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Abstract 

The purpose of this thesis is to investigate the short- and long-term behaviour of injected bolted 
connections (IBCs) with oversize holes for various injection materials. A central theme in this 
thesis the demountability of IBCs, as a result of which several release agents are tested for 
their suitability in and effects on IBCs.  

Injection bolts have been used successfully in engineering practice using epoxy resin to limit 
the amount of slip in bolted shear connections with normal clearance holes, but  no explicit 
results are available for connections with oversize or slotted holes. The use of oversize or 
slotted holes may be beneficial for the (re-)erection process of structures, and thus  it is 
investigated what the effects   of such oversize or slotted holes are on the connection 
behaviour. 
First, it is examined if grout is suitable as an injection material in injected bolted connections 
(IBCs), as well as what precautions are necessary to ensure proper demountability of grout- 
and (epoxy) resin-injected bolted connections. Secondly, the connection behaviour under 
short-term loading is determined, on the basis of which long-term creep tests are carried out. 
Finally, a new injection material is developed based  on the preliminary conclusions drawn 
from the short- and long-term tests. 

It is concluded that IBCs can be demounted by treating the connection members with a release 
agent. The results of the experiments show that the long-term behaviour  of resin-injected 
connections is governing the  design, but that modelling of  this time-dependent behaviour 
requires additional testing.  The short and long-term performance  of the newly developed 
material (resin reinforced with steel shot) in IBCs with oversize holes is significantly better than 
that of only resin, on the basis of which  it is recommended to further investigate  the potential 
and behaviour of this material in engineering applications. 
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1 Introduction 

Injection bolts were invented in the 1970s in order to extend the service lifetime of riveted 
railway bridges. Conventional bolted connections may not be used in such cases due to the 
cyclic loading, and the use of pretensioned connections is difficult since the condition (slip 
coefficient) of the faying surfaces is unknown. One of the goals of injection bolts is to limit the 
connection slip to 0,3 mm during the service lifetime (mostly 50 years), whereas this can easily 
be 2 − 3 mm  in case of conventional bolts to even get the bolts in initial bearing [1]. Another 
key feature of injection bolts above conventional and pretensioned bolts is that no sudden 
connection slip can occur [2]. 

Apart from the initial application in railway bridges, injection bolts have later been used in for 
instance windmills, crane girders [2] and in the Maeslant Storm Surge Barrier.  

Given that there is an increasing tendency towards achieving a circular economy, one of the 
goals in structural engineering is to stimulate re-use of structural members. The connection 
between re-usable structural members must be such that the structure can (1) be erected 
initially, (2) be demounted easily and (3) re-erected quickly. One of the ways to achieve a 
connection that fulfils these demands is to use injection bolts in combination with oversize bolt 
holes. The oversize holes allow for simple erection, whereas the injection material transfers 
the force from the member to bolt and vice versa. It shall be noted that the structural members 
do not necessarily have to be from the same material (e.g. steel), but that also a combination 
of different element types (e.g. steel beam, concrete floor) can be connected in such a way. In 
such cases, an additional hole clearance is necessary to take account of the different 
fabrication tolerances. 

The main goals of this thesis are to investigate: 

• The demountability of injected bolted connections (IBCs) in general 
• The short- and long-term behaviour of IBCs with oversize holes 
• The potential of currently non-allowed injection materials in IBCs with oversize holes  

If the results of the investigation are promising, it could well be that a completely new field of 
application is opened up for the use of injection bolts. 

1.1 Research Questions 
The following research questions have been defined: 

• What is the difference between grout-like and resin-like materials? Is it feasible to use 
grout-like materials in injected bolted connections? 

• What is the effect of oversize or slotted holes on the structural behaviour of injected 
bolted connections? 

• What is the strength/stiffness of injected bolted connections with oversize or slotted 
holes? 

• What is the creep/long-term behaviour of injected bolted connections? 
• Can injected bolted connections be easily demounted? If not, what measures need to 

be taken to allow for easy demounting? 
• What is the effect of the cover plate that shall be used in case of oversize or slotted 

holes? 
• What alternative injection materials may yield better results than conventional epoxy 

resins or grout? 
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1.2 Reader’s Guide 
Chapter 2 discusses the state of the art on injected bolted connections. In Chapter 3, the 
methods are defined that are used to answer the research questions presented in Chapter 1. 
Chapter 4 displays the results obtained using the methods, on the basis of which a numerical 
model is verified in Chapter 5. Moreover, chapter 5 presents several factors that have an 
apparent influence on the connection behaviour. Based on the results from Chapter 4, a new 
material is developed in Chapter 6, where also results are presented. Finally, discussion of all 
results takes place in Chapter 7, leading to the conclusions and recommendations posed in 
Chapter 8. The overall structure of this thesis is presented in the flowchart below. 
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2  State of the Art 

2.1 Current Regulation on Injection Bolts 
The current regulations regarding injection bolts are laid down in EN 1993-1-8 [3] and EN 1090-
2 [4]. The first discusses the calculation rules for the design resistance of a connection with 
injected bolts, whereas the latter provides executional information on the detailing of the bolt 
and bolt hole itself.  

 Connection Components 
In Figure 1, an overview of all components in a resin-injected bolted connection are shown. 
The components are discussed one by one in the subsequent sections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fasteners 

In principle, all fasteners of steel grades 8.8 and 10.9 that are allowed for preloaded and non-
preloaded connections may be used in resin-injected bolted connections. Such fasteners are 
laid down in respectively EN 14399 and EN 15048. In order to be able to inject the bolted 
assembly with resin, a hole is present in the head of the bolt, as indicated in Figure 2  (hole 
dimensions cf. Annex K of EN 1090-2 [4]). In case the bolts are designed to be preloaded, the 
tightening should occur before the injection of the resin.  

Washers 

In case of resin-injected bolted connections, the use of special washers is prescribed under 
both the head and nut. The washers must fulfil the requirements of EN 1090-2 Annex K. The 
washer under the head of the bolt promotes easy ingress of resin into the open space between 
bolt and plate package, whereas the washer under the nut includes a groove through which 
the air can escape during the injection of the resin. Both types of washers are shown in Figure 
3. 

 

Figure 1 - Left: cross section of an assembly with an injection bolt. Right: 
exploded view indicating differing components within the assembly. 

Clamping 
Package 

Washer (head) 

Injection bolt 

Washer (nut) 

Nut 

Head 
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Plate Package 

The prescriptions regarding the hole diameter for injected assemblies are the same as for 
regular bolted assemblies, and are laid down in Table 11 of EN 1090-2 [4]. The nominal 
diameter of the holes in the clamping package must be 3 mm more than the nominal bolt 
diameter. An exception is applicable for bolt smaller than M27: in this case the minimum 
nominal hole diameter may be reduced to 2 mm more than the nominal bolt diameter.  

Figure 3 - Special washers used in injected assemblies, dimensions in 
mm for use in combination with M20 bolts. Left: washer under bolt head. 
Right: washer under nut (groove facing towards the nut) 

Figure 2 -  Bolt head with resin channel. Dimensions 
in mm for an M20 bolt. Diameter of resin channel is 
invariant with differing bolt sizes. 
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Resin 

It is prescribed that a two component epoxy resin with a pot life of at least 15 minutes should 
be used to inject the bolted assembly. The type of resin itself is not further defined, however 
end result specifications apply: the resin should fill all cavities in the connection and stop 
flowing after removal of the injection pressure. Epoxy resins are thermosetting polymers, 
meaning that they will not melt after heating up, but rather burn. 

 Design Resistance 

Static Resistance 

The design resistance of a resin-injected bolted connection is dependent on the connection 
category. In case of a non-preloaded injected shear connection (cat. A), the design resistance 
of a bolt is the smallest value of the design shear resistance Fr,st of the bolt and the design 
bearing resistance /�,01,)*�+,  (Eq. 3) of the resin. The design shear resistance of a cat. A 
connection is given by Eq. 1. 

 /01,9 u min v/�,01,)*�+,, /6,01w Eq. 1 

 
In case of a preloaded injected shear connection (cat. B/C), the design resistance is the sum 
of the design slip resistance /�,01 due to the clamping force (see Section 2.1.2) and the design 
bearing resistance /�,01,)*�+, of the resin. In the case of category B and C connections, the 
design ultimate shear load in a bolt may not exceed either the bolt design shear resistance 
/6,01 or the design bearing resistance /�,01. The mathematical representation of the design 
resistance for cat. B/C connections is given by Eq. 2. 

 /01,x/$ u min v/�,01 y /�,01,)*�+,, /6,01 , /�,01w Eq. 2 

   

The bearing resistance of the resin is expressed by Eq. 3. 

  /�,01,)*�+, u 5; ∙ 5� ∙ � ∙ G�,)*�+, ∙ M ∙ (�,)*�+,NOQ  Eq. 3 

with: 

M and G�,)*�+,       

(�,)*�+, 

 

5; 
 
5� 

D 

 

are given by Table 1. 

is the bearing strength of the resin, to be determined using 
Annex G of EN 1090-2 (for The Netherlands, see the National 
Annex of EN 1993-1-8). 

5; u {1,0   for SLS vlong durationw1,2   for ULS   

5� is 1,0 for holes with normal clearances, or 1,0 − 0,1 ∙ D for 
oversized holes m is the difference (in mm) between the normal and oversized 
hole dimensions. For short slotted holes m  is half the 
difference between slot length and width [5]. 
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Table 1 - Values of β and tb,resin as a function of ratio t1/t2 [3] in double lap shear connections. 
The definition of t1 and t2 is given in Figure 4. 

��/�� � ��,����� 

� 2,0 1,0 min v2 ∙ G�; 1,5 ∙ �w 

1,0 � G�/G� � 2,0  1,66 − 0,33 ∙ vG�/G�w min vG�; 1,5 ∙ �w 

� 1,0 1,33 min vG�; 1,5 ∙ �w 

 

The length G�,)*�+, is the length over which the resin is considered to be effective. It is assumed 
that for @/� � 3  bending deformation of the bolt may induce an uneven bearing stress 
distribution, and therefore G�,)*�+, is currently limited to 2 ∙ 1,5� for a double lap connection, as 
indicated in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4 - Definition of t1 and t2 according to EN 1090-2 [4] 

(a) (b) 

Figure 5 - Bearing stress distribution in case of long bolts [5], (a) schematized true stress 
situation, (b) idealized calculation model 
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Fatigue 

The structural resistance against failure due to fatigue is governed by EN 1993-1-9. Resin-
injected bolted double lap connections have detail category 90, unless the bolts are also 
preloaded. In this case the detail category may be assumed to be 112. In case of single lap 
connection without preloaded bolts, the detail category is 80, and is raised to category 90 when 
the bolts are also preloaded. The detail category per connection type is summarized in Table 
2. 

Table 2 - Detail category according to EN 1993-1-9 for different connection detailing. 

 Non-Preloaded Preloaded 
Connection 

Type 
Double-lap Single-lap Double-lap Single-lap 

Non-Injected 50 50 112 90 
Injected 90 80 112 90 

  
Although EN 1993-1-9 does not distinguish between preloaded and preloaded resin-injected 
connections, experimental research on connections taken from existing bridges has indicated 
that in case of the latter the fatigue strength is considerably reduced [6]. However, more recent 
numerical experiments have been carried out, indicating resin-injecting a preloaded connection 
has a beneficial effect on its fatigue strength [7], which is also supported by current TU Delft 
research.  
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2.2 Current Regulation on Pretensioned Connections 
The current regulation on pretensioned connections is only briefly touched upon in this thesis, 
since most of the background information on this topic can be found in earlier work (i.e. Nijgh 
(2016) [8]). However, the following section does include the most important information. 

 Connection Components 

Fasteners 

All fasteners used in pretensioned connections must fulfil the requirements prescribed in EN 
14399 [9]. Only bolts of property class 8.8 and 10.9 are allowed to be pretensioned. In order 
not to have problems regarding thread stripping, it is mandatory to leave a  minimum of four 
threads sticking out at the free surface of the nut.  

Washers 

It is prescribed that a washer must be installed at the surface on which the pretension is 
applied. In case of 10.9 grade bolts, a washer must be present under both the bolt head an 
nut, regardless of the side that is used to achieve the pretension.  

 Design Resistance 
Tightening of the bolts should be done according to EN 1090-2, which results in the initial 
pretension level of Eq. 4 [4] [3].  

 / ,$ u 0,7 ∙ (.� ∙ �� Eq. 4  

With: 

/ ,$ 

(.� 

�� 

 

Nominal preload force in the bolt [F] 
Tensile strength of the bolt [F/L�] 
Tensile stress area [L�] 

 

 

The design slip resistance of pretensioned connections is given by Eq. 5 [3].  

 /�,01 u 5� ∙ E ∙ [
NOP ∙ / ,$ Eq. 5 

With:   

/�,01 Design slip resistance [F]  

5� Coefficient depending on the type of hole (see Section 
2.7) [−]  

[ Slip factor (Figure 7) [−]  

E Number of faying surfaces  [−]  

NOP Partial safety factor [−]  

/ ,$ See Eq. 4  
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If one were to use a different surface treatment than mentioned in Figure 7, tests have to be 
carried out in compliance with Annex G of EN 1090-2 in order to prove that the long-term 
connection slip as a result of creep remains sufficiently small (maximum 0,3 mm slip after the 
service lifetime, mostly 50 years). 

 

 

 

 

  

Figure 6 - Coefficient ks used to determine the design slip resistance of pretensioned 
connections conform EN 1993-1-8 [4] [3] 

Figure 7 - Slip factor µ for surface treatment classes A-D (EN 1090-2) [4] [3] 
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2.3 Current Applications 
This section briefly discusses two distinct projects in which injection bolts have been 
implemented. For more examples, reference is made to the ECCS Recommendations (1994) 
[5]. 

 Repair of Riveted Connections Using Injection Bolts 
Damaged riveted connections have been replaced with injection bolts in The Netherlands since 
the 1970s. The choice for using resin-injected bolted connections as a replacement rather than 
using the new rivets lies in the fact that riveting was not a very common connection method 
anymore, and thus that it was hard to find skilled workers. An example of a (German) bridge 
in which rivets are replaced with resin-injected bolts is shown in Figure 8. Numerical research 
has shown that replacement of rivets with injection bolts leads to an increase of load 
transferred by the rivets, which is mainly related to the relatively low stiffness of the resin [10]. 
In case the resin does not fully fill the cavity between the hole and bolt (e.g. due to too little 
injected resin, too high resin viscosity), the differential load distribution is aggravated.  

 Slip-resistant Connection in Maeslant Storm Surge Barrier 
The Maeslant Storm Surge Barrier (Figure 9) protects two million people against storm surges 
in the province of South-Holland in The Netherlands. Located at the mouth of the Rhein-Meuse 
estuary, it keeps the seawater from entering into the river system, hereby reducing the water 
levels in Rotterdam and its vicinity. The gates are usually open: only storms causing water 
levels of more than 3 m +NAP (ordnance datum) cause the gates to close, which happens on 
average every 5-10 years. The force of the water on the gates can be as large as 36 MN, which 
has to be transferred through a truss to the system’s ball bearing into the foundation. In order 
to prevent connection slip at the connection between the truss and ball bearing, resin-injected 
preloaded bolts have been used of metric sizes M56, M64, M72 and even M80. The main 
reason for such large bolt sizes is that the plate package is rather thick, and the contractors 
wanted to stay within the range @/� � 3. 

An overview of the Maeslant Storm Surge Barrier is given in Figure 9. The connection between 
the truss and ball bearing is illustrated in Figure 10 

  

Figure 8 - Injection bolts in the Schlossbrücke Oranienburg (Germany). Left: injection process, 
Right: general overview of the final result [60] 
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Figure 9 - Top view of the Maeslant Storm Surge Barrier in Hoek van Holland (The Netherlands) in 
closed condition [68]. Resin-injected preloaded bolts can be found in the connection between the 
trusses (red) with the ball bearing (orange) 

Figure 10 – Detail image of resin-injected preloaded bolts in the Maeslant Storm Surge Barrier 
[75] 
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2.4 Installation & Costs 
The installation of injection bolts consists of several steps. Most of the steps are equal to the 
steps taken during installation of conventional bolts, however in case of injection bolts the resin 
needs to be injected after tightening of the bolt(s). In case the connection is designed to be 
both pretensioned and injected, pretensioning to the specified level [3] [4] should be done prior 
to the injection. In any case, the plate package must be subjected by a small bolt preload in 
order to prevent the injection material from escaping between the connection members during 
injection. 

In the ECCS Recommendations [5] the costs of (installing) a resin-injected bolted connection 
are broken down to: 

1. The buying of the standard bolts 
2. Adapting the standard bolts and washers to be able to inject the connection 
3. The buying of the resin 
4. The preparation of the resin 
5. The application of the resin in the connection 

The total costs for injection per bolt depend on the total amount of bolts, the accessibility of the 
bolts and the volume of resin needed to fill the cavity in the bolt hole [5]. It should be noted that 
it is also possible to purchase custom injection bolts which makes the adaptation process 
unnecessary. In the ECCS Recommendations (1994) [5] it is stated that generally speaking 
the labour time for injecting a single bolt with resin is between 1-2 minutes.  

