
DEVELOPMENT OF COMPREHENSIVE TESTING PROCEDURES FOR 
HIGH-PERFORMANCE BONDED-IN RODS

Robert Jockwer 1, Pedro Palma 2, Arthur S. Rebouças 3, Alexander Salenikovich 4

ABSTRACT: Bonded- or glued-in rods are a highly efficient fastening technology. The complexity of the interaction of 
different materials in the joint (adhesive, rod, and wood) and non-linear stress distribution along the bondline present 
special challenges for the precise characterisation of the strength and stiffness properties relevant for the design. The 
existing test standards and protocols specify only the bare minimum for the utilisation of these connections. The following 
aspects need a more detailed consideration in test specifications: rods in different wood-based products; impact of spacing 
and end/edge distances; group effects; quality assurance; fatigue; impact of environmental conditions, fire resistance, etc. 
In the paper, a detailed state-of-the-art regarding testing of bonded-in rods is given and the different aspects with need for 
further test development are discussed. Proposals are also made on how to better characterize experimentally the 
properties and behaviour bonded-in rods and on how to fully utilize their potential in design.
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1 INTRODUCTION
Bonded-in or glued-in rods are highly performant 
fastening technologies, especially when used to transfer 
axial forces or moments by means of metal or FRP rods 
into wood members. If properly designed and produced, 
they can achieve a very high stiffness, load-carrying 
capacity, fire resistance and be aesthetically pleasing and 
cost effective. However, due to the complex interaction of 
the rod, adhesive, and wood, a reliable characterisation of 
the properties of the bonded-in rods is particularly 
challenging and consequently, so is the design.

2 STATE OF THE ART
2.1 Development
The development and utilization of bonded-in rods started 
in the 1970s. Early developments of bonded-in rods can 
be traced back to the need to introduce high forces into 
wood members, especially in the direction parallel to the 
grain [1]-[3], as well as for reinforcements of existing 
structures, restoration and renovation [4]&[5]. Through 
the pioneering work of Turkovsky [6]&[7], joints with 
inclined bonded-in rods have been successfully used in 
large-span and outdoor timber structures in the USSR and 
then in Russia since the 1980s [8] (Figure 1). Major 
advancements in testing and design of bonded-in rods 
were achieved in the GIROD project [9]&[10]. In recent 
years, special systems of bonded-in rods have been 
developed, favouring a ductile failure in the rod to protect 
the joints form brittle failures [11]&[12]. Otero-Chans et 
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al. [14] divided potential improvements of bonded-in rod 
systems into four groups: (1) hooped systems, (2) hybrid 
joints, (3) modified rod shapes and (4) modifications in 
the shape of the drilled hole (Figure 2).

Figure 1: Applications of inclined glued-in rods.[13]
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Figure 2: Potential improvements of bonded-in systems. [14]

2.2 Structural behaviour of bonded-in rods
Joints with bonded-in rods rely on the interaction between 
three components – the wood, the rod, and the adhesive –
and the performance of the connection depends first and 
foremost on the adhesive bond between the wood and the 
rod (Figure 3). Careful planning, design, preparation, 
execution, and quality control are required to ensure the 
integrity, resistance, and durability of the bonded-in rod 
connection during the design working life of the structure. 

Figure 3: Glued-in rod composite system.[15]

The failure of joints with bonded-in rods can occur in the 
wood substrate, in the rod, in the adhesive, or at the wood-
adhesive or rod-adhesive interfaces. For axially loaded 
bonded-in rods parallel to the grain, the following failure 
modes [12]-[16] are considered in the most recent draft of 
prEN 1995-1-1 Eurocode 5 [17] (Figure 4):
a) tensile failure of the rod
b) compression (buckling) failure of the rod
c) failure of the adhesive within the glue line or in the 

bondline with the rod and/or timber
d) shear failure of the wood adjacent to the bondline
e) splitting of the wood starting from the bonded-in rods
f) plug shear failure of the wood in a joint with several 

bonded-in rods
g) net tension failure of the wood et the end of the rod.

