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Glued-in CFRP and GFRP rods in block laminated timber subjected to monotonic and

cyclic loading

Eleni Toumpanaki'® and Michael Ramage?

Abstract

Current advances in timber engineering with the use of timber at longer spans necessitate the use of high
performance joints. Glued-in rods exhibit high axial load capacity and stiffness and are suitable for such
applications. FRP rods can increase their durability and fire performance but ways to produce progressive
failure mechanisms are necessary to enhance their resilience. In this study CFRP and GFRP rods glued-in block
laminated timber with epoxy are investigated under both monotonic and cyclic loading. Joints with constant
glue-line thickness and variable bond-line geometry are studied to induce progressive resin failure mechanisms.
A stepped wedge shaped geometry with varying glue-line thickness and‘a mirrored version were investigated.
The effect of elastic modulus (CFRP vs GFRP) and glue-line thickness on the bond strength, stiffness and
material viscous damping are explored. CFRP rods exhibit.11% higher axial load capacity under monotonic
loading but GFRP rods exhibit higher bond stiffness at the serviceability stage. The cyclic loading does not
discount the bond performance and results/in higher stiffness due to viscoelastic creep deformation. An increase
in glue-line thickness results in higher axial withdrawal capacity and viscous material damping. Specimens with
a wedge shaped bond-line exhibit superior mechanical performance. An FEA model is presented for a variable

bond-line geometry and the numerical results agree well with the experimental findings.
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1 Introduction

Rods glued in timber have been used for timber connections at beam-to-column, column-to-foundation and truss
joints, and also to provide member continuity (splice connections) and local strengthening of timber
perpendicular to the grain [1, 2]. Despite the wider adoption of steel rods in such structural applications, there is
no established design method in Eurocode 5 [3]. Various design formulas can be found in national guidelines
(e.g. DIN [4] and New Zealand Guidelines [5]) relating the axial load capacity of glued-in rods to different key
parameters (e.g. with or without the inclusion of a bond bar factor), and experimental results can often be
contradictory. Moreover, there are no design guidelines for how stiff these connections should be; which is
important to accurately predict the sway of a building. It is often up to the timber specialist.to provide a holistic
engineering solution including the design of these connections.

The use of composite materials such as carbon fibre reinforced polymer (CFRP)‘and glass fibre reinforced
polymer (GFRP) rods can result in improved durability for these connections under high moisture content,
lower weight and better chemical compatibility between the resin and the FRP rods [6]. FRPs are advantageous
for structural applications near electromagnetic fields (e.g. MRI rooms) and can improve the fire performance of
glued-in rods due to their lower thermal conductivity compared with steel [7]. Despite timber and epoxy acting
as protective layers for steel rods against corrosiony paths of water ingress can form at the connection points due
to differential deformations from shrinkage and creep effects or from splitting cracks due to temperature and
humidity fluctuations during the design life of a structure. Moreover, visual inspection of glued-in rods is
difficult after installation. Signs of steel corrosion even for zinc coated steel rods glued in glulam with either
polyurethane or epoxy adhesive have been reported by Riberholt (1986) [8] after cyclic wetting/drying
conditions with fresh and salt water. In the same study preloaded specimens were more vulnerable to corrosion
attributed to cracks formed during loading. Current design guidelines (e.g. DIN 1052 [4]) limit the use of glued-
in rods at service classes 1 and 2 and recommend the same modification factors as for glulam for the long-term

bond performance of the glued-in rod joints regardless of the adhesive type.

Various structural adhesives have been investigated for glued-in rod connections over the years. The use of
phenol-resorcinol (PRF) has resulted in decreased bond performance with increasing glue-line thickness
attributed to higher shrinkage effects and the application of polyurethane (PUR) can yield bubbles at the
wood/resin interface due to its reaction with the inherent timber moisture [9]. Epoxy (EPX) adhesives exhibit

higher bond strength regardless of the glue-line thickness. Yet, different epoxies can yield different bond