In order to make bolt holes in plates, often drilling or laser cutting is used. The costs of laser 
cutting of steel is proportional to the circumference of the desired shape [11] and other 
characteristics such as the plate thickness. It should be noted that laser cutting is generally 
more expensive than drilling. In order to obtain a slotted hole by drilling, one would drill two 
circular holes and mill away the material between these holes. The costs of the resin needed 
to fill the cavities between the holes and bolts is depending on the total volume of resin. 
Although a connection with injection bolts is more expensive than a normal bolted connection, 
it should be noted that (1) the purpose of the connection is different (e.g. slip resistant) or (2) 
that the re-use value of the members is increased (in case of demountable connections). 

In Section 3.1 more attention is given to the costs of injection materials in general. 
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2.5 Material Properties 
This section mainly discusses the material properties of resin and other materials that have 
the potential to be used as injection materials. Of particular interest are the compressive 
strengths, the Young’s Modulus and the time-dependent behaviour of the materials under 
consideration.  Before going into detail on the material properties of the distinct materials, first 
an introduction to the field of compressibility is given. 

Compressibility of resin material is unwanted in slip-resistant connections, since the 
compressibility of the resin material yields additional connection slip. For isotropic linear elastic 
materials, the compressibility modulus K of a material is related to the Young’s Modulus and 
Poisson Ratio through Eq. 6. Values of the Young’s Modulus � and the Poisson Ratio \ can 
be derived from experimental results and product sheets.  

 ? u �
3 ∙ v1 − 2 ∙ \w Eq. 6 

With: 

? 

� 

\ 

 

Compressibility Modulus [F/L�] 
Young’s Modulus [F/L�] 
Poisson ratio [−] 

 

If one were to take the product sheet of Araldite/RenGel SW 404 y HY 2404 [12], which indicates 
� u 9000 MPa, and literature indicating \ � 0.3, using Eq. 6 would yield a compressibility 
modulus of ? u 7,5 ∙ 10P MPa. Under uniform compression of 75 MPa this would lead to a 
volume reduction of 1%, which is a rather low stress for quite a significant volume reduction 
compared to e.g. steel, in which case a uniform compressive stress of 1750 MPa would be 
necessary to give the same volume reduction and thus the same negative effect. 

 Epoxy Resin 
One of the most commonly used two component epoxy resins in injected bolted connections 
is Araldite/RenGel SW 404 in combination with hardening agent Ren HY 2404. It is the only two 
component resin that has been approved by the Dutch Ministry of Infrastructure 
(Rijkswaterstaat) to be used in injection bolts applied in their infrastructural works. SW 404 in 
combination with HY 2404 is an epoxy gelcoat which offers a high level of durability and has a 
pot life of 25-30 minutes. Other authors (e.g. Gresnigt & Beg (2013) [13]) have shown that for 
this specific two component resin, the long duration bearing stress can be taken as (�,)*�+,,23 u
200 MPa  and the short-term bearing stress as (�,)*�+,,43 u 280 MPa [13]. According to the 
manufacturer, the Young’s Modulus ranges between � u 9 − 9,5 GPa  whereas the uniaxial 
compressive strength ranges between 110 − 125 MPa [12]. However, several authors have 
found significantly different Young’s Moduli, i.e. � u 4,5 − 5 GPa (Kortis, 2011) [10] and � u
3,2 GPa (de Freitas et al., 2012) [14]  

Another potentially suitable resin for injection bolts is Sikadur 30, which according to the 
manufacturer, has a high creep resistance under permanent load and has a very good 
adhesion to for example steel. The properties of cured Sikadur 30 are given by the 
manufacturer, and are indicated in Table 3. The pot life of this resin is 90 minutes at room 
temperature. Research at TU Delft has indicated that the workability of Sikadur 30 is rather low 
[15] if used in normal clearance holes. In order to facilitate the injection process to prevent 
workability issues, researchers at University of East London and Warwick University (Qureshi 
& Mottram, 2012) [16] have come up with an alternative washer design as illustrated in Figure 
11. 
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Table 3 - Properties of Sikadur 30 [17] and Araldite/Rengel SW404 + HY2404 [12] according to 
manufacturers 

Property Sikadur 30 Araldite 
SW404yHY2404 Unit 

Tensile Strength 24-27 - MPa 
Compressive Strength 70-80 110-125 MPa 

Shear Strength 14-17 - MPa 
Shear Modulus 11,2 - GPa 

E-Modulus vcompressionw 9,6 9,0-9,5 GPa 
 
The stress-strain curve of Sikadur 30 has been obtained by several authors by performing 
tensile and compressive tests on the cured resin material. Figure 12 shows the stress-train 
curve of Sikadur 30 [18] [19] under uniaxial tension and compression. It can be observed that 
under uniaxial tension the resin behaves rather brittle, and that under uniaxial compression, 
the material behaves more ductile. The shape of the stress-strain diagram does not differ 
significantly between different epoxy resins [18]. Carvalho (2007) [19] has suggested to 
describe the behaviour of Sikadur 30 under confined compression using hardening models, 
however such effects are only apparent at very large connection slip (� 4 mm). If one were to 
draw the stress-strain diagram of polymer material (such as  polycarbonate) based on a 
specimen that has been confined laterally, one would find the diagram illustrated in Figure 14. 
To the authors knowledge, no confined compression test have been carried out yet on epoxy 
resins.  

Koper (2017) [15] has carried out research in other resins that are not well-known in the field 
of resin-injected bolted connections, such as Edilon DEX G20 and Edilon DEX R2K. Also 
Araldite/RenGel SW 404 y HY 2404 and Sikadur 30 have been tested in this research. All double 
lap connections with the abovementioned resins initially show a linear relationship between 
force and connection slip when loaded in shear. Later, the behaviour tends to be more non-
linear. One of the test results of Araldite/RenGel SW 404 in a double lap connection has been 
included in Figure 13 (Koper, 2017) [15].  

The mechanical properties of epoxy resins are known to vary in time due to ageing processes. 
An extensive work is written on this topic by Kajorncheappunngam (1999) [20]. Ageing process 
may be initiated by aggressive media, such as acids or salt solutions. However, also water and 
temperature have an effect on the mechanical properties of epoxy resins.  Generally, an 
increase in temperature after the initial curing has finished causes the glass transition 
temperature �� to increase [20]. As a result of additional curing at higher temperatures, also 
the stiffness is found to increase [20]. On the contrary, cured epoxy resin submerged in water 
is found to have a lower �� and a lower stiffness, however this is not explicitly quantified in the 
mentioned research. Also, it is concluded that at room temperature water has the most 
negative influence on the mechanical properties [20].  
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Figure 11 - Alternative designs for washer under bolt head to 
facilitate injection process [16] 
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Figure 14 - Stress-Strain diagram for a polymer (PC, Polycarbonate) under different confinement 
conditions [62]. PMMA stands for acrylic (commonly known as Plexiglas). The stress-strain 
diagram clearly indicates the effect of confinement on the relationship between stress and strain. 
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Creep 
All polymers, including epoxies, deform plastically over time due to creep (Daniels, 1989) [21]. 
Polymers are generally more sensitive to creep than metals and their creep rate is mostly 
dependent on stress, time and temperature.  

The creep strain of epoxy resins can be approximated by a power law (Osswald, 2010) [22], 
which has been successfully done in earlier work [23]. The creep strain can be approximated 
by Eq. 7.  

 >&) u �
D y 1 ∙ F, ∙ G'�� Eq. 7 

With:   

� Material constant [L��/vF� ∙ T���w]  

F Uniaxial equivalent deviatoric stress (Mises stress) [F/L�]   

G Time [T]  

D Time exponent (material property)  [−]v−1 � D � 0w  

E Stress exponent (material property)  [−] vE � 1w  

 

A potential consequence of creep is that the epoxy resin moves around the bolt to the non-
bearing side of the connection (Bouwman, 1974) [24]. As a result, the bolt is able to move 
slightly in the direction of load transfer which induces connection slip, as indicated in Figure 15 

 

 

 

 

 

 

  

Figure 15 – (a) original situation, (b) slip (verschuiving) as a result of 
resin creep [24] 

(a) (b) 
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 Grout 
Currently, the use of grout in injected bolted connections is prohibited for the simple reason 
that grout is not a two component epoxy resin. However, grout may be a suitable injection 
material, because of its high compressive strength and Young’s Modulus. Apart from the 
general problem of creep in injection materials, particular attention should be paid to the 
shrinkage of the mortar used for injection. 

Generally, for materials that are subjected to multiaxial compression, higher external loads can 
be withstood than in case of uniaxial compression. For concrete, Ellobody & Young (2006) [25] 
have suggested the stress-strain diagram illustrated in Figure 16.  The terms (&& and >&& that 
are indicated in Figure 16 can be computed using the relations of Eq. 8 and Eq. 9, suggested 
by Manders et al. (1988) [26]. 

 

 

 

 

 

 

 

 

 

 

 

The initial concret concrete compressive stiffness �&&  is constant up to 0,5 ∙ (&&  and can be 
expressed as Eq. 10. 

 �&& u 4700 (&&  [MPa] Eq. 10 

 (&& u (& y 5� ∙ (� Eq. 8 

 >&& u >& ∙ ¡1 y 5� ∙ (�(&¢ Eq. 9 

With:   

(&& Confined concrete compressive strength [F/L�]  

>&& Strain at (&& [−]  

(& Uniaxial concrete compressive strength [F/L�]  

>& Strain at  (& [−]  

(� Lateral confining pressure [F/L�]  

5�, 5� Constants [−] (5� � 4.1 and 5� � 20.5 [27]w  

Figure 16 - Stress-strain diagram for concrete under 
uniaxial and confined (multiaxial) compression [25] 
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The stress-strain path is further defined by Eq. 11 [28] with the parameters of Eq. 12 and Eq. 
13 for the stress  interval between 0,5 ∙ (&&  and (&& . The parameters £¤  and £¥  are 
recommended to be taken as 4 by Hui & Schnobrich (1989) [29]. The definition of all other 
parameters can be found from Figure 16. 

 ( u �&&>&&
1 y v£ y £8 − 2w ¦ >>&&§ − v2£ − 1w ¦ >>&&§� y £ ¦ >>&&§P Eq. 11 

 £8 u �&&>&&(&&  Eq. 12 

 £ u £8v£¤ − 1w
v£¥ − 1w� − 1

£¥  Eq. 13 

 

EN 1992-1-1 [30] allows for the stress-strain relationship of confined concrete shown in Figure 
17. Eq. 14, Eq. 15 and Eq. 16 may be used to define the stress-strain curve of confined 
concrete. The equations from the Eurocode have more or less the same build-up as suggested 
by Manders et al. (1988) [26], and have slightly lower admissible compressive stress compared 
to the suggestions of Richart et al. (1928) [27]. However, if more detailed test results are 
available, the compressive strength under confinement may be determined using this data. 

 (&-,& u (&- ¡1 y 2,5 ∙ �̂(&-¢ Eq. 14 

 >&�,& u >&� ∙ v(&-,&(&- w� Eq. 15 

 >&.�,& u >&� y 0,2 ∙ �̂(&- Eq. 16 

With:   

(&-,& Characteristic compressive concrete strength under 
confinement [F/L�]  

(&- Uniaxial compressive concrete strength [F/L�]  

�̂ Confining stress [F/L�]  

>&�,& Strain upon reaching f=¨,= [−]  

>&� Strain at f=¨ [−]  

>&.�,& Ultimate strain of compressed and confined concrete [−]  
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It should be noted that the tensile strength of concrete is rather low compared to its 
compressive strength. In most calculations, the contribution of the concrete to the tensile 
resistance (e.g. axial or bending) is ignored.  
 
One of the potential issues with using grouts is their shrinkage upon hydration, which is often 
referred to as hardening or chemical shrinkage. The reduction of volume of cementitious 
materials during hydration was first observed by Le Chatelier (1900) [31]. Chemical shrinkage 
occurs due to the volume of the original components (water and cementitious material) is larger 
than the volume of the hardened end-product. The magnitude of chemical shrinkage can 
calculated using the chemical equations of the hardening process, as is exemplified through 
Figure 18 
  
 
 
 
 
 
 
 
 
 
 
 
 
Since shrinkage in general will allow for additional connection slip, it is best if shrinkage can 
all together be avoided. Special shrinkage-compensating grouts are available on the market, 
which prevent shrinkage from occurring. The underlying principle is the use of expansive 
cement or a combination of an expensive component and normal cement [32]. Such shrinkage-
compensating grouts have a higher hardened end-product volume than the volume of the 
original components.  Apart from the benefits of not having shrinkage, the expansion may also 
contribute to the complete filling of any voids. Other characteristics shared among most 
shrinkage-compensation grouts are a high early strength and a high final strength. Moreover, 
shrinkage-compensation grouts are usually full pre-mixes, meaning only water is to be added 
before casting. 
 

Figure 17 - Characteristic stress-strain curve of confined (top curve) and unconfined (middle 
curve) concrete according to EN 1992-1-1 [30] 

Figure 18 - Sample calculation of chemical or hardening 
shrinkage for a portland cement [66] 
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Creep 

It is generally acknowledged that concrete creeps in time. It has been found that creep in 
concrete subjected to compression is about one seventh of that under tension [33]. Also, 
research has indicated that higher compressive creep occurs at lower stress levels than at 
higher stress levels [33] [34]. It is suggested that this phenomenon occurs due to the fact that 
at low compressive stress the interlayer water is pushed away, reducing the total volume and 
causing creep, whereas a higher compressive stress causes new bonds to form between 
subsequent surfaces. [34].  

Creep in the concrete/grout may aid in the same deformation process discussed in Section 
2.5.1 which is shown in Figure 15 (p.17).  
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 Shape Memory Alloys 
Shape memory alloys (SMAs) mostly consist of Nickel and Titanium [35]. As the name 
suggests, shape memory alloys have the characteristic of being able to divert to their original 
state. In order to reach their original state, a heat source is necessary in order to obtain a 
temperature that lies above the transition temperature, which can range between −200© and 
y200© depending on the material composition [36]. Recoverable strains of 3 − 8% are not 
uncommon for SMAs. Nickel and Titanium-based SMAs have a Young’s Modulus of 80 GPa, 
which is substantially higher than that of resin or grout.  

 

 

 

 

 

 

 

 

 

 

 

 

Given their high Young’s Modulus, shape memory alloys may be suitable for use in slip-
resistant bolted connections. However, SMAs cannot be injected in liquid state, given that the 
melting temperature lays in the range of y1200© [35]. An alternative may be the insertion of 
small compressed SMA blocks or balls within the connection assembly. If the transition 
temperature is sufficiently low, the SMA block will at all times exert a compressive force on the 
connection components due to the confinement of the material, which at the same time 
guarantees that the total volume is filled. The effect is illustrated in Figure 19. The same 
principle is currently used in mending broken bones in the human body [37], in which case a 
tensile force is strived for rather than a compressive.    

Currently, the main issue with SMAs is their high cost [36]. However, potential application may 
seem promising in the future, given that it is possible to apply the SMA-filler material at the 
right temperature. In this thesis, no further explicit attention is given to the feasibility of SMA-
like materials in bolted connections. 

  

Figure 19 - One-way memory effect. (a) � (b), 
the sample is deformed, (b) � (c) the sample is 
unloaded, (c) � (d) at a temperature above Af 
(the transition temperature) the sample will go 
back to its original shape [36] 
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 Comparison 
Resins and grouts share the characteristic of needed time to cure/harden before sufficient 
strength has been achieved to deliver the demanded functionality. However, generally for 
resins (24hrs) this curing time is much shorter than for grout. Grouts take a few days before 
reaching a compressive strength of any significance, whereas rapid strength developing grouts 
may still take a day to reach a compressive strength of 30 − 50 MPa [38] [39].  

The Young’s Modulus of Araldite/RenGel SW 404 y HY 2404 is � u 9000 − 9500 MPa [12] and 
can vary between resins with the same ultimate strength, whereas the Young’s Modulus of 
concrete is independent of the type of concrete used and mainly depends on the compressive 
strength via Eq. 17 (EN 1992-1-1 [30]). It should be noted that Eq. 17 only holds for concrete, 
and that in case of grout the stiffness is expected to be less due to a smaller amount of stiff 
aggregates. Often no data on the Young’s Modulus of grouts is given in product sheets, 
however a few data points (strength, Young’s Modulus) are plotted in Figure 20 . 

 �&' u 22 ∙ ¡(&'10 ¢«,P  vGPaw Eq. 17 

With: 

(&' 

 

The mean compressive strength of concrete (MPa).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20 clearly shows that grouts do not exceed the stiffness of concrete according to EN 
1992-1-1 [30]. Also, it can be observed that the Young’s Modulus of Araldite/RenGel SW 404 
y HY 2404 is significantly lower than that of grouts with a similar strength.  From a connection 
stiffness point of view, it is expected that grouts will lead to a better performance.  

Figure 20 - Young's Modulus versus 28-day compressive strength for different grouts. Strength 
and stiffness of Araldite SW 404 + HY 2404 included for comparison. 
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2.6 Demountability 
The demountability of a structure relates to what extend a structure can be taken apart and re-
assembled. Research done at TU Delft in the 1970s [40] has indicated that it is possible to 
dismantle resin-injected bolted connections, i.e. separating the bolts from the bolt hole without 
excessive force necessary to do so. In order to dismantle the connection, the components of 
the connection that come into contact with the resin have been treated with a mould release 
agent (e.g. Deitermann Relax 6 [40], as in the 1970s TU Delft research).  