Figure 4: Failure modes of axially loaded bonded-in rods
(based on [16]).

For the assessment of the load-carrying capacity and the 
governing failure modes, the different behavior of the 
joint components at the various locations must be 
considered. For example, the wood, the adhesive, and the
bondline are characterized by large variability in load-
carrying capacity and propensity to brittle failure modes. 
In contrast, mild-steel rods fail through yielding in a
ductile manner and their load-carrying capacity is more 
predictable, especially if the quality of steel is controlled. 
Therefore, different partial safety factors are considered 
for the different failure modes in the design. When the 
yield failure mode governs the design, the bond strength 
is underutilized, but it is capacity protected (Figure 5).

Figure 5: Graphic illustration of the design philosophy of 
joints with bonded-in rods.[18]

2.3 Standards for testing and design
The complex interaction of the different materials in the 
joint and the non-linear stress distribution along the 
bondline present special challenges for the precise 
characterisation of the strength and stiffness properties 
relevant for the design.

The testing requirements for bond shear strength of 
bonded-in rods in glued structural timber products are 
specified in EN 17334 [19]. Except for the Russian design 
standard [20], it is the first European test standard for 
bonded-in rods which sets the basis for the declaration of 
performance and design. In 2022, ICC-ES published 
Acceptance Criteria for bonded-in rods used as 
connections in tension and compression [42].

Several national timber design standards and design 
guides provide guidance for connections with bonded-in 
rods [21]-[27] with various degrees of detail. The next 
generation of prEN 1995-1-1 Eurocode 5 [17], to be 
published in 2025, will include a chapter on bonded-in 
rods and will provide general design rules based, amongst 
other parameters, on the bond strength determined in 
accordance with EN 17334 [19]. 

Despite the lack of uniform European or international 
design guidelines, bonded-in-rods have been successfully 
applied in a variety of projects across the world. This has 
allowed further experience to be gained in their use. As a 
result, various approval documents have been issued for 
the use of bonded-in rods in timber structures, such as:
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� Z-9 1-705 2K-EP-Klebstoff WEVO-Spezialharz [26] 
� Z-9.1-896 2K-PUR Klebstoff LOCTITE CR 821 

PURBOND [29] 
� Z-9 1-778 2K-EP-Klebstoff GSA-Harz [30]  
� Z-9.1-791 Studiengemeinschaft Holzleimbau [31]  
� Technical Assessment 3/12-716 Societé SIMONIN 

SAS [32]  

Recently, European Technical Assessments (ETA) have 
also been issued for products from various manufacturers 
[33]&[34] based on EAD 130006-00-0304 [35]. 

Based on these approvals, available bonded-in rod 
solutions can be categorized in two main approaches: 

� adhesive-based solutions [29]: adhesive 
manufacturers have developed and certified special 
adhesives to produce bonded-in rods for specific 
customers. In the certification documents, the bond 
strength is specified without specific consideration of 
the joint configuration. 

� system-based solutions [30]&[32]: other 
manufacturers have achieved approval and 
certification of proprietary systems of bonded-in rods, 
considering joints with particular combinations of 
rods, wood members, and adhesives. 

These two approaches allow enough flexibility and 
specialisation to address the needs of different customers. 
Adhesive-based solutions require a higher level of detail 
in the generalized testing and in the description of design 
procedures to achieve the same desired level of 
performance in the application, whereas system-based 
solutions provide exclusive but potentially optimized 
configurations and range of applications. 

In the specifications of the test procedure, EN 17334 [19] 
focuses primarily on the determination of the bondline 
shear strength as part of the description of failure mode c) 
according to the list in Section 2.2. The selection of the 
dimensions of the timber specimens and steel rods aims at 
avoiding failure modes comprising yielding of the steel or 
splitting of the timber members. This means that only 
some aspects of the bonded-in rod system are considered. 