performances and failure modes [10] and their standardisation is hindered due to constant advances in resin
formulations that are usually proprietary to the manufacturers [11]. Feligioni et al. [12] showed that ductile
epoxies in glued-in steel rods yield a more ‘ductile’ pull-out load — slip relationship and superior withdrawal
resistance compared with brittle epoxies. However, the progressive curing of the ductile epoxy at ambient
conditions resulted in more brittle failure modes and different trends were observed among the pull-out strength
and the adhesive types and geometric parameters of the joint (e.g. the pull-out strength with the ductile epoxy
was better correlated with the glue-line thickness). The importance of glue rheology/toughness has been
highlighted by Serrano [9] with PRF glues exhibiting a distinct plateau at ultimate failure but lower shear
strength when compared with epoxies. Ahmad et al. [13] studied the addition of microparticles such as liquid
rubber (Albipox) and ceramic (Timberset) in structural adhesives for laminated veneer lumber (LVL) with the
former yielding the highest critical strain energy release rate (GIC) and interlaminar shear and creep
performance compared with the reference epoxy (CB10TSS). The addition‘of fillers is based on the assumption
that particles can initiate cavitation and crack growth through local debonding and shear yielding improving the
toughness of the epoxies [14]. Steel rods glued in LVL with epoxy. reinforced with ceramic particles exhibited
inferior axial load resistance compared with the standard.epoxy, despite all failure modes lying within the wood
regardless of the adhesive type [15]. Bio-adhesives for hardwood rods glued in softwood have also been
investigated in [16] exhibiting comparable short-term mechanical performance to standard glues but much
inferior durability performance in humid environments. The standardisation of structural adhesives should
consider their long-term performance under environmental conditions (e.g. high humidity and temperature).
Epoxies respond differently.to-the timber moisture content depending on their crosslinking molecular structure
and their environmental degradation can'be accelerated due to the presence of voids. However, the durability
performance of glued-in rod connections relies on the mechanical response of the individual materials and their
interaction under environmental conditions that affects the developed hygrothermal stresses. GFRP rods have
lower transverse thermal coefficient (a7=21-23 x 10°/°C [17]) than CFRP rods (ar=74-104 x 10%/°C [17]) and
tend to swell less than wood (a7=23.56-31.06 x 10°/°C [18]) under temperature fluctuations. Wood is more
sensitive to dimensional changes due to moisture variations and is more responsive perpendicular to the grain. A
thicker glue-line in FRP-wood composites can mitigate the hygrothermal stresses caused due to the differential
shrinkage and swelling strains between the materials [19]. CFRP rods exhibit superior durability performance
and lower susceptibility to creep rupture compared to GFRP and Aramid FRP rods [17]. Plevris and

Triantafyllou [20] showed that CFRP and GFRP laminates were equally effective in restricting creep deflections



in reinforced wood members and AFRP laminates comparably led to higher curvatures and stresses. Mechano-
sorptive creep tests of glulam beams reinforced with Basalt FRP rods under four-point bending showed that the
reinforcement restrained effectively the shrinkage/swelling strains and had a negligible effect in the mechano-
sorptive strain [21]. More research in the long-term effects of glued-in FRP rods and FRP reinforced timber
beams is needed accounting for the creep response of the FRP reinforcement, timber and adhesive and the
differential strain deformations. CFRP and GFRP rods are selected in this study due to their wider application in
the construction industry and to account for their distinctive difference in stiffness in the bond performance of
glued-in FRP rods.

Existing research on the use of FRPs for glued-in rod connections is limited to the use of GFRP rods due their
lower cost (~ 1/3 of the CFRP cost) compared with CFRP rods. Madhoushi and Ansell [6] showed that GFRP
rods glued in LVL with epoxy are more sensitive to the rate of loading at higher glue-line thicknesses (=4 mm)
with the majority of failures lying at the resin/rod interface. At smaller glue-line thicknesses (=0.5 mm) the
failure within the timber dominated. Zhu et al. [7] showed that the axial withdrawal capacity of GFRP rods
glued in glulam with PUR adhesive (#=1.5mm) increases with increasing anchorage length and tends to plateau
at slenderness ratios Ls/D>16. The dominating failure modes were wood/adhesive interfacial failure and wood
plug failure with splitting taking place at larger rod diameters. The splitting failure modes can be the result of
the decrease in the edge distances due to the consequent increase of the hole diameter with the use of a larger
rod cross-section. CFRP and GFRP plates glued in glulam (GL24h) parallel to the grain with epoxy showed
similar bond strength values for an'anchorage length'equal to the plate width in [22]. However, CFRPs exhibited
consistently higher pull-out loads when glued perpendicular to the grain with a maximum increase up to 26%
for a bonded length equivalent to three times the plate width. CFRP rods glued in glulam with epoxy failed by
timber splitting in [23].despite the provision of adequate edge distances. The surface deformation profile with or
without the addition of sand particles affected both the bond strength and stiffness. In all studies the glued-in
FRP rods failed in a brittle manner when glued parallel to the grain but showed a plateau near the failure load
when glued perpendicular to the grain. This can be attributed to a fibre stiffening/tying mechanism acting
perpendicular to the grain during pulling out. Design models that clearly correlate the mechanical performance
of the joints with the mechanical and geometric properties of the materials (adhesive, rod and timber) are
necessary. The GIROD design equation [24] covers these principles but more experimental data is needed to
verify its suitability in FRP rods. Moreover, there are no design equations for the axial stiffness of glued-in rods