Several materials have the potential to function as a mould release agent. Commonly used are 
[41]: 

• Teflon-based products, which function based on the polarity of the epoxy resin and the 
non-polarity of the Teflon-based product (see Figure 21). 

• Wax-based products, functions in a similar way to Teflon-based products. Care should 
be taken to choose a wax with a melting temperature above the curing temperature of 
the epoxy. 

• Silicone-based products, however not used as often as Teflon-based or waxy products, 
since the interaction between epoxy and silicon may degrade the final epoxy properties. 

Of all three types commercial products are available on the market. However, some household 
product can reportedly lead to the same demountability/demouldability, since they are 
ingredients in commercial products. An example of such an household product is Carnauba 
wax, which is often used as automobile wax, shoe polish or in food products.  

  

Figure 21 - Effect of using Teflon- and wax-based products. The non-
polarity of the mould release agent forms a barrier between the mould 
surface and the polar injection material [67] 
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It should be noted that separation liquid may induce additional slip in the connection when it is 
forced aside [40], as is illustrated through Figure 22. Also, it is theoretically possible for the 
resin to slide along the separation liquid without considerable friction, which may or may not 
aggravate the connection slip and is further investigated in this thesis. A possible danger of 
using separation liquids is that it may come between two plates, hereby reducing the coefficient 
of friction in case of injected friction connections [42]. 

For concrete/grout, it is also possible to allow for easy demountability of the structure. 
Generally used in formwork, release agents or ‘formwork oil’ prevent the concrete from 
adhering to the formwork or substrate. Two main types of such release agents exist: 

• Barrier type 
o Creates a barrier between the substrate and the concrete, hereby preventing 

any contact between the substrate and concrete 
• Chemically reactive type 

o Chemically reactive release agents react with the lime in the concrete. Often 
fatty acids are used, which upon reaction with lime form a soapy layer that 
prevents any adhesion between concrete and substrate. 

 

 

 

Figure 22 - Potential additional slip of connection due to the separation liquid being pushed 
aside as a result of external loading [40] [42] 
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2.7 Oversized and Slotted Holes 
The definition of oversized hole is taken in this thesis as “a hole that has a nominal clearance 
larger than the nominal clearance for normal round holes”. The nominal clearance for normal 
round holes is given by Table 11 of EN 1090-2, which is presented in Figure 23 and of which 
an example is illustrated in Figure 24. Oversized and slotted holes (Figure 24) allow for an 
easier assembly process of pre-fabricated members, since the chance that holes of different 
members overlap increases with increasing hole size.  

 
 
 
 
 
 
 
 
 

 
 

 
In case oversized or slotted holes are used, it is prescribed that a plate washer with a minimum 
thickness of 4 mm must be used [4]. An example is given in Figure 25. Alternatively, a cover 
plate can be used, as is for instance done in the assembly shown in Figure 26. 

Figure 23 - Nominal clearances for bolts and pins (mm) [4]  

Figure 25 - Square M20 plate washer 
with a thickness of 4 mm [64] 

Figure 24 - Bolt hole dimensions for a (a) normal round, (b) oversize, (c) short slotted and (d) 
long slotted hole. Dimensions according to EN 1090-2 [4] and given in millimetres. 

(c) (a) (b) (d) 
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A particular useful application of slotted holes is in the connection between members of wind 
turbine shell elements, as has been investigated in the HISTWINy [43] project. In this particular 
application, the shear force is transferred by friction between the subsequent members. An 
illustration of a connection design in the HISTWINy [43] is included in Figure 26. It should be 
noted that in this case the hole is not purely slotted, but open at one end (finger connection), 
in order to further ease the assembly process. 

 

 

 

 

 

 

 

 

 

 

 

Although oversized and slotted holes aid the erection process, a consequence of the use of 
oversized/slotted holes is that significant slip can occur between connection members, and 
that large deformations may occur once the bolt and plates are in contact [44]. The slip that 
can occur in the connection is theoretically limited to twice the hole clearance, but is often not 
more than one time the hole clearance [1]. In order to overcome any deformation issues related 
to the use of oversized holes,  connections with oversized holes are required to be designated 
as slip-critical by the (American) Research Council on Structural Connections [1]. In the 
European codes EN 1090-2 and EN 1993-1-8 it is not explicitly stated that connections with 
oversized holes must be detailed as slip-critical, however in such cases the bearing resistance 
of the connection is reduced by 20%. Both the American and European specifications prescribe 
a reduction of 15% of the slip load in case of pretensioned connections with oversized holes. 
With respect to pretensioned connections with slotted holes, EN 1993-1-8 [3] reduces the shear 
resistance with 37% for long slotted holes parallel to the direction of load transfer, whereas the 
RCSC [1] reduces the resistance by 30%. The different European reduction values are 
summarized in Table 4.  

Table 4 - Multiplication factor of resistance of oversized and slotted holes compared to normal 
holes according to EN 1993-1-8 [3]  

Hole type Bearing Friction 
Normal Holes 1 1 
Oversize holes 0,8 0,85 

Short slotted holes vparallel to direction of load transferw 1 0,76 
Long slotted holes vparallel to direction of load transferw 1 0,63 

Figure 26 - Example of an application of slotted holes in a 
wind turbine connection [43] (open at one end) 
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In the 1960s research has been carried out to investigate the effect of oversized and slotted 
holes on preload loss of pretensioned bolts. By Allan et al. (1967) [45] and Chesson et al. 
(1965) [46]  , it was concluded that nor oversized nor slotted holes have a significant influence 
on the preload loss in time [45] [46]. The results of the research of Allan et al. (1967) [45] have 
been illustrated in Figure 27. It must be noted that Allan et al. (1967) were not able to pre-
tension the bolts in oversized holes without the installation of a washer. Although the preload 
loss is mostly unaffected by oversized holes, the slip factor was reported to decrease with 
increasing oversize of the hole. Especially in case of slotted holes, the observed slip factor is 
significantly (22%-33%) lower [45]. Allan et al. (1967) suggest that the reduction in slip factor 
is due to the higher surface pressure in the region directly next to the bolt hole/slot, which tends 
to compress the surface irregularities.  
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2.8 Bearing Stress 
The equivalent bearing stress �̂, indicated in Eq. 18 and Figure 28b , is often used as an 
indicator for the maximum long-term load that can be transferred through the resin without 
excessive connection slip. However, the bearing stress is not equally distributed along the 
width of the hole, as indicated in Figure 28a. The constant stress distribution cf. Eq. 18 and 
Figure 28b is only valid in case of rigid connection members [47] [48]. 

 

 

 

 

 

 

 

 

 

 

 
�̂ u /��� ∙ G  Eq. 18 

With: 

�̂ 

/� 

�� 

G  

 

Equivalent bearing stress [F/L�] 
External load [F] 
Bolt diameter [L] 
Plate thickness [L] 

 

 
In case of a marginal clearance between the bolt and the bolt hole, the bearing stress 
distribution can be approximated by Eq. 19 [47] [49]. In case the clearance between the bolt 
and the surrounding material cannot be neglected, the bearing stress distribution becomes 
more complex and cannot be obtained from mere theory. In this case the angle in between 
which the bearing stress is transferred must be determined by testing [47]. For the case of 
injected bolted connections, it is assumed that the clearance is non-existent, as the injection 
material is both in contact with the bolt and bolt hole. 

 

 
�̂vWw u 4

] ∙ /
�� ∙ G ∙ ®¯°vWw Eq. 19 

With: 

�̂vWw 

/, �� , G  

W 

 

Bearing stress as a function of W [F/L�] 
As defined in Eq. 18 

Angle with respect to direction of force 

 

Figure 28 - Bearing stress distribution as a result of loading 
by a bolt, (a) true stress distribution, (b) equivalent stress 
distribution 
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Integrating Eq. 19 over the perimeter of the bolt whilst taking only the longitudinal components, 
one can prove that indeed the expression of Eq. 19 leads to longitudinal force equilibrium. 
Based on the same considerations, the longitudinal component of the bearing stress can be 
sketched using Eq. 21, as is illustrated in Figure 30. 

 /R u ± �̂vWw ∙ 1
2 �� ∙ G ∙ ®¯°vWw

²�
³²�

�W 

u ´4
] ∙ /

��G µ ∙ 1
2 �� ∙ C ∙ ± ®¯°�vWw

²�
³²�

�W 
u 2

] ∙ / ∙ ]
2 u /R 

Eq. 20 

 

 �̂,V;vWw u �̂vWw ∙ ®¯°vWw u 4
] ∙ /

��G ∙ ®¯°�vWw Eq. 21 

With:   

�̂,V;vWw Longitudinal component of bearing stress [F/L�]  

�̂vWw, /, �� , G   Defined as in Eq. 18 and Eq. 19   

 

 

 

 

 

Figure 29 - Bearing stress 
distribution for negligible clearance 
between elastic bodies [63] 

Figure 30 – Sketch of longitudinal 
component of bearing stress, indicative 

d¶ 

σ¶,�¸¹ 
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2.9 Structural behaviour of Resin-Injected Connections 
The structural behaviour of resin-injected connection has been studied by several authors. All 
present studies on the structural behaviour of resin-injected connections focus on M20 bolts in 
normal clearance holes, with specimen dimensions (Figure 31) cf. Annex G of EN 1090-2 [4]. 
Moreover, all results come from eccentric tests (as specified in EN 1090-2 [4]), i.e. tests in 
which the bolt has been placed in the position with maximum slip potential, as is illustrated in 
Figure 32. The underlying reason behind the bolt eccentricity is that this positioning is required 
to determine the maximum allowable bearing stress (�,)*�+,. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34 shows the relationship between applied tensile force and connection slip found by 
Koper (2017) [15]. The test results initially show a stiffer behaviour due to load transfer by 
friction rather than bearing. The average connection stiffness observed between 0,05 mm and 
0,15 mm of slip is 5 u 9,8 ∙ 10� kN/mm. From similar experiments carried out by Ragelj & Beg 
(2008) [50], a connection stiffness of 5 u 10 ∙ 10� kN/mm is found (Figure 35). 

Figure 35 does not only show results for resin-injected connections, but also for pretensioned, 
combined pretensioned and resin-injected connections. Pretensioned connections provide a 
higher slip load than resin-injected connections, but the combination of pretensioning and resin 
injecting yields the most favourable results. It is noted that in case of the combination of a 
pretensioned and resin-injected connection, initially the load-displacement paths are similar, 
which indicates that the force is first mostly transferred by friction, and later by bearing of the 
resin. The combination of pretensioning and injecting leads to a design load that is respectively 
35% and 90% higher than in case of only pretensioning or injecting. However, Figure 35 
indicates that the slip load for a combination of force transfer by friction and resin bearing is 
less than the sum of both individual slip capacities, which is in contrast to the design resistance 
according to EN 1993-1-8 [3]. Other authors (e.g. [13])  have made the same observation and 
conclude that it is not a major issue since the design resistance according to EN 1993-1-8 [3] 
can be resisted at higher slip levels (0,2 − 0,25 mmw. 

 

Figure 31 - Test set-up from Annex G of EN 1090-2 [4]. Bolts M20 (4x) in normal 
clearance holes. Points a and b indicate measurement points for connection 
slip. 
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Figure 32 – Eccentric position of the bolt 
(grey) with respect to the bolt hole, causing 
the greatest potential of connection slip 

Slipping Potential 

F/2 

Figure 33 - Side view of a resin-injected connection (half 
specimen) tested in the experimental programme of 
Koper (2017) [15] 
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 Figure 34 - Force-displacement diagram obtained by Koper (2017) [15] for three double lap shear 
tests cf. Annex G of EN 1090-2 for M20 bolts 
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Figure 35 - Force-displacement diagram for various connection types obtained by 
Rugelj & Beg (2008) [50]. Tests carried out on the test set-up from Annex G of EN 
1090-2 using M20 bolts. 
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3 Methods 

This section discusses the different materials and test set-ups used in experiments required 
for answering the research questions laid down in Section 1. 

3.1 Materials 
The materials used in the experiments are outlined in this section. In the description of the 
tests in Section 3.2 , reference is made to the materials defined in this section.  

 Steel 
Steel is used for all plate and fastener material. Figure 36 illustrates all steel components. The 
material properties of the different components are tabulated in Table 5. 

Table 5 - Steel grade per component used in the experimental programme 

Component Steel Grade Nominal Yield Strength 
vMPaw 

Nominal Tensile Strength 
vMPaw 

Bolt 10.9 900 1000 
Nut 10.9 900 1000 

Cover Plate S355 355 510 
Centre Plate S355 355 510 

 

 

  

 

 

 

 For plate material, the steel grade is S355. The bolt material is of steel grade / bolt property 
class 10.9.  

 

 

 

 

Both the cover and centre plates have an epoxy coating on the side of plate-to-plate contact. 
Such epoxy coatings provide excellent protection against corrosion but have a very low slip 
factor [. The low slip factor is beneficial for the experiments since it reduces the influences of 
friction on the test results. 

The bolts are manufactured by FRIEDBERG and have a hole drilled in the head which is used 
for injection. Apart from this minor adjustment, the bolts can be considered to be conventional HV 10.9 bolts. The washers are special washers suitable for injection with dimensions conform 
EN 1090-2 [4] (see Section 2.1.1).  An overview of the complete fastener system is given in 
Figure 37. 

Bolt incl. nut (HV 10.9) 

Centre plate (S355) 

Cover plate (S355) 

Hardened washer 

Figure 36 - Steel components including their steel grades used in the experimental programme 
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 Resin: Araldite/RenGel SW 404 + HY 2404 
The resin considered in the experiments is the two-component epoxy resin Araldite/RenGel SW 
404 y HY 2404, since this resin is used exclusively in practice. The resin has a characteristic 
blue colour, and has a compressive strength of 110 − 125 MPa [12] and a Young’s Modulus 
between 9 − 9,5 GPa. The components are mixed in a mass ratio of 10: 1 (SW 404 : HY 2404) 
before injection at room temperature. The costs of mixed Araldite/RenGel SW 404 y HY 2404 
are about  € 22/kg or € 39/l  when bought in large cans of 10 and 1 kg respectively (price 
25/01/2017; VIBA.nl). Figure 38 shows the unmixed resin components, as well as the 
hardened/cured epoxy resin material. The product sheet of Araldite/RenGel SW 404 y HY 2404 
is included in Appendix A. 

 

 

 

 

 

 

 

 

 

  

Figure 38 - Left: resin components Araldite/RenGel SW 404 and hardener Araldite/RenGel HY 2404 in small packages of 500g and 50g, respectively [70]. 
Right: hardened/cured resin in a transparent epoxy mould [69] 

Figure 37 - Fastener system used in the experimental programme, composed 
of FRIEDBERG HV 10.9 bolt, special washers and HV 10.9 nut 

Air escape groove 
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 Grout: PAGEL V1-0HF 
One type of grout, PAGEL V1-0HF, is considered in the experimental programme. The choice 
for the grout is made based on comparing product sheet data of different grouts, mainly looking 
at favourable characteristics such as high stiffness, high early and final strength, as well as 
workability and flowability. The product sheet of PAGEL V1-0HF is included in the Appendix. 

V1-HF is an injection mortar from the German manufacturer PAGEL, and is used for diverse 
applications, ranging from casting joints between high-strength concrete members to 
embedding train rails [51]. V1-HF is available in three different versions, which differ in the 
maximum (filler) diameter present in the dry mix. In the experimental programme, V1-0HF is 
be used, which has a largest particle diameter in the dry mix of 0,15 mm. The injection mortar 
can be hand-pumped. The effects of chemical/hardening shrinkage are compensated for given 
a net volume increase after hydration. PAGEL V1-0HF is CE-marked as well as certified by the 
Dutch KOMO institution. PAGEL V1-0HF is only supplied in bags of 20 kg and costs €3,6/kg or 
€7,2/l vprice 25/01/2017, personal communication with Dutch supplier Verwaard BV). 

The properties of PAGEL V1-0HF are listed in Table 6. Figure 39 illustrates the packaging of the 
injection mortar. 

Table 6 - Properties of PAGEL V1-0HF [51] 

Grain size 0 mm  

Amount of water 20 %  

Consumption (dry mortar) 1,84 kg/l  
Working time at 20 °C 60 minutes  

Expansion after 24 hrs � y0,3 Vol%  

Compressive strength 24 hrs � 60 MPa  

7 days � 85 MPa  

28 days � 100 MPa  

 

  

Figure 39 - PAGEL V1-0HF Injection mortar, as 
supplied with by Verwaard BV 
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 Release Agents 
Release agents prevent adhesion between different components, such that components can 
be easily separated from each other. The different release agents used in the experimental 
programme are listed in Table 7. 