3 SELECTED CHALLENGES IN 
BONDED-IN ROD TESTING 

The main challenges in testing and evaluation of bonded-
in rod connections are related to the impact of the material 
characteristics, connection geometry, load direction and 
ambient conditions on the load-deformation behaviour, 
durability, and failure modes. The following selected 
challenges will be addressed in this paper: 

� impact of the adhesive, wood product and grain 
orientation, 

� quality assurance of the bond, 
� behaviour in fire, 
� stiffness and deformation capacity, and 
� multiple rods 

3.1 Impact of the adhesive, wood product and grain 
orientation 

The strength of the adhesive bond is limited by the shear 
strength of the wood, the shear strength of the adhesive, 
and the bond between them. The shear strength of epoxy 
adhesives is in the range of 16 to 20 N/mm2 [36]. PUR 
adhesives possess similar strength but are softer and have 
a lower glass transition temperature [37]. The high 
strength can only be exploited when rods are used in 
hardwoods [38]. In softwoods, the adhesive bond strength 
is generally limited by the shear strength of the wood [39] 
and the adhesive joint can only be utilized up to a shear 
strength of about 6 to 8 N/mm2.  

The bond strength depends on the bondline thickness. It is 
recognized in EN 17334 [19], which calls for evaluation 
of bondline thickness from 2 to 6 mm. Furthermore, 
researchers use larger and/or variable glue line thickness 
in search of improving the overall performance of the 
joints [14],[40].    

In the case of rods bonded-in parallel to the grain and 
loaded in axial tension, failure occurs due to an irregular 
breakout cylinder depending on the local strength of the 
wood. Therefore, an effective bond strength is used in the 
design, which must be determined for the individual 
combination of adhesive, wood and size of the rod or 
reinforcement type according to EN 17334 [19]. 

The dependence of the bond strength on the bonded length 
described in EN 17334 [19] was chosen according to 
DIN EN 1995-1-1/NA:2013 [21]. Aicher and Stapf [39] 
discuss various other functions for the reduction of the 
adhesive bond strength as a function of the bonded length 
and compare them with test results. In a preliminary draft 
of EN1995-1-1:2004 Eurocode 5, a 10% reduction was 
proposed for rods bonded-in perpendicular to the grain. 

The dependency of the bond strength on the bonded length 
is based primarily on the studies of bonded-in rods parallel 
to the grain in softwood glulam. It was observed that in 
joints with rods bonded-in perpendicular to the grain, the 
bond strength shows a lower dependency on the bonded 
length, because wood is much softer in this direction. 
Therefore, the shear stress distribution is assumed to be 
constant along the bondline, which cannot be said about 
the stress distribution along the rods bonded-in and loaded 
parallel to the grain (Figure 6). For this reason, a constant 
value can be assumed in design of rods bonded-in 
perpendicular to the grain within certain limits [40]. In 
addition, since the bondline failure of rods parallel to the 
grain can be initiated by the exceedance of failure strain 
of the wood, the bond strength definition in different 
wood products and wood species should be determined 
individually as a function of the angle to the grain. 
Therefore, the ICC-ES AC526 [42] requires tests of 
bonded-in rods at various angles to the grain.   
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Figure 6: Approximation of the stress distribution by gluing 
perpendicular and parallel to the grain direction. [40]  

To determine the bond strength in accordance with EN 
17334 [19], the strength class or yield strength of the steel 
rod is chosen, depending on the rod diameter and the bond 
length, to achieve the bond or wood failure without rod 
yielding. Likewise, AC526 [42] requires that every rod 
diameter is tested at the maximum, minimum and at least 
one intermediate bond length using high-strength steel 
rods that have sufficient strength to develop the bond 
strength. To determine performance parameters of the 
joints other than the bond strength, the rods used in the 
tests should be representative of the class of steel intended 
for the application.  