and the effect of cyclic loading that is important over the design life of a structure.



Fiber Reinforced Polymer (FRP) materials either in the form of sheets or rods are commonly adopted for shear
and flexural reinforcement to strengthen both solid wood and glulam structural elements [25-30]. A lot of
attention has been drawn in the structural rehabilitation of timber buildings due to the lower weight of the FRPs
and ease of installation on site [31, 32]. The most commonly applied timber retrofit techniques are externally
bonded FRP strips and near surface mounted (NSM) bars where the bond strength is dictated by the size and
depth of the groove [33]. However, when FRPs are used as an internal reinforcement their fire performance is
enhanced [26], the external wooden finish is aesthetically pleasing and the glue-line is protected against
environmental conditions and impact loading. Considerable research has been conducted in the use of FRP
reinforcement for timber structures and summaries of existing studies can be found in [26, 27]. It has been
agreed among researchers that when FRPs are used as flexural reinforcement in timber beams, a significantly
higher increase in flexural strength occurs compared to the flexural stiffness and there is an increase in ductile
timber compressive failure modes due to kink band formation. Raftery and Whelan [28] showed that the use of
compressive NSM GFRP rods in the top layer of the glulam beams increased the ultimate moment capacity but
no signs of ductility were observed in the top compressive timber layer due to the adopted balanced
reinforcement ratio. The use of circular grooves compared with square grooves enhanced the flexural
performance of the single reinforced glulam beams and the quality of the wood in the bottom tensile layer could
affect the failure modes and the development of timber compressive ductile failure. A higher energy absorption
capacity and ductility was attained with pultruded GFRP channel sections externally bonded at the top and
bottom faces of solid beech beams in [29] compared with single reinforcement arrangements and the use of L-
shaped profiles. The greater sheathing of the beams with GFRPs resulted in a lower variance among specimens
since local failures dueto the presence of knots could be compensated by the stiffening contribution of the
GFRPs. Micelli et al.[30] investigated the use of glued-in CFRP rods at both the compressive and tensile face in
‘spliced’ glulam beams. The ‘spliced’ glulam beams yielded similar flexural stiffness to the unreinforced beams
at the serviceability stage but failed at lower loads. The CFRP-jointed beam with the longer anchorage length
(Ly/=1000 mm) exhibited the highest moment capacity and its performance was equivalent to the monolithic
beam. Longitudinal splitting failure modes in the compression zone led to load drops and non-linear load-
deflection response and wood plug failures in the glued-in rods in the tensile zone were followed up to ultimate
failure. Blank [34]showed that high reinforcement ratios of FRP strips (p=0.0073 for GFRPs and p=0.0059 for

CFRPs) result in ductile compressive failure modes in glulam beams under four-point bending and lower



reinforcement ratios lead to brittle failures modes such as tensile failure of the timber and reinforcement and
timber/reinforcement interfacial failure. Blank and Frangi [35] developed an analytical model to predict the
flexural capacity of FRP reinforced glulam beams accounting for the crack bridging effect of the reinforcement,
the timber compressive softening response and the local hinge formation under bending. The model agreed well
with experimental results and all the aforementioned failure modes were differentiated. The optimised use of
FRP rods as flexural reinforcement in timber beams can lead to increased deformability and ductility via timber
compressive softening enhancing the warning message before collapse. This is a challenge when glued-in FRP
rods are used in timber elements subjected primarily to axial tensile forces (e.g. connections of diagonal
members in a timber truss). Glued-in FRP rods fail predominantly in brittle manner due to a sudden
wood/adhesive interface failure. An optimised design of the glued-in FRP rods can lead to progressive bond
degradation, increased deformability and hinge rotation, and higher timber compressive softening response. The
effect of cyclic loading on the bond strength and stiffness of the glued-in FRP.rods and the resulting overall
deformability and failure of the connected timber elementsis also of interest.