Table 7 - Release agents used in the experimental programme 

Brand / Name Active 
Substance 

Way of 
applying/Phase 

Volume 
vmlw 

Retail Price 
v€, approx..w 

ACMOS 82-2405 Wax Spray 400 10 
Kelfort Silicon Spray Silicon Spray 400 5 

De Hazelaar 
Losmiddelvloeistof PVA 

Polyvinyl 
alcohol vPVAw Liquid 500 10 

*: The price of Teflon is in the same range as that of ACMOS 82-2405. However, Teflon was not considered in 
the experimental programme 

 

 

  

 

 

 

 

 Tools 

Injection 

The injection material is mixed/prepared to the specifications of the manufacturer. Hereafter, 
the mixed material is transferred to a caulk tube. The injection materials are injected using a 
hand-operated caulking gun, as exemplified in Figure 41.  

  

Figure 41 - Hand-operated caulking gun with a caulk tube 
containing the mixed injection material [71] 

Mixed injection 
material 

Placing caulk tube 

Application of 
injection pressure 

Injected 
material 

Figure 40 - Release agents used in the experimental 
programme, respectively wax, silicon and PVA-based. 
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3.2 Tests 

 Injectability Tests 
Injectability tests are carried out on specimen injected with either resin or grout. The goal of 
the injectability tests is to see whether or not a material is suitable to be injected. For the resin 
under consideration (Araldite/RenGel SW 404 y HY 2404) the suitability for injection does not 
need to be proven since it has been injected numerous times by other authors. However, no 
information is known about whether the entire free volume can be filled if there is risk of air 
inclusions within this volume.  

In order to investigate the injectability of the resin and grout materials, a transparent Perspex 
assembly is used. The Perspex assembly consists of three plates: the outer plates are 10 mm 
thick and have a hole with a nominal diameter of 22 mm, whereas the centre plate is 20 mm 
thick and has a hole with a nominal diameter of 36 mm. The holes in all three plates are 
positioned concentrically and an M20 fastener system cf. Section 3.1.1 is (randomly) inserted. 
Figure 42 illustrates the final test set-up. 

Figure 42 indicates an air escape channel in the centre plate. This air escape channel is used 
to make sure the entire volume is filled with injection material and no air inclusions exists within 
the specimen. The need of an air escape channel is further exemplified in Figure 43. Also 
experiments proving the need for such an air channel will be included in the experimental 
programme.  

Figure 42 - Injectability test set-up, (a) final assembly, (b) cover plate and (c) centre plate with 
air escape channel. Fastener system cf. Section 3.1.1. All dimensions in mm.  

(c) (b) (a) 
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(a) 
With air escape channel Without air escape channel 

Air escape channel 

Injection material 

Bolt 
Cover plate hole 
Centre plate hole 

Air 

 

Direction of 
injection 

Air 

Figure 43 – (a) Possible consequence of air inclusion on the quality of the injection, (b) 
prevention of air inclusion due to the presence of an air escape channel. Not to scale. 

(b) 

Outer specimen surface 
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 Demountability Tests 
Demountability tests are carried out on specimen that have undergone a treatment with release 
agents, as specified in Section 3.1.4. The goal of the demountability tests is to investigate 
whether or not connections that have been treated with release agents are capable to be taken 
apart without excessive use of force. 

In order to determine what type of release agent shall be used in the double lap shear 
connections discussed in Section 3.2.3, a preliminary study is conducted using several types 
of release agents (Wax-, silicon- and PVA-based). The test setup used to determine the 
demountability of injected connections is illustrated in Figure 44, and consists of two plates 
bolted/clamped onto each other. The top plate has through holes with a diameter of 26 or 
32 mm. The lower plate functions as a bottom, so that a circular compartment with a horizontal 
bottom is created in the plate package. Pieces of threaded end of metric size M20 are vertically 
inserted in the holes. The empty volume in between the hole and threaded end is then filled 
with injection material. 

 

 

 

 

 

 

 

 

 

 

 

After sufficient curing/hardening time (24 hrs for resin, 7 days for grout), it is attempted to 
demount the assembly in the following way: 

1. Removal of the infill including threaded end by applying a tensile force by hand (tools) 
to the threaded end; 

2. Relative turning by hand tools of the threaded end with respect to the infill; 

The first step will show whether or not the injection material is easily separated from the inner 
surface of the hole. The second step shows whether the adhesion between the threads and 
infill is prevented in such a way that rotation of the threaded end is still possible with minimum 
effort. If one or both steps mentioned above cannot lead to demounting of the test assembly, 
other methods will be looked for to separate the assembly into the original components. If such 
other methods must be used, this will be extensively documented in the results section (Section 
4.2). 

After conducting the abovementioned test, a choice will be made on the type of release agent 
used in the double lap shear connections. After the experiment on the double lap shear 
connection has been carried out, it will be attempted to dismantle the connection using hand 
tools. 

Figure 44 - Test set-up for determining demountability of injected connections 
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 Double Lap Shear Tests 
Double lap shear tests are carried out on several types of injected double lap shear 
connections. The specimen vary in the degree of oversizing of the hole in the centre plate and 
the type of injection material (resin or grout). The test set-up used is located in the Stevin II 
laboratory of the TU Delft, and is illustrated in Figure 45. The specimen are fixed within the 
machine using hydraulic wedges. The testing rig can deliver a maximum tensile force of 500 kN 
(wedge resistance). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Before presenting the exact dimensions of the test specimen used  in the experimental 
programme, Figure 46 illustrates a general overview of the type of connection that is made.  

 

 

 

 

 

 

 

 

 

 

Bolt incl. nut 

Centre plate 

Cover plate 

Hardened 
washer 

Figure 46 – Three dimensional general overview of double lap connection under 
consideration 

Figure 45 – Left: test machine used in the experimental 
programme, right: schematization 
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Table 8 shows an overview of the different types of specimen that have been tested in the 
experimental programme. The specimen with oversize round holes have been fabricated from 
specimen that originally had dimensions according to Annex G of EN 1090-2 [4]. Figure 47 
illustrates an example of a centre plate with  Ø36 mm holes, whereas Figure 48 depicts the 
(constant) dimensions of the cover plates.  

Table 8 - Specimen used in double lap shear tests 

Specimen ID  Ø  cover 
plate 
vmmw 

Ø  centre 
plate vmmw Injection Material Type of 

test 
Release 
Agent* 

R22-ST  22 22 Araldite SW 404 y HY 2404 Short Wax 
R22-LT  22 22 Araldite SW 404 y HY 2404 Creep Wax 
G22-ST  22 22 PAGEL V1-0HF Short - 
R26-ST  26 22 Araldite SW 404 y HY 2404 Short Wax 
R26-LT  26 22 Araldite SW 404 y HY 2404 Creep Wax 
G26-ST  26 22 PAGEL V1-0HF Short - 
R32-ST  32 22 Araldite SW 404 y HY 2404 Short Wax 
R32-LT  32 22 Araldite SW 404 y HY 2404 Creep Wax 
G32-ST  32 22 PAGEL V1-0HF Short - 
R36-ST  36 22 Araldite SW 404 y HY 2404 Short Wax 
R36-ST  36 22 Araldite SW 404 y HY 2404 Creep Wax 
G36-ST  36 22 PAGEL V1-0HF Short - 

*: see Section 4.2 for motivation 
 

Figure 47 - Example of a centre plate with oversize holes Ø36mm, as used in the 
experimental programme 
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The plates are placed such that the holes in the cover and centre plates are concentric. To 
ensure the alignment of the holes is maintained during further preparation, a steel bar with a 
width of 10 mm is used as a spacer between the two centre plates. Hereafter, the bolts are 
positioned such that they are directly bearing to the steel cover plates. Hence, the bolt is not 
only eccentrically with respect to the cover plate holes, but also eccentrically to the centre plate 
holes. A cross section of the final assembly without injection material is illustrated in Figure 51. 

In order to allow for the air to escape during injection, air escape holes are drilled into the sides 
of the centre plates. These air escape holes are positioned upward during the injection to 
facilitate the injection process. 

Two types of test are carried out: short-term and long-term tests. The short-term test is a load 
controlled test in which the specimen will be loaded up to either the maximum capacity of the 
test rig or failure. The force at which a connection slip of 0,15 mm is reached is taken as an 
input for the long-term tests, during which the specimen will be loaded to 90% of the short-
term force for obtaining 0,15 mm slip. Figure 49 illustrates the testing sequence. 

 

 

 

 

 

 

 

 

 

Figure 48 - Dimensions of cover plates used in the experimental programme 
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Figure 49 - Testing sequence, FLT is 90% of FST 
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The long-term tests last for 72 hrs, which is hopefully enough to show that the extrapolated slip 
after 50 years is not more than 0,3 mm. Such extrapolation is carried out by plotting a slip-
log(time) diagram, as exemplified in Figure 50. It is not possible to continue the long-term tests 
for longer than 72 hrs, given the limited time frame available for the experiments. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 51 – Cross-section of assembly with holes Ø36 mm in centre plates. Detail indicating that the 
bolts are bearing directly on the steel cover plates. Nuts are not shown. 
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Figure 50 - Determination of minimum duration of long-term tests by extrapolating the slip in a 
slip-log(time) diagram. Slip after 50 years may not be more than 0,3 mm. Adapted after EN 1090-2 
[4] 
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The relative displacement between the cover and centre plates is measured using LVDTs. An 
overview of measuring locations is given in Figure 52. The LVDTs have a range of up to 2,0 mm 
and are always installed such that they measure at the same location per specimen. 

 

 

 

 

 

 

  

Figure 52 - Locations of LVDTs used to measure slip at CBG and PE [69] 
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 Ultimate Failure Tests 
Several tests are conducted on resin-injected specimen in order to determine the behaviour of 
double lap shear connections at ultimate failure (i.e. the state at which no additional force can 
be resisted). In order to reach ultimate failure, the same test set-up is used as discussed in 
Section 3.2.3. However, given the maximum load capacity of the test rig of 500 kN, only one 
bolt is installed in the end-hole of the centre plate. Connections with hole diameters in the 
centre plate of 36 and 22 mm are loaded up to failure using a displacement-controlled regime. 
The test assembly is illustrated in Figure 53. 

  

Figure 53 - Assembly used to determine the behaviour of resin-injected double lap connection at 
ultimate failure, example given for Øcentre = 36 mm 
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4 Results 

4.1 Injectability of Injection Materials 
Figure 54 shows a cross section of an injected double lap connection with and without an air 
escape channel, as defined in Section 3.2.1 (Figure 43). The cover plates have a nominal hole 
diameter of 22 mm, whereas this is 32 mm for the centre plate. From Figure 54, it can be seen 
that an air pocket remains within the centre plate cavity if no precautions are taken to prevent 
this. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The injectability of the grout has been assessed using a Perspex cylinder, which was 
successfully injected using a manual caulking gun, as can be seen from Figure 55. Only the 
area where the bolt and the Perspex specimen are in direct contact is not covered with grout, 
but further all cavities are filled and no air inclusions are visible with the naked eye.  

 

g g 

Figure 54 – Cross-section of a resin-injected double lap shear connection with (left) and without 
(right) air escape channel. Bolts are M20, diameter of cover plate hole 22 mm and centre plate hole 32 
mm.  

trapped air 

Figure 55 - Perspex specimen injected with grout. In the areas within the dashed lines the bolt 
is in direct contact with the Perspex. 
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During the injection of the specimen for the double lap shear tests, it was observed that it was 
not in all cases possible to inject the grout through the bolt head. The main limiting factor 
seems to be the position of the washer with respect to the bolt hole. During injection, this 
problem has been overcome by injecting through the air escape hole rather than through the 
bolt head. Such an air escape channel was not available for the specimen with normal 
clearance holes, which has influenced the test results (see Section 4.3). 

  



 

 51   
 

4.2 Demountability of Injected Connections 

 Test to Determine Suitable Release Agents 

Wax spray 

Figure 56 illustrates a piece of threaded end that has been cast in resin. Prior to injection of 
the resin, both the mould and the threaded end have been treated with a wax-based release 
agent. After allowing for 24 hours of hardening, it was possible to separate the specimen from 
the mould by hand by pulling. Hereafter, the threaded end has been fixed in the work bench 
and the resin infill could be separated by screwing using water pump pliers.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56 - Left: threaded end including resin released from a mould treated with a 
wax-based release agent. Right: Formation of threads in the resin: due to application 
of a waxy release agent the threaded end could be removed by unscrewing 
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Silicon spray 

In addition to the stubs of threaded end, also the threaded part of a bolt has been cast into 
resin after undergoing a treatment with silicon-based release agent. After allowing 24 hours 
for hardening, the bolt could be easily removed from the resin using a wrench, as is illustrated 
in Figure 57. The resin did not adhere to either the bolt or the steel mould. 

 

PVA (Polyvinyl alcohol) 

Similar to the wax and silicon spray, the PVA-solution (polyvinyl alcohol) successfully 
prevented adhesion between the steel and resin, as can be seen from Figure 58. After 
unscrewing the threaded end from the resin infill by hand, the PVA-film that prevented 
adhesion was clearly visible and detached.  

Figure 59 illustrates the structure of the resin at a location where PVA-solution was able to 
accumulate, although all (visible) excess PVA was removed before injection took place. At this 
location, the resin is rather porous. Also, it appears that the PVA-solution disappears between 
the clamped plates (Figure 59, right). 

 

 

 

 

 

Figure 57 – Left: Unscrewing a bolt from resin infill using a wrench. Right (top): 
disassembled components. Right (bottom): cross section of resin infill showing the bolt 
threads cast into the resin. 
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 Choice of Release Agent in Double Lap Shear Tests 
Based on the preliminary results discussed in Section 4.2.1, it is chosen to use wax-based 
spray as a release agent within the rest of the experimental programme related to resin-
injected connections. Although the performance of silicon spray is similar to that of wax spray, 
silicon is not chosen since the presence of silicon may degrade the material properties of the 
resin. In case of grout-injected connections, no release agent is used, due to the negligible 
adhesive bond between smooth steel and grout. 

  

Figure 59 - Left: porous resin as a result of PVA-accumulation, right: PVA-solution spreads 
between the clamped plates. 

Figure 58 - Left: threaded end including resin released from a mould 
treated with polyvinyl alcohol as a release agent. Right: Polyvinyl 
alcohol film detaches after unscrewing of resin infill. 

PVA-film 
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4.3 Stiffness and Strenght of Injected Double Lap Shear Connections  

 Short-term Double Lap Shear Connection Tests 

Resin 

Figure 60 presents the results obtained from the short-term tests on resin-injected specimen 
(curing time 24 hrs). The results focusing on the deformation below 0,15 mm slip are given in 
Figure 61, whereas a summary of the results is laid down in Table 9. The spread within the 
initial connection stiffness is lower than 3,9%.  

 

 

 

 

 

 

 

 

 

 

 

 

Table 9 – Average results of short-term test on resin-injected specimen 

 Ø&*,;)* vmmw 
Units 22 mm 26 mm 32 mm 36 mm 

External load 
at 0,15 mm 
slip 

154,8 111,5 90,4 69,2 kN 

Initial 
stiffness* 5+,+ 9,8 ∙ 10� 7,7 ∙ 10� 6,4 ∙ 10� 5,6 ∙ 10� kN/mm 

Spread 5+,+ (2 
tests)  

¿0,4% ¿3,9% ¿3,8% ¿1,7% − 

Max. 
observed 
external load 

500 428,3 388,6 335 kN 

Slip at max. 
observed 
external load 

1,243 1,938 2,0 2,0 mm 

*: Measured over the interval 0,05 − 0,15 mm slip at CBG. 

Ø&*,;)* u 

 

Figure 60 - Relationship between external load and connection slip measured at CBG for short-
term tests on resin-injected specimen (averaged) 
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After loading, the specimen have been demounted by first unscrewing the nuts and 
subsequently removing the bolts using a hammer. The condition of the resin in the centre plate 
bolt hole is shown in Figure 62. It must be noted that when removing the bolt from holes with 
a diameter of 22 mm, also the resin is completely removed. After removal of the bolt, the resin 
infill could easily be removed as well, as exemplified through Figure 62 (bottom). 

  

Figure 62 – Top: centre plate bolt holes of resin-injected specimen after 
loading, bottom: resin infill after removal from centre plates by hand 
using a hammer 

Ø&*,;)* u 36 mm Ø&*,;)* u 32 mm 

Ø&*,;)* u 

 

Figure 61 - Relationship between external load and connection slip measured at CBG for short-
term tests on resin-injected specimen, zoomed in on the range of 0-0,15 mm slip (averaged) 
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Based on the short-term test the load level for the long-term test is determined using the initial 
stiffness, which yields the load levels listed in Table 10. It is deliberately chosen to use the 
initial stiffness (defined between 0,05-0,15 mm of CBG slip) as an input for the long-term tests 
rather than the force measured at 0,15 mm slip, given that within the mentioned slip range the 
behaviour is more constant and thus more reliable. 

Table 10 - FST and FLT for resin-injected specimen 

ØÀ����� vÁÁw ÂÃÄ u Å, �Æ ÁÁ ∙ Ç��� vÈÉw ÂÊÄ u Å, Ë ∙ ÂÃÄ vÈÉw 

22 147,4 132,7 
26 115,6 104,0 
32 96,1 86,5 
36 83,5 75,2 

 

In order to have an estimate of the resin strength at the age of testing (24hrs), a cylindrical 
resin sample with Ø u 50 mm was used to determine the resin compressive strength. Figure 
63 illustrates the condition of the small-scale resin sample before and after testing. The 
compressive failure load of the sample was 809,4 kN, which leads to a compressive strength 
of 412 MPa. It should be noted that this is not the uniaxial compressive strength, given that the 
specimen is rather thin and thus confinement resulting from the steel plates in the compression 
machine is obtained in the entire sample. However, given that the material application (e.g. a 
double lap shear connection) also presents confinement, the result is still meaningful. 