Bonded-in rods in cross-laminated timber (CLT) are 
permitted according to the next generation of 
prEN 1995-1-1 Eurocode 5 [17]. However, Vallée et al. 
[43] state that the prediction of the load-carrying capacity 
of bonded-in rods in CLT is more challenging than in 
glued-laminated timber due to the increased anisotropy 
arising from the orthogonal arrangement of the layers. 
Brittle failure modes of the rods with tear-out of wood 
blocks from the different layers of the CLT were observed 
in tests in [44]&[45]. The complex brittle failure modes 
are influenced amongst others by the rod-to-grain angle, 
the distances to the cross-layers, spacing between the 
rods, and also include the rolling shear failure in the 
interface between the layers. 

3.2 Quality assurance of the bond 
Bonded-in rods are very demanding in terms of execution, 
as even minor defects and flaws in production can have a 
decisive impact on the bond performance. Care must 
therefore be taken to ensure careful and accurate 
production and quality assurance.  

The effects of various production defects on the load-
carrying capacity have been studied in detail [46]. It was 
found that insufficient grouting and voids along the 
bondline have the greatest influence on reducing the load-
carrying capacity of the joint. Other defects include 
remaining wood chips in the drilled hole or insufficiently 
degreased threaded rods. 

Gonzalez et al. [47] studied the impact of placing 12.7 mm 
rods of various lengths off-center during fabrication and 
did not observe any influence on the resistance nor failure 
modes. While this may be true for the smaller rods and 
generous edge distance, for rods of larger diameter and 
bond length and smaller spacing, the deviation of rod axis 
off-center may become a reason for splitting of the wood 
around the rod, which was observed by Salenikovich et al. 
[48] who tested 16 mm rods in glulam and MPP. 

Another serious challenge in bonding of joints is the 
presence of cavities and gaps between laminations in 
CLT, where the glue may leak and result in starving joints. 
The gaps not only increase the consumption of the 
adhesive dramatically, but the starving joints may also not 
guarantee the full coverage of the adherends and result in 
defective bondlines.  

One challenge relates to the assurance of the correct 
curing of the adhesives in the connections. Parameters 
that can have an impact on the curing of the adhesive are, 
e.g., the ambient and material temperatures during 
bonding and curing, the correct mixing ratio, and the 
moisture content of wood. Errors in the estimates of the 
wood temperature in cold climates may lead to the 
reduced pot life of the glue and defective bond. 

Compliance withdrawal tests that can be used as an 
indicator for the correct curing of the adhesive in the 
bondline of bonded-in rods were developed together with 
the design and execution guidelines for the next 
generation of prEN 1995-1-1 Eurocode 5 [17] and should 
be included in the next revision of EN1382 [49]. 

 

 

Figure 7: Example of the compliance withdrawal test 
arrangement and the specimen geometry 

Such compliance withdrawal test may be carried out in 
pull-beam, pull-compression, or pull-pile foundation 
configurations as illustrated in Figure 7. The rods should 
be bonded in the direction perpendicular to the grain, to 
avoid splitting of the timber in the vicinity of the bondline. 
To avoid premature splitting of the wood member, the 
spacing and end and edge distances should be sufficiently 
large and exceed the minimum required values in the 
design regulations. Since the bond shear test is aimed at 
the bondline failure, the bonded length may be shorter 
than the minimum values given in the design standards, 
and a length of 5.5ùd can be proposed for softwood. This 
test procedure is very similar to the quality assurance tests 
conducted in accordance with GOST R 56710 [20] except 
that the rods are pushed through (Figure 8).  

b � 6.5d

h � 6.5d  

a3 � 4d
a1 � 8.5d

lb � 5.5d

a1 � 8.5d

a4 � 3.5d
a4 � 3.5d
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Figure 8: Control specimens for bonded-in rods. [20] 

The wood material for the test specimens should be 
representative of the wood product intended for the 
application. Test pieces made from hardwood species 
(e.g., beech LVL) are also suitable for the checking of the 
curing of the adhesive of bonded-in-rods. 