Brittle failures with shearing off of a thin wood layer at the wood/adhesive interface have also been reported for
steel rods [9, 12, 36]. Ductility with yielding of the steel rods can be provided at long anchorage lengths and
with the provision of an unbonded length or a thinner rod cross-section near the loaded end where the axial
stress is higher (e.g. GSA system [37]).To avoid brittle premature failure in either timber or glue, local
strengthening of timber with screws running along the bonded length [38], plywood sleeves glued to the end
grain [8] and wrapping of timber at the anchorage end [36, 39] have been studied. Another interesting method is
the construction of epoxy ribs-along the bonded length that act locally as wedge anchors increasing the total
axial load resistance by engaging a greater wood surface area and enabling steel yielding [40]. Although this
construction method seemed efficient with one resin rib and high grade steel rod (12.9), the use of multiple ribs
led'to brittle failure without steel yielding [41]. The use of thick resin ribs at small spacing accelerated the
timber shear failure at the outer perimeter of the ribs. When FRP rods are glued in timber, the introduction of
progressive bond failure is necessary to provide a non-linear load-deflection response close to failure. An
efficient use of adhesive rib geometry along the bonded length can be beneficial towards a pseudo-ductile
performance of FRP rods glued in timber by manipulating the shear stress concentrations to a tailored design
axial load resistance as an alternative to bi-adhesive joints. An optimised glue-line geometry emphasising crack

deviation, blocking and bridging can improve the toughness.



This study has three main research directions. Firstly, the effect of cyclic loading in the bond strength and
stiffness of glued-in FRP rods is investigated to understand potential degradation effects. Viscous damping
ratios are also reported to enable more accurate modelling of the joints. Secondly, the effect of the rod’s elastic
modulus in the bond performance of the glued-in rods is studied in relationship to the initial cost of the
materials. CFRP and GFRP rods glued in timber are compared under both tensile monotonic and cyclic loading.
Thirdly, ways to induce progressive bond degradation in glued-in FRP rods are investigated through geometric
modification of the joint with different adhesive rib thicknesses along the bond-line. Experiments in glued-in
FRP rods with constant glue-line thicknesses are carried out and used as a reference for the geometrically
modified joints. These experiments enable to understand thoroughly the effect of the glue-line thickness in the
performance of glued-in FRP rods. All key parameters are informative of progressive bond degradation. The
adhesive adopted in this study is an epoxy reinforced with silica particles with an'elastic modulus equivalent to
the block laminated timber used. The adhesive is brittle to failure and thus.emphasis is given to the introduction

of mechanical pseudo-ductile performance.

2 Experimental Programme
21 Materials

This study uses pultruded FRP rods (Sireg, Italy) of different fibre type (glass versus carbon) with the same core
rod diameter (D=10 mm), resin matrix (vinylester), fibre content (>65%), and surface deformation (helically
wrapped and sand coated). The outer diameter of the rods (accounting for the external sand coating layer) is
D,=10.7 mm and D,=11.1'mm for the CERP and GFRP rods respectively according to ACI 440.3R-12 [42]
guidelines. The bulging effect due to the helical wrapping is greater in GFRP rods. Figure 1 shows a typical

GFRP and CFRP rod used in this study.

_—CFRP rod

Figure 1: GFRP and CFRP rods with helical wrapping and sand coating layer.



The rods were glued in timber specimens using a two-component thixotropic adhesive of epoxy resin (Sikadur
30) containing silica particles (SiOz) and special filler. The tensile mechanical properties and the mode 11
fracture toughness, Ky, of the adhesive were experimentally measured according to BS EN ISO 527 [43] and
Ayatollahi et al. [44] respectively using a 2 kN Instron load cell capacity. Five Dumbell tensile specimens, 170
mm long and 5 mm thick, were preconditioned at 21.4 + 1.5 °C and RH=50.9 + 4.4 % and tested after 10 days
under tension at | mm/min. Two strain gauges were used at the longitudinal and transverse direction to record
the ultimate tensile failure strain and Poisson’s ratio, since this data was not provided by the manufacturer. The
experimental tensile Young’s elastic modulus and ultimate failure strain were 23% higher and 5%lower than
the nominal values. The moisture content of the specimens was 0.14% as calculated based on ASTM D6980-17
[45]. For the determination of the mode II fracture toughness, six specimens were preconditioned at 17.8 +
1.6°C and RH=53.0 £ 5.0% and tested after 28 days under four-point bending at'l mm/min. The moisture
content of the fracture toughness test specimens was 0.41%. All mechanical properties ate summarised in Table
1. The glass transition temperature of the epoxy adhesive, Tg, is 52°C as reported by the manufacturer and it is
within the 7, range of commonly applied adhesives for glued-in rods. The timber laminations are expected to act
as insulation and mitigate the effect of temperature fluctuations on the adhesive temperature. Finite element
studies in glued-in steel rods by Faye et al. [46] demonstrated a 4-5 hrs delay between the ambient and adhesive
temperature. The temperature of 50°C is defined as.the upper limit for adhesives type II (EN 301 [47]) that are