 

 

  

Figure 63 - Small-scale resin sample used to determine the compressive strength, before (left) 
and after (right) loading in a compression machine.  
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Grout 

The results of the short-term tests on grout-injected specimen (curing time 48hrs) are illustrated 
in Figure 64. The results focusing on the deformation below 0,15 mm slip are given in Figure 
65, whereas a summary of the results is laid down in Table 11. The spread within the results 
is lower than 3,7%. It should be noted that the specimen with normal clearance holes could not 
be properly injected, hence the results are different from the expectations. 

 

 

 

 

 

 

  

 
Table 11 - Results of short-term test on grout-injected specimen 

 Ø&*,;)* vmmw 
Units 22 mm** 26 mm*** 32 mm 36 mm 

External load 
at 0,15 mm 
slip 

NA 107,5 86,3 79,9 kN 

Initial 
stiffness* 5+,+ 

NA 7,1 ∙ 10� 5,4 ∙ 10� 5,0 ∙ 10� kN/mm 

Spread 5+,+ (2 
tests)  

NA NA ¿3,7% ¿2,8% − 

Max. 
observed 
external load 

NA 343,6 500 399,3 kN 

Slip at max. 
observed 
external load 

NA 0,626 1,89 1,945 mm 

*: Measured over the interval 0,05 − 0,15 mm slip at CBG.  
**: Both connections within the specimen could not be fully injected 

 

Ø&*,;)* u 

Figure 64 - Relationship between external load and connection slip measured at CBG for short-
term tests on grout-injected specimen (averaged) 

0

100

200

300

400

500

600

0 0,25 0,5 0,75 1 1,25 1,5 1,75 2 2,25

F
 (

kN
)

Slip CBG (mm)

22 mm

26 mm

32 mm

36 mm



 

 58   
 

 

 

 

 

 

 

 

After loading, the specimen have been demounted by first unscrewing the nuts and 
subsequently removing the bolts using a hammer. The condition of the grout in the centre plate 
bolt hole is shown in Figure 66. It must be noted that when removing the bolt from holes with 
a diameter of 26 mm and 22 mm, also the grout is completely removed. When attempting to 
remove the grout infill from the holes in one piece, the grout shatters. 

  

***: The load level has not been further increased due to unsuccessful injection in one of     
the two connections. Only the properly injected connection is considered. 

Ø&*,;)* u 36 mm Ø&*,;)* u 32 mm 
Figure 66 - Centre plate bolt holes of grout-injected specimen after loading 

Ø&*,;)* u 

 

Figure 65 - Relationship between external load and connection slip measured at CBG for short-
term tests on grout-injected specimen, zoomed in on the range of 0-0,15 mm slip (averaged) 
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In order to have an estimate of the grout strength at the age of testing (48hrs), a cylindrical 
grout sample with Ø u 50 mm was used to determine the resin compressive strength. Figure 
63 illustrates the condition of the small-scale grout sample before and after testing. The 
compressive failure load of the sample was 139,1 kN, which leads to a compressive strength 
of 71 MPa. The compressive strength after 48 hrs (71 MPa) is within bounds of the supplier’s 
product sheet (Appendix B). 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 67 - Small-scale grout sample used to determine the compressive strength, before 
(left) and after (right) loading in a compression machine. 
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 Long-term Tests 

Resin 

Figure 68 presents the averaged results obtained from the creep tests on resin-injected 
specimen (curing time 24 hrs). The spread in the results seem to increase for larger values of 
Ø&*,;)*. Moreover, for increasing Ø&*,;)*, the slip rate on a log(time)-scale appears to increase 
in time, whereas the slip rate more or less stabilises for connections with normal clearance 
holes. Based on the results, it is evident that the 72hrs period is not in all cases sufficient to 
determine whether or not the slip criterion (0,30 mm) after 50yrs is violated. 

 

 

 

 

  

mm 
Figure 68 - Connection slip vs. time, indicating the creep deformation of resin-injected specimen 
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 Ultimate Failure of Resin-Injected Specimen 
Figure 69 shows the load-displacement diagrams of a double lap shear connections with one 
bolt for connections with hole diameters of 22 and 36 mm in the centre plate. It should be noted 
that in Figure 69, the displacement is that of the jack, and not the slip. The reason that the 
connection slip cannot be plotted is due to the limited range over which the LVDTs can measure 
(2 mm).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 70 illustrates the condition after ultimate failure of the specimen with a hole diameter of 
36 mm in the centre plate. The connection failed at the moment the resistance of the plate was 
reached. At one side of the specimen, a small reduction in plate thickness at the net-section 
was visible. However, this was due to the air escape channel being located at this side of the 
connection.   

Figure 70 - Condition of centre plate with Øcentre = 36 mm after being loaded to ultimate 
failure 

Ø&*,;)* u 

Figure 69 - Load-displacement curve of specimen loaded up to ultimate failure (note: the bearing 
resistance for the 36 mm is officially not defined by EN 1993-1-8 [3]). 
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Figure 71 illustrates the condition after ultimate failure of the specimen with a hole diameter of 22 mm in the centre plate. Also this connection failed at the moment the resistance of the plate 
was reached. Moreover, the bolts underwent significant plastic deformation. Another difference 
is that this specimen clearly has a pile-up of material in front of the bolt, which was not present 
in the 36 mm -specimen  

 

 

 

 

 

 

 

 

 
 

 

 

 

  

Figure 71 -  Condition of centre plate with Øcentre = 22 mm after being loaded to ultimate failure 
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5 Modelling of Double Lap Shear Connection 

5.1 Numerical 

 Derivation of Finite Element Model 
The experimental test set-up of the injected double lap shear connection has been modelled 
in three dimensions using the finite-element package ABAQUS. Figure 72 shows a fully detailed 
impression of one connection (half a specimen).   

 

 

 

 

 

 

 

 

 

 

 

 

The components of the connection are not modelled using the exact geometry of the specimen 
used in the experiments (i.e. not cf. Figure 72). Table 12 lists an overview of geometrical 
simplifications Such simplifications are made since their influence during the experiments is 
only marginal, e.g. the shape of the bolt head does not influence the way the load is transferred 
through the injection material.  

Table 12 - Geometrical simplifications in numerical experiments 

Component Experimental geometry Numerical simplified 
geometry 

Fastener system Separate bolt, nut and two 
special washers. 

Integral part containing bolt, 
bolt head and washer. Bolt 

does not have a threaded part 
or hole in head. Bolt head is 

round. 
Centre plate Plate with two bolt holes and 

two air escape holes No air escape holes 
Cover plate Plate with two bolt holes - 

Injection Material 
Injected through bolt head, 

may be small voids within the 
material 

Homogeneous component 
attached to the bolt 

Figure 72 – Fully-detailed impression of a half specimen  
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The symmetry of the connection is utilized to reduce the required computational resources. 
Figure 73 illustrates the different simplified connection components in the numerical model. 
Together, the components form 1/8th of a connection or 1/16th of a complete specimen. The 
injection material is assumed to be fixed to the bolt, since this ensures proper convergence of 
the analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The symmetry of the connection is represented using the built-in boundary conditions of 
ABAQUS. All boundary conditions are listed in Table 13 and illustrated in Figure 74. Moreover, 
Figure 74 illustrates the external loading which is schematized as uniformly distributed. 

Table 13 - Boundary conditions prescribed at the faces of symmetry 

 x-y plane y-z plane z-x plane 

x u y u  z u x u y u  z u x u y u  z u 
Cover plate 
(a) 

- 0 0 0 0 0 - 0 0 

Centre plate 
(b) 

- - - - 0 0 - 0 0 

Bolt incl. 
injection (c)  

- 0 0 - - - - 0 0 

y 

Figure 73 - Components used in the numerical analysis, example given for Øcentre = 36 mm. 
(a) cover plate, (b) centre plate and (c) bolt with attached injection material (blue) 

(a) (b) 

(c) 

z 
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Based on the experimental results, it is suggested to use linear-elastic material properties. For 
steel, the conventional values of � u 210 GPa and \ u 0,3 are adopted. For the resin, the 
Young’s Modulus is to be fitted to the experimental results, assuming a common value Í)*�+, u
0,3 [52]. The material properties are summarized in Table 14. 

Table 14 - Material properties in FE-analysis 

  Young’s Modulus vÏw vMPaw Poisson Ratio vÐw v-w 
Cover plate vaw - 210000 0,3 
Centre plate vbw - 210000 0,3 
Bolt incl. injection vcw Bolt 210000 0,3 

Resin to be fitted 0,3 [52]* 
Grout to be fitted 0,2* 

*: Assumption 
 
The cover and centre plates are meshed with 8-node linear brick elements, known in ABAQUS 
as C3D8-elements. The bolt and the injection material are meshed using quadratic triangular 
prism elements in order to allow for a proper mesh in the regions where the volume of injection 
material is low. Such quadratic triangular prism elements are also referred to as C3D15-
elements. Figure 75 illustrates both types of elements used in the finite element model. 

 

 

 

 

x 
y 

z 
Figure 74 – Assembly with boundary conditions at faces of symmetry (see also Table 13) and 
uniformly distributed applied load.  

*̂"; 

Cover plate 

Centre plate 

Bolt incl. injection 
material 
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The powerful GENERAL CONTACT option of ABAQUS has been used to define the contact 
behaviour between the different members. Perpendicular to surfaces, ‘hard-contact’ is defined, 
whereas tangential to surfaces an absence of friction is assumed. 

  

Figure 75 - C3D8R (left) and C3D15 (right) elements used in 
finite element analysis [72] 
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 Validation of Finite Element Model 
Finite element models were created for all types of double lap shear connections tested in the 
experimental programme. The Young’s Modulus needed to fit the numerical model to 
experimental data was obtained by carrying out FE-analysis by assuming several different 
Young’s Moduli and iterating towards the best fit. The stiffness of a complete double lap shear 
connection is 8 times the stiffness of the numerical model, given that symmetry has been used 
to reduce the problem to 1/8th of a connection. The connection stiffness is calculated using Eq. 
22 and Eq. 23. 

 5�,789 u /
I789 Eq. 22 

 5+,+,789 u 8 ∙ 5�,789 u 8 ∙ /
I789 Eq. 23 

With: 

5�,789 

/ 

I789 

5+,+,789 

 

Stiffness of 1/8th of the double shear 
connection 
Summation of external uniformly distributed 
load *̂";  in finite element model 
Slip in finite element-model (see Figure 76) 
Total stiffness of full double lap shear 
connection 

 

The slip in the numerical model is defined as the relative displacement of the cover and centre 
plate at the centre of the bolt, as exemplified in Figure 76. 

 

 

 

 

 

 

The best fit for the resin is � u 4,25 GPa . Figure 77 shows the comparison between the 
numerical and experimental results. An overview of the relative and absolute difference 
between the experimental and numerical results is given in Table 15. 

Table 15 – Absolute and relative comparison between experimental results and numerical 
model for resin-injected specimen, for E = 4,25 GPa 

ØÀ����� vÁÁw Experimental 

Ç��� vÈÉ/ÁÁw 

Numerical Ç���,ÂÏÑ vÈÉ/ÁÁw 

Absolute 

DifferencevÈÉ/ÁÁw 

Relative 

Difference 

22 9,8 ∙ 10� 9,8 ∙ 10� −1,3 −0,1% 
26 7,7 ∙ 10� 7,9 ∙ 10� y18,9 y2,5% 
32 6,4 ∙ 10� 6,0 ∙ 10� −35,7 −5,6% 
36 5,6 ∙ 10� 5,4 ∙ 10� −16,9 −3,0% 

I789 

*̂"; 

Figure 76 - Top view of FE-model indicating the definition of the slip uFEA 
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In order to increase the degree of credibility of the finite element model, an additional test has 
been carried out on a resin-injected double lap shear connection. In this connection, the bolts 
are positioned at their most unfavourable positions (i.e. cf. Annex G of EN 1993-1-8 [4]). The 
difference between this test set-up and the test set-up in the rest of the experimental 
programme lays in the position of the bolt with respect to the cover plate. The bolts used are 
M20 and the centre plate has a nominal clearance hole (Ø&*,;)* u 22 mmw. For this case, the 
numerical prediction for the initial connection stiffness is 5+,+,789 u 7,7 ∙ 10� kN/mm, whereas 
the established experimental connection stiffness is 5+,+ u 8,2 ∙ 10� kN/mm , which is a 
difference of −6,0%. 

The best fit for the grout is � u 4,45 GPa. The result for the specimen with  
Ø&*,;)* u 22 mm is not considered in the verification, given that injection of this specimen was 
not possible.   Figure 78 shows the comparison between the numerical and experimental 
results. An overview of the relative and absolute difference between the experimental and 
numerical results is given in Table 16. 

Table 16 – Absolute and relative comparison between experimental results and numerical 
model for grout-injected specimen, for E = 4,45 GPa 

Ø&*,;)*   
vmmw 

Experimental  

5+,+ vkN/mmw 

Numerical 

 5+,+,789 vkN/mmw 

Absolute Difference 

vkN/mmw 

Relative 
Difference 

22 - 9,0∙ 10� - - 
26 7,1∙ 10� 7,0∙ 10� -1,8 -0,3% 
32 5,4∙ 10� 5,4∙ 10� y0,3 y0,1% 
36 5,0∙ 10� 4,8∙ 10� -18,7 -3,7% 

 

 

 

Figure 77 - Comparison between experimental data and numerical model for resin-injected 
specimen, for E = 4,25 GPa, including sensitivity of ±10% change in E 
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Figure 78 - Comparison between experimental data and numerical model for grout-injected 
specimen, for E = 4,45 GPa, including sensitivity of ±10% change in E 
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 Parametric Study on Resin-Injected Connections 
Based on the validated numerical model for resin-injected connections, a parameter study is 
conducted in order to find the influence of several factors. Such factors include the deformation 
(bending and shear) of the bolt, as well as the influence of type of hole. The parametric study 
will be started by looking at the initial connection stiffness for bolts placed in their most negative 
position with respect to connection slip. 

Most negative placement of bolt in holes 

If the bolt is positioned within a connection with an oversize hole at its most negative location 
with respect to connection slip (i.e. cf. Figure 79), the initial connection stiffness can be 
estimated through Figure 80. The results are computed using the verified numerical model. 
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Figure 80 - Initial connection stiffness of resin-injected connections as a 
function of the hole size in the centre plate for an M20 bolt, assuming most 
negative placement of bolts with respect to potential connection slip 
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Figure 79 – Eccentric position of the bolt 
(grey) with respect to the bolt hole, causing 
the greatest potential of connection slip 
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Figure 80 clearly shows that the connection stiffness decreases rapidly when opting for a larger 
hole diameter in the centre plate compared to a normal hole clearance. The results presented 
in Figure 80 are compared to the numerical results for the test set-up as in the experimental 
programme in Table 17. 

Table 17 - Comparison of the initial connection stiffness depending on bolt position within 
holes 

ØÀ����� vÁÁw 
Initial connection stiffness vkN/mmw for bolt 

placement vnumericalw Difference 
As in experiments Eccentrical 

22 9,8∙ 10� 7,7∙ 10� -22% 
26 7,9∙ 10� 5,0∙ 10� -37% 
32 6,0∙ 10� 3,6∙ 10� -40% 
36 5,4∙ 10� 3,3∙ 10� -38% 

 

By plotting the reciprocal of the initial connection stiffness (the connection compliance) versus 
the hole diameter in the centre plate (Figure 81), it becomes evident that the amount of slip 
per unit of force decreases for increasing values of Ø&*,;)*. This effect can be attributed to the 
spreading of the bearing stress in lateral direction with respect to the direction of the force, as 
illustrated in Figure 82. as a result of this effect, it is expected that for very large hole diameters 
the connection stiffness will not significantly differ (as can also be seen from Figure 80). The 
connection compliance at point A gives an indication of the amount of slip caused by factors 
such as bolt deformation. 
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Figure 82 - Schematic bearing stress distribution, left: small 
hole clearance with relatively high bearing stresses, right: 
large hole clearance with relatively low bearing stresses 
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Bolt deformation 

The influence of the shear and bending deformation of the bolt on the connection stiffness is 
first assessed by looking at numerical results with ��ÒV; u 210 GPa and ��ÒV; → ∞. Figure 83 
illustrates the initial connection stiffness 5+,+ for both bolt stiffness cases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen from Figure 83, all points lay on a single line, indicating that there is no 
difference in bolt deformation as a result of oversizing of the centre plate hole. Considering 
metric M20 bolts, the total connection slip due to bolt deformation is roughly 1,3 ∙ 10³Q mm/kN 

for the plate thicknesses G� u �
� ∙ G� u 10 mm. For this specific case, the deformation pattern of 

the bolt is exemplified in Figure 84. 