To achieve a representative comparison of the adhesive 
properties and curing in the compliance tests and the 
actual connections, the fabrication of the test joints shall 
be performed following the same procedures as for the 
bonded-in rods in the application. The test pieces should 
be stored under equal conditions as the bonded-in rods in 
the application until the full curing before testing. 

The testing of the specimens is done as a reference testing, 
which means that the tested bond strength is benchmarked 
against a previously determined reference value.  

The sampling procedures for compliance and acceptance 
testing should be in accordance with ISO 2859-1 [50]. A 
reference value of bond strength should be determined for 
the specimens stored at least until full curing of the 
adhesive under reference conditions at 20±2 °C and 
65±5% relative humidity.  

The bondline strength, corrected for the density, 
determined during the compliance tests shall be greater 
than or equal to the corresponding declared value of 
characteristic bond strength of the adhesive. 

3.3 Behaviour in fire 
Timber connections with exposed metal fasteners and 
steel plates are known to conduct heat into the core of the 
timber cross-section, which leads to increased charring 
and reduced load-carrying capacity in the connection area 
[51]-[53]. For connections with dowel-type fasteners, 
additional protection using panels or wooden plugs can be 
used to provide some cover to the otherwise exposed ends 
of the fasteners [54], contributing to increased fire 
resistance. 

Bonded-in rods are inherently embedded in the wood 
cross-section, which can provide a significant advantage 
regarding fire resistance. Fire resistance tests on bonded-
in rods have been performed with thermal insulation 
protecting the protruding end of the steel rod [55]-[57] or 
the other steel parts of the connection [58]. This prevents 
heat from being conducted from the steel parts into the 
adhesive, which would severely reduce the fire resistance. 
The fire resistance of connections with bonded-in rods 
cannot, therefore, be assessed solely based on the fire 
resistance of a fully embedded rod. The protection and 
detailing of the hub or plate connecting the rods to the next 
member is also a crucial aspect of the fire resistance of 

these connections [55]. Gaps between the surfaces of 
connected timber members can have a significant 
influence in the fire resistance and even small gaps can 
increase during fire exposure and lead to initially 
protected steel surfaces becoming exposed [53]. 
Therefore, an accurate evaluation of the fire resistance of 
a connection with bonded-in rods can only be made 
considering the configuration of the entire connection. 

Performance criteria for fire resistance testing (maximum 
deformation or deformation rate) are also not specifically 
prescribed in EN 1363-1 [59] for structural timber 
connections, which often leads to different failure criteria 
being adopted in different studies. 

3.4 Stiffness and deformation capacity  
Axially loaded bonded-in rods exhibit very high stiffness 
and slip modulus due to nearly “slip-free” bonding in the 
joint. Various approvals therefore generally describe 
connections with bonded-in rods as “rigid”. A high 
stiffness is often desirable to achieve high efficiency in a 
moment-resisting connection and to reduce its rotation. 
However, this assumption might overestimate the 
stiffness of the joint, especially in the transition between 
the timber member and connected steel parts. Not only the 
stiffness of the bonded length of the rod but also the 
unbonded rod length and the flexibility of connected steel 
parts need to be considered in the design. 

One challenge in determining the slip modulus in tests is 
the proper arrangement of the measuring equipment to 
correctly measure the decisive deformation. For example, 
the free, unbonded length of the rod has a significant share 
in the total deformation, and the distance between the 
reference points must be considered in test results.  