suitable for applications in service classes'1 and 2 [3].

The timber specimens derived from a block laminated spruce C24 [48] panel, made in Stora Enso’s Ybbs
(Austria) factory using their CLT process without the cross-laminated elements. The mechanical
characterisation of the block laminated timber was carried out according to BS 373:1957 [49] and ASTM D143
[50] standards as shown in Table 1. The timber had an average moisture content of 9% according to BS

373:1957 [49] after being stored at 20.9 + 0.6 °C and RH=51.0 + 2.0 %.



Table 1. FRP rod and epoxy material properties.

CFRP GFRP Epoxy glue
Longitudinal tensile elastic modulus - £ (MPa) 130000! 46000' 13766 + 1256%3 (5)
Average tensile strength, fi (MPa) 2450! 1000! 24.6 +4.82(5)
Elongation at break, & (%) 1.8! 1.8! 0.2 £0.05%(5)
Poisson’s ratio, v N/A N/A 0.25+£0.032(5)
Average shear strength, fi. (MPa) N/A N/A 16!
Stress intensity factor, K7 (MPamm!?) N/A N/A 77.3 +14.8%(6)
Mode I fracture toughness, G (MPamm) N/A N/A 0.43*
Glass transition temperature, T (°C) >110! >110! 52!
Timber Compressive Tensile Elastic Modulus,  Shear strength Shear strength
density, strength, strength, Eom® // to grain, L to grain,
Pymean” Soom® from™® (MPa) Sosn? Sokm™
(kg/m?) (MPa) (MPa) (MPa) (MPa)

430+ 43 (5) 45.8+23(20) 72.6+12.3(7) 12670 +3204 (7) 6.4+ 1.4 (10) 8.7+ 1.6(10)

Note 1: 'Nominal values as provided by the manufacturer, > Experimentally measured values, * Elastic modulus

determined as the secant modulus between 0.2-0.6F, where-F,, is the failure load, * Gi=Ki*/EL, > BS 373:1957
[49], ® ASTM D143 [50],

Note 2: Average value + Standard deviation (No of specimens)

2.2 Specimen Preparation

A 250 mm FRP rod was placed concentricallyin a 70 x 70 x 55 mm timber block, parallel to the grain, and was
glued with an epoxy layer of constant thickness (=1, 3 and Smm). The bonded length was 50 mm
corresponding to 5D where D is.the core diameter of the rod. Specimens with varying thickness over the bonded
length were also prepared tounderstand the contribution of the mechanical interlocking effect on the bond
strength-and failure of glued-in rods. The basic geometric configuration adopted for both CFRP and GFRP rods
is shown in Figure 2a. The smallest glue-line thickness of /=1 mm was adopted at the loaded end (LE: end
closer to the crosshead of the Instron machine where the load is directly applied)) and the highest (#=3.0 mm) at
the free end (FE). A bonded length of 10 mm was adopted for the 3.0 mm glue-line thickness to initiate a resin
failure at the FE rather than a timber shear failure. This was judged suitable to maximise the pull-out load
combined with a progressive debonding failure. This geometry is termed as ‘wedge’(W). For ease of
comparison, the mirrored geometry (‘inverted wedge’ - IW) was also tried with the highest glue-line thickness
at the loaded end. This is representative of the counter-bore configuration in Broughton and Hutchinson [51].

The glue-line thicknesses adopted here are in accordance with previous studies in glued-in FRP [6] and steel



rods [12]. According to DIN [4] the maximum glue-line thickness should be specified by the manufacturer

(product certificate) and no relevant data is available.

