 0

Table B.2: Drucker Prager yield criterion for resin and steel-reinforced resin

Conventional resin Steel-reinforced resin
Stress (MPa) Hardening strain Stress (MPa) Hardening strain
80 0 100 0
100 0.004 135 0.003871
120 0.015 130 0.007371
115 0.0395 100 0.015434
110 0.0895 20 0.035434
106 0.1895

Table B.3: Drucker Prager Hardening for resin and steel-reinforced resin
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C
Graphs obtained from quasi-static loading

phase of the experiments

Figure C.1: Graphs from quasi-static loading for R_D26_100

The graphs in the figure C.1 represents the graph obtained during the quasi-static loading for resin spec-
imens with 26 mm diameter at the stress range of 100 MPa. R_D26_100_1 shows some irregularities in the
measurement during the test.

• Stiffness obtained by R_D26_100_1 is 877.90 KN/mm

• Stiffness obtained by R_D26_100_2 is 908.3 KN/mm

• Stiffness obtained by R_D26_100_3 is 838.7 KN/mm

The graphs in the figure C.2 represents the graph obtained during the quasi-static loading for resin spec-
imens with 32 mm diameter at the stress range of 100 MPa. R_D32_100_1 shows an higher non-linearity due
to presence of voids in the tested specimen.

• Stiffness obtained by R_D32_100_1 is 621.63 KN/mm

• Stiffness obtained by R_D32_100_2 is 576.64 KN/mm
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Figure C.2: Graphs from quasi-static loading for R_D32_100

• Stiffness obtained by R_D32_100_3 is 578.02 KN/mm

Figure C.3: Graphs from quasi-static loading for R_D26_150

The graphs in the figure C.3 represents the graph obtained during the quasi-static loading for resin spec-
imens with 26 mm diameter at the stress range of 150 MPa. R_D26_150_1 shows some irregularities in the
measurement during the test.

• Stiffness obtained by R_D26_150_1 is 846.36 KN/mm

• Stiffness obtained by R_D26_150_2 is 876.77 KN/mm

The graphs in the figure C.4 represents the graph obtained during the quasi-static loading for resin spec-
imens with 32 mm diameter at the stress range of 150 MPa. We can see a similar trend with all the three
specimen without any irregularities in the measurement nor presence of air inclusions (voids) in any of the
test specimens.

• Stiffness obtained by R_D32_150_1 is 628.955 KN/mm

• Stiffness obtained by R_D32_150_2 is 613.688 KN/mm

• Stiffness obtained by R_D32_150_3 is 607 KN/mm
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Figure C.4: Graphs from quasi-static loading for R_D32_150

Figure C.5: Graphs from quasi-static loading for R_D26_150

The graphs in the figure C.5 represents the graph obtained during the quasi-static loading for resin spec-
imens with 26 mm diameter at the stress range of 200 MPa.Good co relation between all the three test speci-
mens are seen.

• Stiffness obtained by R_D26_200_1 is 856.79 KN/mm

• Stiffness obtained by R_D26_200_2 is 837.095 KN/mm

• Stiffness obtained by R_D26_200_3 is 806.63 KN/mm

The graphs in the figure C.6 represents the graph obtained during the quasi-static loading for resin spec-
imens with 32 mm diameter at the stress range of 200 MPa. These sets of experiments show highest dis-
placement measured in this work due to highest tested stress range along with highest hole clearance pf 6
mm. It can be seen that as more specimens are made and tested, the irregularities in the tested results due
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Figure C.6: Graphs from quasi-static loading for R_D32_200

to the presence of voids are reduced which further proves that the process of injecting the resin during the
preparation of specimen is related to skill and practise to avoid formation of voids.

• Stiffness obtained by R_D32_200_1 is 564.31 KN/mm

• Stiffness obtained by R_D32_200_2 is 567.71 KN/mm

• Stiffness obtained by R_D32_200_3 is 588.45 KN/mm

Figure C.7: Graphs from quasi-static loading for SRR_D26_100

The graphs in the figure C.7 represents the graph obtained during the quasi-static loading for steel re-
inforced resin (SRR) specimens with 26 mm diameter at the stress range of 100 MPa. From the graph, we
can see the improvement in the strength and stiffness when compared to the resin specimens with lesser
displacement obtained and the area under the curve hysteresis loop being lesser than resin specimens.