 

 

 

 

 

 

 

 

 

 

Figure 84 - Deformation pattern of bolt 
for t2 = 0,5t1 
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Figure 83 - Comparison between initial connection stiffness with 
deformable (kini,210) and infinitely stiff bolt (kini,∞). Position of bolts as 
in experiments. 
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Ratio of bolt length over bolt diameter 

Currently, EN 1993-1-8 limits the effective width of the resin to 3� , assuming the plate 
dimensions are not governing. In order to investigate the validity of this prescription, finite 
element calculations are carried out for various l/d ratios with a constant ratio G�/G�. The length l is defined as the bolt length within the entire clamping package. All numerical specimen are 
loaded such that they have an identical nominal bearing stress �̂. Apart from the differences 
mentioned, the test set-up is equal to the set-up used in the numerical validation. 

Figure 85 presents the results of this numerical investigation, clearly indicating the effects of 
the l/d ratio on the relative slip at equal nominal bearing stress.  

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen from Figure 85, the connection slip increases with an increase in the ratio l/d. 
This is the case for connections with and without oversize holes. Especially above @/� � 3 − 4 
the connection slip increases significantly. The main reason for the rapid increase in 
connection slip is deformation of the bolt, as can be seen from Figure 86. For @/� � 6 − 7, the 
short-term connection slip consists of bolt deformation for more than 50% for Ø&*,;)* u 22 mm 
and for more than 33% for Ø&*,;)* u 36 mm.  

The deformation of the bolt has a direct influence on the bearing stress distribution along the 
length of the bolt, as can be seen from Figure 87. A large difference exists for the bearing 
stress distribution for normal clearance and oversize holes, the latter being more favourable, 
which can be explained by the fact that the bolt is relatively stiffer compared to the injection 
material. For Ø&*,;)* u 36 mm and @/� � 3 − 4, the bearing stress distribution can no longer 
be schematized as being constant along the bolt length, whereas this is the case at slightly 
lower @/� ratios for Ø&*,;)* u 22 mm 
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Figure 85 - Relative connection slip as a function of the ratio between bolt length and 
diameter, under the assumption of equal nominal bearing stress 
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For several @/�  ratios, the numerical results have been compared to the analytical model 
developed by Koper (2017) [15]. Figure 88 illustrates the bearing stress distribution for several @/� ratios for both models. Although the differences in stress distribution are quite substantial, 
especially for higher @/� ratios, the deformations shape of both models matches for all @/� 
ratios. It should be noted that the model of Koper predicts a region of zero bearing stress, 
which the stress may tend to, but never reach. 
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diameter, for connections with deformable and rigid bolts. 
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Figure 87 –Middle/Bottom: Distribution of bearing stress along the 
length of the bolt as a function of l/d for Øcentre = 22 and 36 mm. Top: 
stress distribution as presented in EN 1993-1-8 [3]. 
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Figure 88 - Relative bearing stress along bolt according to analytical (Koper, 2017) [15] 
and numerical model for varying l/d ratios 
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 Stiffness of Connections with Slotted Holes 
In this section, the numerical solution for the initial connection stiffness of double lap shear 
connections with slotted holes in the centre plates are analysed. It is assumed that the bolts 
are placed in the most negative location with respect to slip potential (cf. Figure 89). The total 
slot length is denoted as L, in transverse direction the bolts have a normal nominal clearance 
of 2 mm (cf. Figure 24, p. 26). The plate thickness (2G� u G� u 20 mmw and the bolt diameter 
(�� u 20 mmw  as well as all other geometric parameters are equal to those used in the 
experimental programme and verified numerical model. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 90 illustrates the initial connection stiffness as a function of the slot length L. 
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Figure 89 – Eccentric position of the bolt (grey) 
with respect to the bolt hole (cover plate) and 
slot (centre plate), causing the highest slipping 
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Figure 90 - Initial connection stiffness for double lap shear connection as a 
function of slot length L within the centre plate 
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5.2 Analytical Framework 
In this section, an analytical framework is developed that can be used to assess the initial 
connection stiffness of injected bolted connections. The framework is meant as an aid for other 
authors. No specific expressions are given to determine the stiffness of injected connections 
of arbitrary dimensions. No time-dependent behaviour is included within this framework. 

 Derivation 
The initial connection slip consists of two main components: slip as a result of compression of 
the injection material, and slip as a result of other factors, such as bolt deformation.  

An analytical model that predicts the connection stiffness of a demountable connection can be 
linked to the amount of injection material that is present in the load bearing direction. This is 
due to the fact that the injection material has little to no adhesion to the surrounding surfaces, 
meaning that only forces in compression can be transferred, as is illustrated in Figure 91 

 

 

 

 

 

 

 

 
 

In order to find an analytical expression capable of prediction the connection stiffness, the 
connection slip at unity load is plotted versus @+,A (Figure 91) in the centre plate, as done in 
Figure 92. The continuous line can be extrapolated to @+,A u  0. The value of I+,+ at @+,A u  0 is 
then a measure for the slip per unit of force that is due to effects such as bolt bending, and is 
denoted as ��. The steepness of the curve, denoted as ��,  is a measure of the effect of the 
injection layer thickness @+,A . The decrease of ��  for increasing @+,A  could be incorporated 
through a yet unknown factor ®« u f v�� , Ø&*,;)* , Lw, but ignoring this beneficial factor will lead 
to a somewhat conservative approximation of the initial connection stiffness, as is currently 
done in this model.  
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Figure 91 - Release agents prevent adhesion between 
injection material and surrounding surfaces, only allowing 
for force transfer in compression 
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Figure 92 - Schematization of analytical model 
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The suggested expression is given by Eq. 24 and Eq. 25. It should be noted that in �� depends 
on several factors, e.g. the bolt diameter and length, whereas ��  is principally a material 
property (given the same conditions, e.g. confinement). 

 I+,+,.,+;R u �� y �� ∙ @+,A Eq. 24 

 5+,+ u 1
I+,+,.,+;R u 1

�� y �� ∙ @+,A Eq. 25 

 Validation 
Figure 93 shows the diagram suggested in Section 5.2.1 (Figure 92) containing the numerical 
results for bolt placement cf. the experimental programme and bolt placement in the most 
negative location regarding connection slip. It is found that �� u 9,44 ∙ 10³Q mm/kN and �� u
1,75 ∙ 10³Q 1/kN. Table 18 lists the difference between the stiffness according to the numerical 
and analytical model, clearly showing the conservativeness for large hole diameters by 
ignoring the unknown factor ®« u f v�� , Ø&*,;)* , Lw. 
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Figure 93 - Validation of analytical model based on numerical results for resin-injected 
connections positioned at most negative location regarding potential connection slip. 
Dimensions of connection members as in experimental programme. 
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Table 18 - Comparison between numerical and analytical model for initial connection stiffness 

ØÀ����� 

vÁÁw 
Õ��Ö 

vmmw 
Ç���,ÂÏÑ 

vkN/mmw 
Ç���,×�× 

vkN/mmw Difference 
22 2 7,7 ∙ 10� 7,7∙ 10� y0,4% 
24 4 6,1∙ 10� 6,1∙ 10� -0,6% 
26 6 5,0∙ 10� 5,0∙ 10� y0,2% 
29 9 4,2∙ 10� 4,0∙ 10� -4,3% 
32 12 3,6∙ 10� 3,3∙ 10� -9,3% 
36 16 3,3∙ 10� 2,7∙ 10� -19,8% 
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6 Development: Reinforced Resin-Injected Connections 

Based on the observations from the experiments carried out on double lap shear connections 
so far, an attempt is made to create a demountable connection with a higher (initial) stiffness 
and less creep deformation. For this investigation, the plates used in the earlier experiments 
have been re-used, and all details regarding the set-up and execution of the experiments are 
the same as discussed in Chapter 3, unless stated otherwise.  

6.1 Concept 
To increase the initial connection stiffness and decrease the creep deformation of resin-
injected connections with oversize holes, small, strong and stiff particles (‘reinforcement’) are 
added to the free volume within the connection prior to injection of the resin takes place. The 
small particles are in direct contact with each other and fill most of the volume within the 
connection, as indicated in Figure 94. 

 

 

 

 

 

 

 

 

 

 

The small reinforcing particles form a continuous skeleton throughout the free volume within 
the connection, and hereby form a load bearing path. The resin acts more as a filler and 
bonding material. Table 19 lists the functions of the particles and resin. 

Table 19 - Functions of Particles and Resin within a reinforced resin-injected connection 

Function of Particles Function of Resin 

Transfers load through direct particle-to-
particle contact 

Fills the (residual) free volume  

Reduces the required resin volume 
(economic benefit) 

Prevents any sudden free body movement of 
the particles 

 Provides initial stiffness in case particles are 
not in direct contact with the fastener or hole 
surface 

 Protects particles from degradation due to 
environmental influences (e.g. corrosion) 

 

  

Figure 94 - Concept of reinforced resin-injected connection, left: situation before injection, 
right: situation after injection (blue) 
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The concept of reinforced resin-injected connections is comparable to the concept of Stone 
Mastic Asphalt (SMA, Figure 95), which is used in pavement engineering. In SMA, the stones 
are used to create a stiff load path, and are kept in place using a binder (mastic, bitumen). The 
stiff load-carrying stone-skeleton reduces time-dependent deformation (creep) of the 
pavement surface, such as rutting. 

 

 

 

 

 

 

 

 

 

6.2 Feasibility Study 
In order to assess the potential of reinforced resin-injected connections, a similar test on double 
lap shear connections is carried out as on the non-reinforced resin-injected connections. The 
resin is the same as the resin used all other experiments (Araldite RenGel SW 404 y HY 2404), 
but the curing time is reduced from 24 to 6 hours. 

The reinforcing particles used are so called steel shot particles, which are frequently used in 
shot peening, a process to remove residual welding-induced tensile stresses. Also, shot is 
used as an abrasive in blast cleaning. An alternative to shot is grit: the latter has an irregular 
shape, whereas the former is spherical. The main reason to choose for spherical particles is 
their easy workability and short-term deliverability. Shot is available in many different size, 
ranging from Ø u 0,3 − 2,4 mm. As a first attempt, shot of size class S330 is used, which has a 
nominal diameter of 1 mm (Figure 96). 

 

 

 

 

 

 

 

 

 

 

 

Figure 95 - Stone Mastic Asphalt (SMA) as used in 
pavement engineering. The load is borne through 
the stone skeleton, whereas the mastic (binder) 
keeps the stones together [73] 

Figure 96 - Steel shot of size class S330 (nominal 
diameter 1 mm) as used in the experiments 
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To establish an idea whether or not the suggested connection type has any potential, a test 
specimen with Ø&*,;)* u 32 mm is prepared. As opposed to all other specimen, the specimen 
for this test has been assembled in the most negative position for connection slip in the centre 
plate, as indicated in Figure 97. The bolt is directly bearing to the cover plates. Also, all other 
geometrical parameters are as discussed as in Section 3.2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The connection build-up presented in Figure 97 has @+,A u 12 mm, which is 3 mm vy33%w 
more than the specimen with Ø&*,;)* u 36 mm as tested in the experimental programme for 
non-reinforced resin-injected connections with oversize holes. The specimen is loaded to a 
load level belonging to 0,15 − 0,20 mm slip at CBG, and the load is kept constant in order to 
determine the creep sensitivity of the shot-reinforced resin-injected connection. 

  

@+,A u
 12 mm 

Figure 97 – Connection build-up used in initial test to determine potential 
for shot-reinforced resin-injected connections 
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 Proof of Concept 
To see if the suggested concept can be realized in practice, a transparent sample connection 
is made using Perspex plate elements (for dimensions see Section 3.2.1, Figure 42, p.39). The 
shot is inserted through the air escape channel in the centre plate. Simultaneously, the shot 
within the connection is compacted by vibrating the specimen using a hammer and more shot 
is added until the specimen is completely filled. The result of this step is illustrated in Figure 
98. 

 

 

 

 

 

 

 

 

 

 
After filling the specimen with shot, the specimen is injected with resin through the hole in the 
bolt head. Although the voids in between the shot particles is relatively small, no additional 
effort for the injection process is necessary and all voids are filled with resin. Figure 99 
illustrates the completed shot-reinforced resin-injected specimen. 

 

 

 

 

 

 

 

 

 

 

  

Figure 99 - Completed shot-reinforced resin-injected specimen 

Figure 98 - Perspex specimen filled with S330-shot 

Air escape channel used to insert the shot 
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 Results & Discussion 

Results 

The test results from the shot-reinforced resin-injected connection with geometry as discussed 
in Section 3.2 and 6.2 are presented in Figure 100 and Figure 101. Figure 100 illustrates the 
load-displacement diagram obtained during loading the specimen to a load belonging to an 
initial average slip at CBG of 0,19 mm (159 kNw, whereas Figure 101 shows the subsequent 
creep behaviour. It should be noted that two of the eight LVDTs used to determine the slip at 
(the lower) CBG  produced strange, inexplicable results, and are thus not considered in the 
diagrams. 
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Figure 100 - Load-displacement diagram of shot-reinforced resin-injected connection 
with Øcentre = 32 mm and bolts positioned at most negative position in centre plate hole. 
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The initial connection stiffness (defined between 0,05 and 0,15 mm connection slip) is 5+,+ u
8,0 ∙ 10� kN/mm, with a spread of ¿5%. The average spread in the creep-phase is 3%. 

Figure 102 illustrates a cross sectional view of the shot-reinforced resin after removal from the 
specimen. Not only the oversize hole in the centre plate was filled with shot, but also the small 
volume between the bolt and hole in the cover plate was saturated.  

 

 

 

 

 

 

 

 

 

 

Discussion 

The experimental initial connection stiffness 5+,+  for the shot-reinforced resin-injected 
connection is double (� 200%w that of the numerically obtained initial connection stiffness for 
the non-reinforced connection. The load level during the creep test was 159 kN, which leads 
to a nominal bearing stress of �̂ u 199 MPa. The slip after 50 years is not expected to be larger 
than 0,30 mm, given that the tangent of the slip curve is smaller than that is needed to reach 
the coordinate [50 y, 0,30 mm] . This conclusion could already be drawn after roughly 10P 
minutes (17 hw, but the experiment was continued for several days to see the development of 
creep deformation in time. 

The use of shot-reinforced resin-injected connections with oversize holes seems promising. In 
the case of the shot-reinforced connection, a nominal bearing stress �̂ u 199 MPa is rather 
high compared to the bearing stress of non-injected connections v �̂ u 94 MPa  for non-
reinforced connection with Ø&*,;)* u 36 mm ). Moreover, the results of the shot-reinforced 
connection were obtained using @+,A u 12 mm, whereas this was maximally @+,A u 9 mm for the 
non-reinforced connection (for Ø&*,;)* u 36 mm). 

Although the amount of connections tested is limited (n u 2), it seems that shot-reinforced 
resin-injected connections have the potential to reduce creep and increase connection 
stiffness compared to non-reinforced resin-injected connections. Thus, it is decided to continue 
with this concept. 

  

Figure 102 - Shot-reinforced resin after dismantling of the specimen, left: cross 
sectional view of infill from centre plate, right: infill within cover plate 



 

 89   
 

6.3 Short-term Behaviour under Repeated Loading 
In order to investigate the behaviour of resin-injected connections under repeated short-term 
loading, a small number of experiments is carried out. One specimen was reinforced using 
shot and then injected with resin, whereas another specimen was merely injected. Moreover, 
a specimen with shot was prepared that was not injected. All specimen have Ø&*,;)* u 36 mm 
and are built-up as discussed in Section 3.2.3. 

The specimen are first loaded up to a load level corresponding to 0,10 mm of average 
connection slip (at 0,01 mm/s of jack displacement). Hereafter, the load is quickly removed (-
5 kN/s) and the connection is again loaded to 0,10 mm of connection slip. This is repeated for 
a total of 5 times. Then, the connection slip is increased to 0,15 mm and the same procedure 
is followed. The same is done for a connection slip of 0,25 and 0,40 mm. The test procedure is 
schematized in Figure 103.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 104 illustrates the load-slip diagram obtained for the reinforced resin-injected specimen, 
whereas the force belonging a  certain slip level is plotted in Figure 105 as a function of the 
amount of load iterations. The same diagrams are plotted in Figure 106 and Figure 107, 
respectively, for non-reinforced resin-injected connections. 