Note: Dimensions in mm
I timber
|
Free end B steel
(FE) I epoxy
I acrylic

Acrylic caps covered
with silicone rubber

@6 mm opening
for casting the epoxy

(b)

-allow way out for the strain gauges

strain -casting of the epoxy horizontally

(d)

Figure 2: (a) Wedge geometry in glued in FRP rod specimens, (b) specimens with strain gauges along the

bonded length, (c) ‘pull-compression’ test specimen and (d) alignment rig'during epoxy curing.

To ensure the proper alignment of the FRP rod along the bonded length, acrylic caps were prepared and applied
at both the loaded and free end (see Figure 2b). The caps were sprayed with a demoulding agent and covered
with silicone rubber (Dow Corning) to enable their easy removal after curing of the epoxy glue. The epoxy was
cast vertically in the holes and the specimens were left in that position for at least 1 day before the anchorage
preparation. Sleeve anchors were used, to ensure a firm grip on the FRP rods considering their inferior
mechanical performance in lateral compression. The anchors consisted of black mild steel tubes with an outer
diameter D,=31.75 mm, thickness, =3.2 mm and length Z=80-90 mm and were filled with epoxy (Sikadur 30 or
Sikadur 33). The anchors were aligned horizontally based on the rig shown in Figure 2c. Two types of anchors
(Type I and Type II) were used and Type I was preferred to accelerate the alignment procedure (see Figure 2c).
The specimens are identified here as a-b-c, where ‘a’ denotes the fibre type (C: Carbon and G: Glass), ‘b’
denotes the glue-line thickness/geometry (1, 3, 5 mm, W and IW stand for the wedge and inverted wedge
geometry) and ‘c’ denotes the type of loading (m: monotonic and c: cyclic).

To understand the bond stress transfer mechanism during pulling-out of the rod, one specimen from the C-5.0-m

and G-5.0-m group was prepared with four strain gauges attached on the surface of the rod and equally

10



distributed over the bonded length (Figure 2d) . The strain gauge cables were guided through drilled holes of 8
mm diameter from one side of the specimen. To enable the attachment of the strain gauges, the sand coating

layer of the FRP rods was removed with a blade along the bonded length for roughly a 5 mm wide surface area.

2.3 Test Method

To measure the bond strength of the FRP rods glued in timber blocks, the “pull-compression’ test method was
selected due to its simplicity and ease of application for mechanical screening. The FRP rods were pulled out

from the timber block that reacted against a fixed steel plate (see Figures 3a and 3b).

1) Dimensions in mm
2) LVDTs at 180°

3) [] steel
[ ] FRP
- [] timber
EON . [] epoxy
‘ B LVOTs/

strain gauges

SL75| | 4=3.175 mm

;eLv\jer $rm L 1 '_ 1 LVDT plate reading
- J—
strain gauge\' *7
) | 8
L-:; [ |p=40 |
plate stiffener I 1LVDT
230 x 60 x 10 e 8
o~

steel rod D=10 mm
steel tube Do=25 mm }
265 -

(a) (b)

Figure 3: ‘Pull-compression’ test (a) photo of actual set up and (b) drawing of the test rig.

All specimens were tested after at least 10 days of curing of the epoxy glue. The tests were carried out in an
Instron machine with a 150 kN load cell capacity in a displacement controlled mode. Five specimens from each
of the 17 groups (85 samples in total) were tested under monotonic and cyclic loading at a displacement rate of
0.5 mm/min. The specimens with an inverted wedge geometry were tested only monotonically. The cycling
regime consisted of three load-unload repetitions at three target loads of 0.20-0.25F s, 0.4-0.5F s and 0.60-
0.75Fus, where Fys is the average pull-out failure load of each group tested monotonically, followed by loading

up to failure. The experimental programme and the storage conditions of the specimens are summarised in Table

11



2. Slip values were recorded with two LVDTs (Linear Variable Differential Transformers) at the loaded end and
one LVDT at the free end. Any displacement of the steel reaction plate was recorded with an LVDT during
testing. Strain gauges were attached selectively at the loaded end of five GFRP and CFRP rods to
experimentally measure their longitudinal elastic Young’s modulus during the ‘pull-compression’ test method.
The slip values at the loaded end were corrected for the rod extension and the plate displacement. The rod
extension was calculated based on the experimental elastic Young’s modulus values, that were 3% and 32%
higher than the nominal values of the CFRP and GFRP rods respectively, and the free unbonded length of the
rod between the two anchorage points (the sleeve anchor and the loaded end). The corrected slip values were
considered to be more representative of a glued-in rod connection between two timber structural elements,

where the unbonded length is negligible.