• Stiffness obtained by SRR_D26_100_1 is 1242.146 KN/mm
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• Stiffness obtained by SRR_D26_100_2 is 1300 KN/mm

• Stiffness obtained by SRR_D26_100_3 is 1320.453 KN/mm

Figure C.8: Graphs from quasi-static loading for SRR_D32_100

The graphs in the figure C.8 represents the graph obtained during the quasi-static loading for SRR speci-
mens with 32 mm diameter at the stress range of 100 MPa. Good co relation between all the three specimens
is obtained.

• Stiffness obtained by SRR_D32_100_1 is 1171.023 KN/mm

• Stiffness obtained by SRR_D32_100_2 is 1182.881 KN/mm

• Stiffness obtained by SRR_D32_100_3 is 1084.941 KN/mm

Figure C.9: Graphs from quasi-static loading for SRR_D26_150
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The graphs in the figure C.9 represents the graph obtained during the quasi-static loading for SRR speci-
mens with 26 mm diameter at the stress range of 150 MPa. Good co relation between all the three specimens
is obtained.

• Stiffness obtained by SRR_D26_150_1 is 1292.208 KN/mm

• Stiffness obtained by SRR_D26_150_2 is 1323.14 KN/mm

• Stiffness obtained by SRR_D26_150_3 is 1295.68 KN/mm

Figure C.10: Graphs from quasi-static loading for SRR_D32_150

The graphs in the figure C.10 represents the graph obtained during the quasi-static loading for SRR spec-
imens with 32 mm diameter at the stress range of 150 MPa.

• Stiffness obtained by SRR_D32_150_1 is 1099.266 KN/mm

• Stiffness obtained by SRR_D32_150_2 is 994.236 KN/mm

Figure C.11: Graphs from quasi-static loading for SRR_D26_200

The graphs in the figure C.11 represents the graph obtained during the quasi-static loading for SRR spec-
imens with 26 mm diameter at the stress range of 200 MPa. The irregularities where the load drops to zero in
tow instances for SRR_D26_200_1 might be due to an accidental error either during inputting the data before
the start of the test or an error in the machine during the loading phase.

• Stiffness obtained by SRR_D26_200_1 is 1276.523 KN/mm

• Stiffness obtained by SRR_D26_200_2 is 1325.48 KN/mm

The graphs in the figure C.11 represents the graph obtained during the quasi-static loading for SRR spec-
imens with 32 mm diameter at the stress range of 200 MPa. It can be seen that no air inclusions were present
and thus no abnormal increase in displacement were seen throughout the SRR test specimens. Two tests
stopped in the middle and continued, one for 32 mm diameter specimens tested at a stress range of 150 MPa
and the other for 26 mm diameter at a stress range of 200 MPa and hence there are not shown here and are not
accounted for calculation of stiffness. In general from all the graphs, we can see that SRR had much higher
stiffness and much lesser slip when compared to the resin specimens.
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Figure C.12: Graphs from quasi-static loading for SRR_D32_200

• Stiffness obtained by SRR_D32_200_1 is 957.624 KN/mm

• Stiffness obtained by SRR_D32_200_2 is 1155.35 KN/mm

• Stiffness obtained by SRR_D32_200_3 is 1167.69 KN/mm





D
Values of maximum slip obtained for

quasi-static and cyclic loading

Table showing the exact values of the slip during each loading phase are presented in this Appendix below.
Each table contains the slip obtained by resin and SRR specimens for a particular tested stress range at the
various stages of the experiments. In this way, the difference in slip obtained between resin and SRR can be
seen evidently.

Name of
specimens

Slip at
σmax
after 1st
cycle of
Q-S
loading
(mm)

Slip at
σmax
after last
cycle of
Q-S
loading
(mm)

Remaining
slip at the
end of
Q-S loading
(mm)

Slip at 1st
σmax of
cyclic
loading
(mm)

Slip at
σmax
after
400,000
cycles of
cyclic
loading
(mm)

Total slip

Difference
of slip
from 1st
cycle of
Q_S to
400,000
cycles
(mm)