Stiffness values reported in the literature vary a lot 
because they are measured differently and on different 
size, length and number of rods [47],[48]&[60]-[65]. For 
the rods of 16 mm in diameter, Bouchard et al. [65] and 
Salenikovich et al. [48] reported the slip moduli between 
115 kN/mm and 212 kN/mm per rod. Gonzales et al. [47] 
and Verdet et al. [64] measured the slip modulus between 
60 kN/mm and 110 kN/mm for rods of 12.7 mm and 8 mm 
in diameter. The latter values are comparable value to that 
given in the Simonin/Ducret approval [32] of 71 kN/mm. 
These values are somewhat higher than the slip moduli 
determined by Blaß and Steige [66] for screwed-in 
threaded rods, which are the basis for the approach in the 
most recent draft of prEN 1995-1-1 Eurocode 5 [17]. To 
allow for a more effective and competitive use of bonded-
in rods, the actual stiffness values of the system need to 
be determined during the bond strength tests. The 
placement of slip measuring devices should follow 
requirements of EN 17334 [19] or AC526 [42]. 
Characteristics of the bonded-in rod system such as an 
unbonded length, constriction, or the connection details 
should be considered in the determination of the real 
connection stiffness. 
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3.5 Multiple rods 

3.5.1 Situation 
During the last 30 years, several studies have been carried 
out on bonded-in rod connections, mainly focused on the 
pull-out resistance and on the bond behaviour between the 
rod and the wood. Most of the literature on the subject was 
initially focused on investigating the load-slip relationship 
and defining the failure mechanisms for a single-rod 
connection.  

The few existing design codes with specific guidance for 
bonded-in rods, such as DIN EN 1995-1-1/NA [21], deal 
with the definition of the load-carrying capacity of a 
single rod or provide a simple adjustment to account for 
the uneven load distribution between the rods [13]. In the 
most recent draft of prEN 1995-1-1 Eurocode 5 [17], the 
chapter on bonded-in rods addresses primarily joints with 
single rods and is based on bond strength determined in 
accordance with EN 17334 [19], which is also determined 
on single rod test specimens.  

In practice, bonded-in rods are used in groups and a more 
detailed knowledge of their structural behaviour is 
relevant for the research community and designers [67]. 
That is why AC526 [42] requires testing groups of four 
rods placed at distances representative of the minimum 
allowed spacing for the system. 

Due to a very high stiffness, bonded-in threaded rods 
cannot easily ensure redistribution of loads unless the rods 
start yielding. However, if the yield strength of the rods is 
higher than the bond strength, then the redistribution may 
not be possible and an uneven loading in a group of 
fasteners will lead to a brittle failure of the overloaded rod 
[65]. That is why the current design philosophy favours 
the design of joints with bonded-in rods where the 
yielding of the rods governs. 

Unlike single joints, few data are available in the literature 
for multiple bonded-in rod connections. In general, 
available studies can be divided into pull-out tests (almost 
equally loaded tension joint) and moment-resisting 
connections (unequally loaded joints). 

A reduction for the load-carrying capacity due to uneven 
force distribution is given by Turkovsky [4], based on the 
USSR standard of 1982. There, the reduction in load-
carrying capacity due to uneven load distribution between 
rods is applied by reducing the load-carrying capacity 
10% for two rods and 20% for three rods in a row parallel 
to the grain. The resistance is further reduced 10% if the 
bars are arranged in two rows perpendicular to the grain. 
Buchanan [24] proposed the following reduction of the 
load-carrying capacity for "closely spaced" rods: the full 
load-carrying capacity can be used for one or two rods, it 
must be reduced 10% for three or four rods, and reduced 
20% for five or six rods. Based on the above 
recommendations, in the most recent draft of 
prEN 1995-1-1 Eurocode 5 [17], a reduction of 10% is 
suggested for three to four rods and 20% for five or more 
rods, unless a uniform load distribution can be assumed. 
Connections with more than six rods are not 
recommended without a uniform load distribution.  