A clear hysteresis is present in both load-slip diagrams, however the hysteresis loops are 
rather narrow, especially after a number of slip repetitions. Also, in both cases, every first 
application of a certain slip level leads to a permanent deformation. All other iterations of that 
same slip level also lead to incremental permanent deformation, but to a lesser extent. The 
force belonging to a certain slip level decreases for increasing amount of iterations, and this 
decrease is more pronounced for larger slip levels. After a few iterations, the load level that 
can be reached at a certain slip level stabilizes. The relative decrease in load capacity at a slip 
level is largest for shot-reinforced connections, although it should be noted that in this case the 
force is more than twice as high as for non-reinforced connections.  
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Figure 103 - Schematization of test procedure to determine short-term 
behaviour under repeated loading 
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Figure 104 - Load-displacement diagram showing several loading and unloading cycles for a 
shot-reinforced resin-injected specimen (Øcentre = 36 mm) (averaged) 
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Figure 106 - Load-displacement diagram showing several loading and unloading cycles for a 
non-reinforced resin-injected specimen (Øcentre = 36 mm) (averaged) 

Figure 107 - Stabilization of load capacity at a given slip level after a number of iterations for 
non-reinforced resin-injected specimen (averaged) 
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Figure 108 illustrates the force-displacement diagram for a connection filled with shot, which 
has not been injected. Figure 108 clearly illustrates that without the resin, the connection 
stiffness is rather low and increases for increasing slip. It was not possible to repeat the slip 
pattern suggested in Figure 103, since there was nearly no slip recovery upon unloading. The 
hardness of the shot is so large compared to that of the steel member, that indentation was 
clearly visible, as exemplified through Figure 109. 
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Figure 108 - Relationship between force and slip for a connection filled with 
only shot (averaged) 
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Figure 109 - Indentation of shot in bolt (top) and 
plate surface (bottom) 
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6.4 Long-term Behaviour 
In this section it is attempted to determine the long-term (creep) behaviour of shot-reinforced 
resin-injected connections. In order to see the difference in initial and time-dependent 
behaviour, a shot-reinforced resin-injected specimen with Ø&*,;)* u 36 mm is prepared under 
the same conditions (i.e. position of the bolt with respect to the holes) as done for the non-
reinforced resin-injected specimen (also Ø&*,;)* u 36 mm). 

The shot-reinforced specimen is loaded using a force-controlled regime (0,2 kN/sw until an 
average CBG slip of I$xØ u 0,135 mm (90% of the short-term strength based on an 0,15 mm 
slip criterion). At the moment the average slip of 0,135 mm at CBG is reached, the force is kept 
constant in time.  

Figure 110 and Figure 111 illustrate the results of the shot-reinforced resin-injected specimen. 
Figure 110 focuses on the short-term behaviour, whereas Figure 111 gives insight in the creep 
behaviour of both specimen types. A summary of the results is given in Table 23. 
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Figure 110 - Force-slip diagram for non-reinforced and shot-reinforced specimen with Øcentre = 
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After execution of all other tests within the experimental programme, another shot-reinforced 
resin-injected specimen with Ø&*,;)* u 36 mm was prepared in order to determine the creep 
behaviour over multiple weeks. This specimen was (also) loaded up to 140 kN. The results are 
shown in Figure 112, and clearly indicate that the slip line can be linearly extrapolated on the 
slip-log(time) axes. A straight line in the slip-log(time) diagram means that the slip as a result 
of creep can be presented in the form proposed in Eq. 26. 

 I$xØ u ®� ∙ logvGw y ®� Eq. 26 

With: G ®�, ®� 

 
Time [T] 
Constants depending on connection detailing and load level 
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Figure 111 – Slip-time diagram for shot-reinforced specimen with Øcentre = 36 mm (averaged) 
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6.5 Potential Conceptual Improvements 

 Increasing Packing Density 
An increase in packing density theoretically leads to a higher (connection) stiffness, given that 
there is less ‘soft’ resin within the confined volume of the connection and that initial movement 
of particles is further prevented. So far, in this chapter only resin-injected connections have 
been discussed that were reinforced using a single diameter of shot. In 1611, Johannes Kepler 
conjectured that the theoretical maximum packing density of equally sized spheres is 74% (Eq. 
27), which is not rejected until present day. Figure 113 illustrates cubic and hexagonal close 
packing of spheres, which both lead to the maximum packing density suggested by Kepler, as 
discovered by Gauss (1831) [53]. However, it must be noted that in practice an average 
packing density of 64% is observed if the spheres are positioned randomly (Scott & Kilgour, 
1969) [54].  

 TU* V*) u ]
3√2 � 74,048% Eq. 27 

 

 

 

 

 

 

 

 

 

 

In order to increase the packing density, smaller spheres can be used to fill the voids (26%-
36% in volume) in between the larger spheres. However, the radius of the smaller sphere may 
not be larger than 41% of the larger sphere diameter. If this limit is exceeded, the smaller 
spheres do not fit in within the close-packed structure of larger spheres, hereby reducing the 
overall packing density. Theoretically it is possible to have denser packing when the 41%-limit 
is exceeded, but this requires a transition to a different stacking of spheres (Marshall & Hudson, 
2010) [55]. Although adding spheres of smaller diameter(s) may increase the packing density, 
it is not possible to exceed a packing density of 93,25% (Reis et al., 2012) [56]. 

 Irregularly Shaped Reinforcing Material 
Spheres have the characteristic of mobility, i.e. they are easily moved throughout a volume, if 
not fully dense-packed. Since the optimal fully-dense packing is hard to obtain and control in 
practice, an option is to use irregularly shaped filler material (Figure 114). Due to their irregular 
shape, such particles interlock, hereby allowing for less slip as a result of rigid body movement  
of particles compared to for instance spherical particles.  

 

 

 

Figure 113 - Cubic (left) and Hexagonal Close Packing of 
spheres. Both have a maximum packing density of 74% [74] 
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The benefits of using irregularly shaped particles (grit) on the slip as a result of peak stresses 
and accompanying deformation in particle-to-particle contact are hard to quantify, given that 
Hertzian contact theory is not applicable to non-spherical particles. If irregularly shaped 
particles are used as reinforcing material, care should be taken to ensure proper insertion of 
such particles, especially given their low mobility compared to their spherical counterparts. 

 Insertion of Reinforcement into Connection 
Within the experiments conducted at the Stevin Laboratory, the shot-reinforcement was 
inserted into the free volume within the connection by the use of a funnel and gravity, as 
indicated in Figure 115. However, this procedure is not very practical in case the reinforcement 
must be inserted horizontally or even vertically (upward). A potential solution to such situations 
can be to insert the reinforcement using pneumatics, as indicated in Figure 115. However care 
should be taken to not use a too high nozzle velocity given the (potential) abrasive 
characteristics of the reinforcing material. 

 

  

Figure 114- Particles with different geometrical characteristics. Left: shot 
(spherical), right: grit (irregularly shaped) (Shanghai Bosun Abrasive Co., Ltd.) 

Pressurised air 

Figure 115 - Insertion of reinforcement as in in the experiments (left) 
and potential solution for practice (right) 
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7 Discussion 

7.1 Injectability of Injection Materials 
Nearly all demounted connections injected with resin show a proper filling of the free volume 
between the bolt and plate package. Thus, injecting larger volumes of resin than required for 
a normal clearance hole does not lead to any issues. Whether grout can be successfully 
injected depends on the position of the washer with respect to the injection bolt, which leaves 
room for improvements on the washer design, as is for instance done by Qureshi & Mottram 
(2012) [16]. Investigation has indicated that it is important to allow for the air within the free 
volume to escape, in order to prevent large air inclusions. As a general rule, it can be stated 
that there must be an air escape path/channel at each highest point bounded by horizontal 
restraints, as illustrated in Figure 116. Moreover, for vertical injection (i.e. from above) an 
additional air escape path must be present apart from the injection channel. 

 

 

 

 

 

 

 

The diameter of the air escape channel can be chosen arbitrarily, however it should be noted 
that the diameter of the air escape channel has an influence on the resistance/capacity of the 
net cross section. If any reinforcing materials (e.g. shot) shall be inserted into the connection, 
the minimum diameter of the air escape channel must allow for proper insertion of such 
materials and any device (e.g. a pin) used for its compaction. 

7.2 Suitability of Grout as an Injection Material 
As discussed in Section 7.1, the injectability of grout depends on the position of the washer 
with respect to the bolt. Assuming that injection is done successfully using the current 
procedure, grout can deliver the same magnitude of initial connection stiffness as non-
reinforced resin. However, the nominal Young’s Modulus of grout is 3x higher than that of resin, 
which is not resembled through the results, most likely due to air inclusions within the grout-
injected connection. Such air inclusions are present to a smaller extent in plain specimen that 
were obtained by pouring rather than injection. It is commonly known that super plasticising 
agents used to increase the workability of cementitious materials can produce small air 
inclusions. Based on the above, it is suggested that the followed injection procedure is not 
ideal for grout-like materials, given the higher degree of air inclusions. If air inclusions are 
averted, the material and thus connection stiffness can increase. 

Besides what was investigated in this thesis, also aspects such as long-term (creep) behaviour, 
fatigue strength and the effects of load reversal must be examined before a final conclusion 
can be made on the suitability of grout as an injection material.  

  

g 

Location of air escape channel  

Figure 116 - Air escape channels positioned such to prevent air inclusions within the 
volume that is injected. Left: horizontal injection, right: vertical injection 
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7.3 Choice of Shape for Bolt Hole 
In order to achieve a connection that allows for easy on-site assembly, either slotted or 
oversize round holes can be used rather than conventional (round) normal clearance holes. In 
Sections 5.1.2 and 5.1.4 similar connections with both types of holes have been modelled 
numerically. The results of both models are combined in Figure 117.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results presented in Figure 117 indicate that connections with oversize round holes always 
lead to a higher initial connection stiffness than connections with slotted holes, and that this 
effect increases for increasing longitudinal clearance. A potential cause for this effect can be 
related to load spreading in lateral direction. Based on the numerical models, it is 
recommended to use oversize round holes (if possible) rather than slotted holes for the 
following reasons: 

• Higher or equal initial connection stiffness. 
• Lower or equal average bearing stress, thus hypothetically less creep deformation. 
• More favourable executional tolerances in lateral direction for the same longitudinal 

clearance (see Figure 118). 

However, it should be noted that currently EN 1993-1-8 allows higher bearing stresses for 
slotted holes than for oversize holes. Since the numerical models contradict this prescription, 
it is suggested to carry out experiments to compare the results of slotted and oversize holes 
conclusively. In case of reinforced resin-injected connections, a benefit of slotted holes may 
be observed if the width of the reinforcing material is larger than the lateral holt clearance. In 
this case, the reinforcing material partially prevents movement of matter past the bolt. 

In Section 5.2, the unknown factor ®« u f v�� , Ø&*,;)* , Lw was introduced. Based on the results 
presented in Figure 117, an estimation for ®« u f v20, Ø&*,;)* , L u most neg. w can be made, as 
presented in Figure 119. Eq. 28. lists an equation for ®« u f v20, Ø&*,;)* , L u most neg. w, which 
is introduced in Eq. 25 as a multiplier (reduction factor) of ��. It can be hypothesized that for 
all other bolt dimensions the expression for ®« is also bi-linear.  
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 ®« u f v20, Ø&*,;)* , L u most neg. w u { 1, Ø&*,;)* � 26 mm
1 y 0,054 ∙ vØ&*,;)* − 26w, Ø&*,;)* � 26 mm 

Eq. 28 
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Figure 118 - Slotted and oversize round 
hole with same longitudinal clearance. 
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7.4 Influence of Release Agent on Connection Stiffness 
Figure 120 illustrates the relationship between applied load and connection slip at CBG for 
resin-injected connections that have and have not been treated with release agent. Both 
connections have a hole diameter of 22 mm in all plates in which an M20 bolt is positioned at 
the most negative location with respect to potential connection slip (i.e. cf. Figure 32, p.32). 
However, the specimen treated with release agent was compressed using 30 Nm of torque on 
the bolt, whereas this was 100 Nm for the non-treated specimen. The reason for this difference 
in the amount of torque lays in the fact that the result of the non-treated specimen originates 
from another author at TU Delft (Koper, 2017) [15], who used rougher plates. Due to the 
increased friction present in this non-treated specimen, the initial of behaviour of the 
connection is stiffened 

The average initial connection stiffness of the wax-treated connection is 8,2∙ 10�  kN/mm, 
whereas this is 8,9 ∙ 10� kN/mm for the non-treated specimen torqued to 30 Nm. This is a 
difference of 8%, which cannot be said to be significant, given the small amount of specimen. 
Therefore, it is suggested that the influence of the wax layer is marginal.  

The above implies that in connections with and without release agent, only force transfer by 
compression can take place. Although connections without release agent have a bond 
between the injection material and steel (bolt, plates), this bond is not strong enough to be 
utilized to transfer forces in tension. Moreover, there is no indication that the release agent is 
pushed aside or otherwise deformed (i.e. as suggested in Section 2.6 , Figure 22). Thus, for 
short-term loading, the presence of release agent does not influence the connection stiffness 
significantly. For the long-term behaviour, the influence of the release agent was not explicitly 
determined.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 120 - Relationship between external load and connection slip measured at CBG for specimen 
treated with and without release agent (wax spray) (averaged) [15] 
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7.5 Short-term Loading of Injected Bolted Connections 
The load at which 0,15 mm slip at CBG occurs decreases with an increase in the oversizing of 
the hole. This can be proven experimentally and theoretically. Doubling the hole clearance in 
an injected bolted connection does not reduce the stiffness by 50%, given that there are also 
deformation mechanisms (e.g. bolt deformation) that are not related to the oversizing of the 
hole. Also, the beneficial effect of load spreading may be observed for holes that have a 
diameter that is significantly (say 10 mm) larger than the bolt diameter.  

The confinement of the injection material leads to a multiaxial stress state. As a result, the 
apparent stiffness in longitudinal direction is higher than when there would be no confinement. 
The same holds for the apparent Young’s Modulus in longitudinal direction. Assuming linear 
material behaviour, the stresses and strains in all three dimensions are described by Eq. 29-
Eq. 31. Assuming full confinement by the (significantly stiffer) steel member, the strains in the 
injection material in both lateral directions are zero, hence >RR u 0 and >SS u 0. Inserting these 
conditions in Eq. 30 and Eq. 31 yields the expressions of Eq. 32 and Eq. 33. Using the principle 
of substitution, an expression for the apparent Young’s Modulus in longitudinal direction can 
be derived, as presented in Eq. 34 and illustrated in Figure 121. 

   >"" u 1
� Ú "̂" − \ R̂R − \ ŜSÛ Eq. 29 

 >RR u 1
� Ú R̂R − \ "̂" − \ ŜSÛ vu 0w Eq. 30 

 >SS u 1
� Ú ŜS − \ R̂R − \ "̂"Û vu 0w Eq. 31 

 R̂R u \ "̂" y \ ŜS Eq. 32 

 ŜS u \ "̂" y \ R̂R Eq. 33 

 ��  ," u � ∙ Ü 1 − \
1 − \ − 2\�Ý Eq. 34 

With:  
>"",RR,SS 

"̂",RR,SS 

� 

��  ," 

\

 

The normal strain in x, y and z direction, respectively [−] 

The normal stress in x, y and z direction, respectively [−] 

Young’s Modulus [F/L�] 
Apparent Young’s Modulus in x-direction [F/L�] 

[−]

 

 

The theoretical longitudinal apparent Young’s Modulus ��  ," is checked against the apparent 
numerical Young’s Modulus �" , which is obtained using Eq. 35. Values of "̂"  and >""  are 
probed using the probe-tool in ABAQUS for several nodes of all connection types (22, 26, 32 
and 36 mm holes).  

 �" u "̂">""  Eq. 35 
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All numerical results for resin-injected specimen yield the same value of �" � 1,38 ∙ � , 
compared to the theoretical ��  ," u 1,35 ∙ � v\ u 0,3w. For grout, the numerically obtained 
�" � 1,12 ∙ � is also rather close to the theoretical ��  ," u 1,11 ∙ � v\ u 0,2w. Hence, it can be 
concluded that (1) the injection material can be assumed to be fully confined and (2) the 
beneficial effect of confinement on the stiffness is largest for materials with a higher Poisson’s 
Ratio. The latter is directly based on Eq. 34, which is illustrated in Figure 121. Hence, it can be 
useful to investigate if there are any materials with a high Poisson’s Ratio which are suitable 
for (liquid) injection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on Eq. 29-Eq. 31 and Eq. 34 the effect of the cover plate can be derived. Assuming that 
in thickness direction the material is unconfined, whereas in lateral (width) direction the 
material is still confined, hence ŜS u 0 and >RR u 0. Substituting these conditions into Eq. 29-
Eq. 31 yields Eq. 36. Hence, the effect of the cover plate can be approximated by the difference 
between the expressions of Eq. 34 and Eq. 36, as expressed through Eq. 37 and Figure 122. 
For a number of discrete Poisson’s Ratios, the effect of the cover plate on the apparent 
longitudinal Young’s Modulus is tabulated in Table 20. 

 ��  ,", u � ∙ Ü 1
1 − \�Ý Eq. 36 

 ∆��  ,",$% u � ∙ ´ \�
2\P − \� − 2\ y 1µ Eq. 37 

With:  
� 

\ 

��  ," 

∆��  ,",$%

 

Young’s Modulus [F/L�] 
Poisson’s Ratio [−] 
Apparent Young’s Modulus in x-direction [F/L�] 

x-
[F/L�]
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Figure 121 - Graphical representation of Eq. 34, showing the dependency 
between Poisson's Ratio and relative apparent Young's Modulus in 
longitudinal direction assuming full lateral confinement 
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Table 20 - Relative beneficial effect of cover plate on the longitudinal stiffness / Young's 
Modulus 

Ð v−w Gain in longitudinal stiffness as a result of full 
confinement due to cover plate v%w 

0,2 y6% 
0,3 y22,5% 
0,4 y80% 

0,49* y1200% 
*: For \ u 0,5 the apparent Young’s Modulus under the assumption of full confinement goes to 
infinity  

  
As a check, the numerical model was adapted to determine the apparent longitudinal Young’s 
Modulus in case no cover plate is present. In this case, �" � 1,11 ∙ � compared to the analytical 
��  ," u 1,1 ∙ �, indicating the validity of the analytical model.  