R_D26_100_1 0.1071 0.1098 0.0154 0.0909 0.0978 0.1131 5.7↑
R_D26_100_2 0.0982 0.1049 0.0123 0.0911 0.0959 0.1082 10.18↑
R_D26_100_3 0.1210 0.1275 0.0190 0.1070 0.1150 0.1340 10.69↑
Mean 0.1088 0.1141 0.0156 0.0964 0.1029 0.1185
SRR_D26_100_1 0.0649 0.0681 0.0047 0.0845 0.0863 0.0912 40.46↑
SRR_D26_100_2 0.0805 0.0833 0.0111 0.071 0.0620 0.0732 10.01↓
SRR_D26_100_3 0.0767 0.0784 0.0111 0.0661 0.0686 0.0797 4↑
Mean 0.0740 0.0766 0.0090 0.0739 0.0723 0.0814

Table D.1: Presentation of slip obtained for D26 specimens before and after each loading stages for resin and SRR at stress range of -25
MPa to -125 MPa

87



88 D. Values of maximum slip obtained for quasi-static and cyclic loading

Name of
specimens

Slip at
σmax
after 1st
cycle of
Q-S
loading
(mm)

Slip at
σmax
after last
cycle of
Q-S
loading
(mm)

Remaining
slip at the
end of
Q-S loading
(mm)

Slip at 1st
σmax of
cyclic
loading
(mm)

Slip at
σmax
after
400,000
cycles of
cyclic
loading
(mm)

Total slip

Difference
of slip
from 1st
cycle of
Q_S to
400,000
cycles
(mm)

R_D32_100_2 0.1942 0.2249 0.0582 0.1611 0.1986 0.2568 32.22↑
R_D32_100_3 0,1959 0.2308 0.0712 0.1544 0.2212 0.2924 49.3↑
Mean 0.1950 0.2278 0.0647 0.1578 0.2099 0.2746
SRR_D32_100_1 0.0767 0.0815 0.0123 0.0762
SRR_D32_100_2 0.0697 0.0734 0.0034 0.0687 0.0634 0.0669 4.16↓
SRR_D32_100_3 0.1013 0.1046 0.0145 0.0885 0.0945 0.1090 7.63↑
Mean 0.0855 0.0890 0.0090 0.0786 0.0789 0.0880

Table D.2: Presentation of slip obtained for D32 specimens before and after each loading stages for resin and SRR at stress range of -25
MPa to -125 MPa

Name of
specimens

Slip at
σmax
after 1st
cycle of
Q-S
loading
(mm)

Slip at
σmax
after last
cycle of
Q-S
loading
(mm)

Remaining
slip at the
end of
Q-S loading
(mm)

Slip at 1st
σmax of
cyclic
loading
(mm)

Slip at
σmax
after
400,000
cycles of
cyclic
loading
(mm)

Total slip

difference
of slip
from 1st
cycle of
Q_S to
400,000
cycles
(mm)

R_D26_150_1 0.1984 0.2166 0.089 0.1198 0.1292 0.2182 9.98↑
R_D26_150_2 0.1580 0.1815 0.0465 0.1315 0.1482 0.1947 23.27↑
Mean 0.1782 0.1990 0.0677 0.1256 0.1387 0.2064
SRR_D26_150_1 0.0873 0.9154 0.0074 0.0822 0.0857 0.0931 6.65↑
SRR_D26_150_3 0.1214 0.1274 0.1215 0.0951 0.1 0.2215 82.455↑
Mean 0.1043 0.5214 0.0644 0.0887 0.0928 0.1573

Table D.3: Presentation of slip obtained for D26 specimens before and after each loading stages for resin and SRR at stress range of -25
MPa to -175 MPa

Name of
specimens

Slip at
σmax
after 1st
cycle of
Q-S
loading
(mm)

Slip at
σmax
after last
cycle of
Q-S
loading
(mm)

Remaining
slip at the
end of
Q-S loading
(mm)

Slip at 1st
σmax of
cyclic
loading
(mm)

Slip at
σmax
after
400,000
cycles of
cyclic
loading
(mm)

Total slip

difference
of slip
from 1st
cycle of
Q_S to
400,000
cycles
(mm)

R_D32_150_1 0.2334 0.2660 0.0975 0.2852 0.3580 0.4556 95.024↑
R_D32_150_2 0.2116 0.2566 0.0482 0.1952 0.2447 0.2929 38.4↑
R_D32_150_3 0.2225 0.2649 0.0619 0.1921 0.2666 0.3825 47.62↑
Mean 0.2225 0.2624 0.0692 0.2242 0.2898 0.3590
SRR_D32_150_1 0.1156 0.1250 0.0178 0.1050 0.1172 0.1350 16.76↑
SRR_D32_150_2 0.1184 0.1357 0.0203 0.1114 0.1202 0.1405 18.64↑
Mean 0.117 0.1303 0.0190 0.1082 0.1187 0.1377