In moment resisting connections, such as knee joints, with 
several layers of rods bonded-in parallel to the grain, 
Buchanan [24] recommended to have staggered bonded 
lengths by offsetting the rod ends by at least 75 mm to 
minimize the risk of splitting along the rods and to reduce 
the stress concentrations at the rod ends (Figure 9). In 
addition, it is recommended to check the wood fracture at 
tips of steel rods for the tensile force acting in each layer 
in such connections [26] (Figure 10). 

3.5.2 Multiple rods pull-out tests 
Several studies have focused on observing the failure 
modes, verifying the possibility of achieving ductile 
failure and evaluating the influence of the main geometric 
parameters (rod diameter, distance between rods, distance 
to edges, bonded length) and mechanical properties (yield 
and ultimate strength of rods) on the structural behaviour 
of the joints [47]&[68]-[71]. 

The test setups and procedures used are very similar to 
that for single rod joints and the loading protocol follows 
the recommendations given by ISO 6891 [72]. The 
maximum load, failure mode and displacement at failure 
are measured. From these tests, the load-carrying capacity 
of the joint is compared with the pull-out capacity of a 
single rod and the tensile resistance of the rod, which are 
usually predicted from analytical formulations. A group 
reduction factor for connections with multiple rods can be 
derived from this comparison. 

 

Figure 9: Staggered rod ends in a knee joint. [26]  

 

Figure 10: Wood area for checking wood fracture capacity in 
a knee joint. [26]  

In many cases, failures occur due to splitting that starts at 
the end of the wood member and extends along the length 
of the rod before the onset of yielding. This could be in 
part due to the difficulty of fabricating connections with 
multiple rods that are perfectly aligned. Sometimes, there 
are defects in the bondline along the length of the rods. To 
mitigate the splitting failures, it is possible to reinforce the 
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wood member using perpendicular fasteners such as 
screws or smaller bonded-in rods. In fact, in Russia, the 
use of bonded-in rods parallel to the grain is not 
recommended, and transverse reinforcement is required in 
all connections [13]. 

In connections with multiple bonded-in rods, it is often 
aimed at small edge distances to increase the overall 
efficiency of the connection (i.e., less than 2.5ùd, which is 
the minimum distance recommended by most current 
standards to avoid splitting). When testing the bondline 
strength according to EN 17334 [19] larger edge and end 
distances of single rods are used. Gonzalez et al. [47] 
suggested a minimum edge distance of 3ùd to avoid 
splitting and a minimum spacing of 5ùd between rods to 
prevent splitting. When smaller spacings are used, special 
measures can be taken to minimize the risk of splitting, 
such as the use of a not-bonded length towards the end of 
the timber member. In the current test standard EN 17334 
[19], such special measures are not specifically addressed. 
However, to evaluate the full performance of bonded-in 
rod system, the bond strength must be tested in 
combination with the specific measures to reduce the risk 
of splitting. That is why the not-bonded length and other 
features may be tested under AC526 [42]. 

The impact of the rod ductility and redistribution of load 
was evaluated by Gehri [73] and by Bouchard et al. [65]  
for connections loaded in axial tension. Larger test series 
on connections with multiple rods were described by 
Parida et al. [68], where the influence of low and high 
steel quality on the failure mode, capacity and ductility 
were investigated. Steiger et al. [74] stated that the use of 
"mild steel as well as more bars of smaller diameter are 
effective measures to increase the ductility of the 
connection." Especially for connections with several rods 
where unequal loading in the rods is expected, a high 
ductility of the joint is required to allow balancing and 
redistribution of the load.  

It can be concluded that not only a single bonded-in rod 
joint, but the entire connection should be tested and that 
the system behaviour of the bonded-in rods should be 
considered. For pull-out tests, it is important to keep an 
even distribution of stresses across the section so that all 
rods are equally loaded. This can be achieved using a rigid 
plate at the end of the rods, fixing them with an extra 
length so that the rods could deform. However, it is not 
necessarily representative of the real joint configuration. 
In general, mild-steel rods are recommended for testing 
connections with multiple bonded-in rods, as well as in 
design, to facilitate the yielding and redistribution of loads 
between rods before other failure modes occur or any 
imperfections during production of the connection may 
result in much lower capacity than expected (see Fig.4). 