Using ABAQUS, the relative bearing stress distribution along the perimeter of the bolt is 
determined and compared to the analytical solution presented in Section 2.8. The results are 
presented in Figure 123 and clearly indicate that the numerical and analytical model yield the 
same bearing stress distribution. Since the nominal bearing stress and the true analytical 
bearing stress distribution are linked analytically (Section 2.8) and that the first is the average 
of the latter, there is no further use in developing design models based on the true analytical 
bearing stress distribution. However, for use in creep models, the stress distribution is of 
utmost importance, given that the creep strain rate does not depend on stress linearly but 
exponentially. 

 

 

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

5

0 0,1 0,2 0,3 0,4 0,5

R
el

at
iv

e 
ap

pa
re

nt
 Y

ou
ng

's
 

M
od

ul
us

 in
 lo

ng
itu

di
na

l d
ire

ct
io

n 
(-

)

Poisson's Ratio (-)

With
cover
plate

Without
cover
plate

Figure 122 - Graphical representation of Eq. 34 and Eq. 36 , showing the 
effect of the cover plate (distance between both lines) 

Benefit of cover plate 



 

 104   
 

 

.  

 

 

 

 

 

 

 

 

 

Both resin- and grout-injected double lap shear connections can withstand external loads well 
above the load at which 0,15 mm slip at CBG occurs. Although the connection stiffness 
decreases for increasing slip levels,  sudden slip is prevented for all oversize holes studied. 
Experiments have shown that the ultimate failure of the connection is caused by failure of the 
plate, and that until this plate failure initiates the load is able to constantly increase. Hence, it 
appears that the validity of the conclusion of Gresnigt & Stark (1996) [2] that injection bolts in 
nominal clearance holes prevent sudden slip can be extended for injection bolts in oversize 
holes. 

Based on the ultimate failure tests, it appears as if the resin ultimately fails internally in shear, 
allowing for part of the resin to move past the bolt (Figure 124). This happens as a rigid body 
movement, rather than a flow of material. For the specimen with Ø&*,;)* u 22 mm the failure 
occurred as a combination of bearing and cleavage failure, whereas this was mainly cleavage 
failure for the specimen with Ø&*,;)* u 36 mm. Both types of failure are exemplified through 
Figure 125 

 

  

Figure 124 - Rigid body movement (sliding) of parts of resin within 
centre plate 

Numerical

Analytical

�� 

Figure 123 – Relative longitudinal bearing stress distribution according to 
the numerical and analytical model over the width of the bolt. 
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Figure 125 - Failure modes of plates in bolted connections 
(Pakdil, 2009) [76] 
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7.6 Long-term Loading of Injected Bolted Connections 
The influence of creep deformation on the connection slip increases with increasing oversizing 
of the hole. Although all specimen were loaded up to 90% of the external load belonging to the 
short-term deformation criterion (I$xØ u 0,15 mmw, a large difference in creep behaviour was 
observed. This difference can be understood through available creep models. For example, 
using the power law creep model (see also Section 2.5) expressed through Eq. 38, it can be 
seen that for a decrease in bearing stress of 50% the creep strain decreases more than 50% 
given the exponent is always E � 1. Using experimental data from other authors at TU Delft 
[57] the stress exponent can be estimated as E � 1,6 (see Figure 126) using the simplification 
that F u �̂ (hence this is not the true material constant). 

 >&) u �
D y 1 ∙ F, ∙ G'�� Eq. 38 

With:   

� Material constant [L��/vF� ∙ T���w]  

F Uniaxial equivalent deviatoric stress (Mises stress) [F/L�]   

G Time [T]  

D Time exponent (material property) [−]v−1 � D � 0w  

E Stress exponent (material property)  [−]vE � 1w  

 

Table 21 provides an explanation for the larger creep deformation as a result of increasing 
oversizing of the hole. As can be seen from Table 21, the effect of the decrease in load needed 
to reach a connection slip of 0,9 ∙ 0,15 u 0,135 mm is not enough to offset the larger length @+,A 
over which creep takes place. As a result, the creep increases for increasing oversize of the 
hole, at equal initial deformation/slip. It should be noted that the creep model indicated by Eq. 
38 cannot directly be used to estimate the creep deformation or strain, given that the stress 
distribution and redistribution is more complex than a uniaxial stress distribution. Table 22 
proves that there is no linear correlation between the creep model and experimental results.  

Table 21 – Rough schematization of the relative effect of bearing stress and length of bearing 
path linj  on creep deformation for different degrees of hole oversizing 

Ø&*,;)*  vmmw /23  vkNw �̂  vMPaw 

 

>&̅)~ �̂, vMPa,w 

 

@+,A  vmmw ∆@&̅)v∙ 10P mmw 
Relative 

(-) 

22 132,7 166 3652 2 7,3 1 
26 104,0 130 2412 4 9,6 1,32 
32 86,5 108 1793 7 12,6 1,73 
36 75,2 94 1436 9 12,9 1,77 
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Table 22 - Comparison between power law model and experimental results concerning relative 
creep deformation for different oversizing of centre plate holes 

Ø&*,;)*  vmmw 
Relative creep deformation v-w at given t 

Power law model Experimental Ratio 
Power law/Exp. 

22 1 1 1 
26 1,32 1,28 1,03 
32 1,73 2,24 0,77 
36 1,77 2,84 0,62 

 

Given that the slip as a result of creep in the injection material dominates the total connection 
capacity with increasing oversize of the hole, it is suggested to look further into injection 
materials with a lower creep sensitivity, such as reinforced resin.  

It was observed that the creep behaviour is non-linear on a linear slip and logarithmic time 
scale for non-reinforced resin-injected bolted connections, whereas a linear relationship was 
obtained for reinforced resin-injected bolted connections on the same set of axes. Figure 127 
exemplifies two types of creep laws, power and logarithmic, hereby showing that as a result of 
the reinforcement the creep behaviour inherently changes. 
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Figure 126 - Determination of stress exponent n based on long-term results 
at two different load levels on double lap shear connection with nominal 
clearance hole and M20 bolts (Li, 2017) [57] 
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Figure 127 - Log(time) vs. linear creep slip, indicating the shapes of the 
curves for logarithmic and power creep laws. Magnitudes chosen 
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7.7 Comparison between Experimental Results and EN 1993-1-8 
As discussed in Section 2.1, EN 1993-1-8 contains a reduction factor 5�,  to take account of 
the (negative) effects of oversize holes on the maximum allowable bearing stress. 
Unfortunately, no experimental tests could be carried out on specimen with bolt placement cf. 
EN 1090-2 [4] (bolts in most negative position with respect to connection slip). Hence, only a 
short-term numerical model of such connections is available. This linear numerical model is 
used to determine the relative load at 0,135 mm of slip (CBG) for several hole diameters and is 
compared to the capacity according to EN 1993-1-8.  
Although creep dominates the connection slip for increasing Ø&*,;)*, it is not to be expected 
that the bearing capacity of the resin approaches zero, as currently implied by EN 1993-1-8. 
The true long-term relative bearing capacity will most likely be lower bounded by the capacity 
according to EN 1993-1-8, but will definitely be lower than the short-term bearing capacity found 
using the numerical model. In order to economically and successfully use injection bolts in 
significantly oversize holes, it is suggested to conduct more experimental research to find 
expressions for 5� that resemble the true bearing capacity as a function of oversizing. This is 
especially relevant, given that the current regulations are obtained using experiments with a 
maximal oversize Ø&*,;)* u 26 mm (ECCS Recommendations, 1994) [5] 
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7.8 Benefits of Reinforced Resin-Injected Connections 
In Chapter 6, the concept of reinforced resin-injected connections has been developed and 
tested. Based on these tests, it appears that reinforced resin-injected connections have certain 
benefits over their non-reinforced counterparts. Figure 130 illustrates the difference in short-
term behaviour: the initial connection stiffness of the shot-reinforced is 71% higher than that of 
the non-reinforced connections. The creep behaviour of shot-reinforced connections under the 
86% higher load is significantly less than that of the non-reinforced connections, as exemplified 
through  Figure 129. A complete comparison is given through Table 23 
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Table 23 - Comparison between short- and long-term performance of non-reinforced and shot-
reinforced connections 

Connection 
Type 

Initial connection 
stiffness 

Ç���vÈÉ/ÁÁw 
Long-term load 

ÂÊÄ vÈÉw 
Slip creep deformation after.. vmmw  

24h 48h 72h 
Non-

reinforced 5,8 ∙ 10� 75,2 0,0584 0,0677 0,0719 
Shot-

reinforced 
9,9 ∙ 10�  
 vy71%w 

140 
vy86%w 

0,0381  
v-35%w 

0,0422  
v-38%w 

Not 
measured 

 

As discussed in Section 6.3, both reinforced and non-reinforced resin-injected connections 
have a clear hysteresis is present in their respective load-slip diagrams, and the load level 
belonging to a certain slip level decreases for increasing amount of iterations. However, after 
a few iterations, the load level that can be reached at a certain slip level stabilizes. Hence, in 
this perspective there is no significant advantage of one connection type over the other. 

Based on these results, it can be concluded that shot-reinforced connections have benefits in 
all structural ways tested for: higher load capacity with smaller time-dependent slip as a result 
of creep.  However, it should be noted that no fatigue tests were carried out, meaning that in 
this perspective the relative performance cannot be determined.   
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7.9 Research Limitations 

 Study Design Limitations 
Within the study conducted in this thesis, the experimental programme was only geared 
towards a specific test set-up, namely the test set-up from Annex G of EN 1090-2 [4]. This 
constraint means that connections with other geometrical characteristics, e.g. different l/d or 
G�/G� ratios, do not necessary share the trends and results obtained within the experimental 
programme, for example due to other governing influences. However, generally it seems a 
good approximation to limit the maximum effective @/�  ratio to @/� u 3, meaning that the 
difference in results is expected to be small. The effects of the ratio G�/G�, however, deserves 
more attention in future research, given that also in literature only limited information is 
available. 

 Impact Limitations 
Within this thesis, the focus lay on only one type of grout and one type of resin. With respect 
to the resin, the choice is rather well defendable, given that this resin (Araldite/RenGel SW 404 
y HY 2404) is the only resin allowed by the Dutch Ministry of Infrastructure (Rijkswaterstaat). 
Moreover, recent (unpublished) research has indicated that no epoxy resins are available on 
the market that provide a better performance. However, the grout was chosen arbitrarily, only 
looking at product sheet information and whether the manufacturer saw potential in the ability 
to inject his product through very narrow openings. This means that the impact of this thesis is 
largest for resin-injected connections, and that for grout-injected connections several other 
grouts should be obtained or designed, and tested for their performance. 

Given the Study Design Limitations (section 7.9.1), the impact of this work only relates to very 
specific connection details. By carrying out more geometrically diverse experiments, the impact 
could be more significant, and lead to general recommendations in the design of injected bolted 
connections with oversize holes. 

With regards to the creep tests, it should be noted that these have last for only a relatively 
short time (3 days – 2 weeks) compared to the deformation criterion at 50 years. Hence, all 
conclusions made in this report are only valid on the condition that the properties of the 
injection material do not degrade in time. Whether or not this is the case shall be further 
investigated, i.e. what degradation mechanisms described by e.g. Kajorncheappunngam 
(1999) [20] play a role in resin-injected connections. 

 Statistical Limitations 
Only one specimen was tested per type of connection and test (short- and long-term). This 
results in a total of two connections, and thus two test results. Although two test results is not 
enough to have any value for a statistical analysis, the use of 4 LVDTs per test result decreases 
the influence of measurement errors. Moreover, the spread between the two test results was 
generally less than 5%. However, in order to create a design recommendation or design code, 
more tests are necessary to obtain any statistical significance. 
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8 Conclusions & Recommendations 

8.1 Conclusion 
Injection bolts are generally used to obtain slip-resistant connections by injecting a two-
component epoxy resin into the free volume within the connection. Without precautions, it is 
not easily possible to demount such connections due to the adhesive bond between the resin 
and steel members. The formation of such an adhesive bond can be prevented by the use of 
a release agent, amongst which are wax-, silicon-, PFTE- and PVA-based products. If such 
products are used to coat the connection components, the connection can be demounted using 
hand tools (wrench, hammer).  

An alternative to resin as an injection material is grout. The injectability of grout depends on 
the location of the washer with respect to the bolt, but this is not a limiting factor, given that 
special washer designs are available that prevent such injection problems (Qureshi & Mottram, 
2012) [16]. Air inclusions were observed in the hardened grout, which are partially related to 
the formation of air bubbles as a result of super plasticising agents, and partially to the method 
of injection. Grout does not bond well to smooth steel, and thus no release agents are needed 
to allow for demounting of the connection.  

In order to assess the influence of the oversize hole on the connection stiffness, experiments 
with M20 bolts in holes with diameters of 22, 26, 32 and 36 mm were conducted. One of the 
effects of oversize holes in injected bolted connections is a reduced initial connection stiffness. 
Based on the experiments, a linear-elastic numerical model was calibrated. Based on this 
model, it could be concluded that connections with oversize round holes show larger 
connection stiffness than connections with slotted holes for the same longitudinal clearance, 
which is related to stress spreading in lateral direction. The effect of stress spreading becomes 
more significant for larger oversize holes. Hence, oversize round holes have the favourable 
characteristics of (1) providing the largest alignment potential and (2) the highest connection 
stiffness. 

The use of injected bolted connections with oversize holes does not only decrease the 
connection capacity at a given slip level, but also leads to increased time-dependent slip as a 
result of creep of the injection material. The increased slip as a result of creep can be explained 
in its most basic form by the use of creep models. The creep of the injection material appears 
to govern the maximum load on the connection that can be withstood without exceeding the 
deformation (slip) limit of 0,3 mm in 50 years imposed by EN 1993-1-8 [3]. Creep tests were 
only conducted on resin-injected connections, given the uncertainty of successful grout 
injection using the chosen method. 

The benefit of using a plate washer or cover plate is largest for injection materials with a higher 
Poisson’s Ratio, since for such materials a higher confinement stress builds up. For epoxies, 
this benefit is roughly 20%, whereas this is much less for grout (6%), under the assumption of 
\ u 0,3 v−w and \ u 0,2 v−w respectively.  

In an attempt to increase the initial connection stiffness and to reduce the creep deformation 
in connections with oversize holes, the free volume within the connection was filled with steel 
shot prior to injection with resin. The idea behind this concept is that the reinforcement transfers 
the load, whereas the resin provides a continuous matrix and protects the reinforcement 
against any detrimental external influences. Shot-reinforced resin-injected connections show 
a significantly higher load capacity vy86%w at 0,15 mm of connection slip, and reduced creep 
deformation under this significantly higher load. The creep deformation can be expressed 
through a logarithmic creep law. Upon loading and reloading, the load capacity at a given slip 
level decreases slightly, but stabilizes after a few cycles, even at slip levels above the 0,3 mm 
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slip criterion. Although the reinforcement (shot) is significantly stiffer than the resin, the 
connection must still be injected to prevent rigid body movement of the reinforcing particles. It 
is concluded that (shot-) reinforced resin may be promising to be used in injected connections 
with oversize holes.   

Concludingly, it is advised to use round oversize holes and a release agent to create a 
demountable connection. In order to maximize the connection stiffness, a cover plate must be 
used. Reinforced resin as an injection material may (1) increase connection stiffness and (2) 
overcome the governing influence of creep on the connection slip. Given that the concept of 
reinforced resin is only in its early development, the full potential is not yet reached. It is 
suggested to find applications in specific structures/connections for this newly-developed 
material, in order to promote its further development. 

8.2 Recommendations for Future Research 
Based on the results obtained in this feasibility study, it is recommended to further investigate 
the following topics: 

• Interaction between reinforcement and (resin) matrix in reinforced resin-injected 
connections 

� Purpose of such an investigation could be to improve the design of 
reinforcement, e.g. shape and gradation 

• Development of a (compressive) creep model for the two-component epoxy resin 
Araldite/RenGel SW 404 y HY 2404, also in combination with reinforcement 

� To be used as input for Finite Element models of injected bolted connections, 
in order to assess the creep behaviour of a connection numerically. This can be 
done on plain specimen under uniaxial compression, or with additional tests 
with more variability in terms of load and geometry on injected connections 
using sophisticated software such as Isight [58]  to automatically fit a material 
model.  

• Execution of (reinforced) resin-injected connections with oversize holes 
� Current investigation is small-scale with well-defined and well-accessible 

injection and insertion channels. How can proper filling of the connection be 
assured in practice for different connection geometries? 

• Fatigue strength of (reinforced) resin-injected connections 
� Tests are currently executed at TU Delft to assess the fatigue strength of non-

reinforced resin-injected connections. To what extent does the addition of 
reinforcement in combination with oversize holes change the fatigue strength? 

• Detailing and long-term + fatigue behaviour of grout-injected connections 
� Development of connection and execution details in such a way that (1) grout 

can be injected properly (2) without excessive air inclusions. Also the creep and 
fatigue behaviour of grout needs to be assessed to determine types of 
connections which would be appropriate to be grout-injected. 
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