Table D.4: Presentation of slip obtained for D32 specimens before and after each loading stages for resin and SRR at stress range of -25
MPa to -175 MPa
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Name of
specimens

Slip at
σmax
after 1st
cycle of
Q-S
loading
(mm)

Slip at
σmax
after last
cycle of
Q-S
loading
(mm)

Remaining
slip at the
end of
Q-S loading
(mm)

Slip at 1st
σmax of
cyclic
loading
(mm)

Slip at
σmax
after
400,000
cycles of
cyclic
loading
(mm)

Total slip

% difference
of slip
from 1st
cycle of
Q_S to
400,000
cycles
(mm)

R_D26_200_1 0.1922 0.2124 0.0419 0.1647 0.1821 0.2240 16.56↑
R_D26_200_2 0.2226 0.2477 0.0675 0.1173 0.1973 0.2648 19↑
R_D26_200_3 0.2264 0.2493 0.0638 0.1783 0.2014 0.2651 17.11↑
Mean 0.2137 0.2364 0.0577 0.1535 0.1936 0.2513
SRR_D26_200_1 0.1209 0.1265 0.0145 0.1115 0.1155 0.1300 7.51↑
SRR_D26_200_2 0.1120 0.1186 0.0325 0.1039 0.1056 0.1380 23.2444↑
Mean 0.1164 0.1226 0.0235 0.1077 0.1105 0.1340

Table D.5: Presentation of slip obtained for D26 specimens before and after each loading stages for resin and SRR at stress range of -25
MPa to -225 MPa

Name of
specimens

Slip at
σmax
after 1st
cycle of
Q-S
loading
(mm)

Slip at
σmax
after last
cycle of
Q-S
loading
(mm)

Remaining
slip at the
end of
Q-S loading
(mm)

Slip at 1st
σmax of
cyclic
loading
(mm)

Slip at
σmax
after
400,000
cycles of
cyclic
loading
(mm)

Total slip

difference
of slip
from 1st
cycle of
Q_S to
400,000
cycles
(mm)

R_D32_200_1 0.3874 0.4545 0.1870 0.2551 0.3161 0.5032 29.87↑
R_D32_200_2 0.3105 0.3705 0.0464 0.2711 0.2481 0.2945 5.43↓
R_D32_200_3 0.3412 0.4 0.0667 0.2609 0.2524 0.3191 7.1↓
Mean 0.3466 0.4083 0.1001 0.2624 0.2722 0.3723
SRR_D32_200_1 0.1722 0.1858 0.0248 0.1547 0.139 0.1638 4.88↓
SRR_D32_200_2 0.1315 0.1475 0.0205 0.1240 0.1315 0.1520 15.61↑
SRR_D32_200_3 0.1327 0.1456 0.0213 0.1216 0.1295 0.1508 13.67↑
Mean 0.1164 0.1596 0.0222 0.1335 0.1334 0.1555

Table D.6: Presentation of slip obtained for D32 specimens before and after each loading stages for resin and SRR at stress range of -25
MPa to -225 MPa





E
Comparison of associative flow model and

non-dilatant flow model

Figure E.1: Comparison of associative flow and non-dilatant flow models for a stress range of 100 MPa with 0.05 friction
co-efficient for resin specimen models and 0.1 friction co-efficient for SRR specimen models

From the graphs E.1 and E.2, it can be seen that there is hardly any difference between the force vs dis-
placement graphs obtained by the numerical models of associative flow and non-dilatant flow. For the stress
range of 100 MPa, this difference is the smallest with lines from both the models overlapping with each other.
For the stress range of 150 MPa, the lines are very close to each other (almost overlapping) to have any signifi-
cant difference. For the stress range of 200 MPa which is shown in the chapter 5, distinct force vs displacement
lines for both types of flow models are seen but do not cause any significant difference in stiffness nor in the
chosen friction coefficients. But we can see hat as the force applied increases, the difference between the as-
sociative flow models and non-dilatant flow models increases. Hence, these graphs further proves that if the
specimens are tested for higher stress ranges, then there could be a significant difference between associative
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Figure E.2: Comparison of associative flow and non-dilatant flow models for a stress range of 150 MPa with 0.05 friction
co-efficient for resin specimen models and 0.1 friction co-efficient for SRR specimen models

flow model and non-dilatant flow model.
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