4 PROPOSALS 
The complexity of bonded-in rod connections as a system 
requires further development of tests methods, 
procedures, and protocols. Some of the most relevant 
aspects are: 

� Rods in different wood-based products. The current 
European standard test procedures are based on rods 
bonded parallel to the grain in glued laminated timber 
or in CLT. The bond strength of rods bonded 
perpendicular to the grain is assumed to be equivalent. 
The impact of cross-layers in CLT and veneers in LVL 
and other wood-based products should be evaluated, 
especially regarding layer thickness and distribution, 
edge distances and potential edge intersection with the 
rod. The literature review revealed the occurrence of 
undesirable failure modes, including rolling shear of 
the cross-layers, depending on the specimen 
configuration. 

� Quality assurance of the bond. The quality of the 
bondline must be verified to ensure the intended 
performance of the bonded-in rods. Quality assurance 
testing on representative specimens prepared in 
parallel to the production of the actual bonded-in rod 
joints, like it is done in Russia [20], can be a way to 
verify the correct curing of the adhesive in the 
bondline under the same environmental conditions 
and materials. In addition, it would be desirable to 
perform non-destructive tests to assess the integrity of 
the bondline after curing (e.g., proof-loading, X-ray 
scanning). 

� Behaviour in fire. The bonded length of the rods is 
protected by the wood, but different adhesive systems 
show different sensitivity to high temperatures. The 
rod end is often exposed and connected to other 
metallic components that can act as a heat bridge into 
the connection and bondline. Gaps between connected 
members also influence the fire performance. The 
exact configuration of the system and not fully 
protected rods should be experimentally evaluated. 

� Testing groups of rods. Bonded-in rods are most often 
used in groups, either acting all together with almost 
equal loading (such as in a tension joint) or with 
unequal loading (such as in a moment-resisting joint). 
In both cases, group effects, i.e., reduced load-
carrying capacity of the group of rods compared to the 
sum of the individual rod capacities, may be observed. 
This aspect should be considered in the testing of the 
bonded-in rods in a system. Procedures developed in 
AC526 [42] can be taken as a starting point. 

� Rod spacing and improved systems. So far, only tests 
on single rods with relatively large edge distances 
have been standardized in Europe for the 
determination of the bond strength. According to the 
proposal in the most recent draft of prEN 1995-1-1 
Eurocode 5 [17], the minimum spacing and edge 
distances must be chosen depending on the bond 
strength assumed in the design. Hence, to account for 
a higher bond strength, a larger spacing, a recess (not-
bonded length), or any other potential improvements 
can be required for qualification testing. However, 
specific spacing requirements for different wood-
based products, particularly for hardwoods and LVL, 
are missing. Procedures developed in AC526 [42] can 
be taken as a starting point. 
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� Fatigue behaviour. Bonded-in rods are often applied 
in conditions prone to fatigue loading. Depending on 
the configuration, the fatigue strength is typically 
governed by properties of the rods. However, the 
fatigue strength of the adhesive bond or wood may 
also govern. To reliably predict the performance of the 
connection, the exact configuration of the system 
should be evaluated. 

� Impact of temperature and moisture conditions. The 
environmental conditions during curing of the 
adhesive and in the final application have an impact 
on the performance of the connection. More practical 
test procedures must be developed to quantify these 
effects. AC526 [42] may be used as an example. 

5 CONCLUSIONS 
A review of the state-of-the-art regarding testing of 
bonded-in rods is given and the different aspects that need 
for further development of test specifications are 
discussed.  

Proposals are made on how to better characterize the 
properties and behaviour of groups of bonded-in rods in 
tests and how to fully utilize their potential in design. 
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