Table 2: Experimental programme

Group Type of Glue-line No of Loading Storage

FRP rod thickness specimens regime conditions

t (mm)
C-1.5-m CFRP 1.5 5 monotonic 21.5£3.2°C
C-1.5-¢ CFRP 1.5 5 eyclic SV
C-3.0-m CFRP 3.0 5 monotonic (STDV)
C-3.0-c CFRP 3.0 5 cyclic
C-5.0-m CFRP 5.0 5 monotonic 22.0£2.3°C
C-5.0-¢ CFRP 5.0 5 eyclic o ST,
C-W-m CFRP Varied (wedge) 5 monotonic 17.8 +1.6°C
C-W-c CFRP Varied (wedge) 5 cyclic (EBI;)V()S%)S%i
G-1.5-m GFRP 1.5 5 monotonic
21.5+3.2°C
G-1.5-¢c GFRP 1.5 5 cyclic (STDV) &
G-3.0-m GFRP 3.0 5 monotonic SL1£7.8%
. (STDV)
G-3.0-c GFRP 3.0 5 cyclic
G-5.0-m GERP 5.0 5 monotonic 22.0£2.3°C
G-5.0-c GFRP 5.0 5 eyclic o STow,
G-W-m GFRP Varied (wedge) 5 monotonic 178+ 1.6°C
G-W-c GFRP Varied (wedge) 5 cyclic (EBI;)V()S?S%i
G-IW-m GFRP Varied (inverted 5 monotonic
wedge)

2.4 Image Processing Technique

To relate the axial pull-out resistance of the glued-in rod specimens to the bond failure mechanisms and material
mechanical properties, images of the failure modes at the LE and FE were taken with a Nikon D5300 and
analysed using a Matlab script where each failure interface (e.g. wood failure or wood/adhesive failure) was

interactively designated and the relevant shear strength value was assigned. The images were corrected for lens

12



distortion and a calibration factor according to a checkerboard was assigned at each failure interface. The shear
strength properties were defined from Table 1 for a shear failure either within the epoxy or within the timber in
radial or tangential direction. For shear failures at the wood/resin interface and resin/FRP interface, the average
bond shear strength values were adopted as derived from the experimental pull-out loads of the relevant pure
failure modes. The methodology was used for pure wood plug and mixed failure modes. In the specimens with
a constant glue-line thickness the failure interface at the FE was assumed uniform along the bonded length
(L=50mm). In the specimens with the varying thickness (IW, W) the failure interface at the LE was assumed
constant over the 40 mm bonded length and the failure interface at the FE was considered for the remaining 10
mm bonded length where different failure modes were observed between the ends. The theoretical pull-out loads
were compared with the experimental ones and enabled a better understanding of the failure:mechanism in the

glued-in rod specimens.

3  Results and Discussion
31 Axial withdrawal capacity

Figure 4a shows the average pull-out load values, F, for each glue-line thickness and geometry (+=1.5, 3.0 and
5.0 and ‘wedge’ and ‘inverted wedge”) and each rod material (CFRP and GFRP) after monotonic and cyclic
loading. Figure 4b shows the average bond strength values as derived from the pull-out failure loads normalised
by the surface area of the timber hole diameter, assuming a uniform bond stress distribution over the bonded
length. The hole surface area was adopted as a reference area since the majority of bond failure modes occurred
in the wood/resin interface: For the ‘wedge’ and ‘inverted wedge’ geometry an average diameter of D=15.5 mm
is considered as derived.from the hole surface area and the bonded length at each glue-line thickness. The error
bars indicate one standard deviation. The red dots represent the specimens with the 4 strain gauges over the
bonded length that were tested monotonically. These specimens were excluded from the group’s average values,
because the occupied volume of the cables of the strain gauges resulted in an increased number of voids, as
visually inspected after testing, and discounted bond performance. The specimens with a constant glue-line
thickness =1 and 2 mm and 3 mm had a timber moisture content of 9.7 £ 0.6 % (STDV) and 8.7 £ 0.5 %
(STDV) respectively as measured with a moisture meter (EXTECH M0220) after testing. The specimens with
the modified geometry were dry and their moisture content was 8.1 + 0.7 % (STDV).

All rods (CFRP and GFRP) showed an increasing trend in the average pull-out load with a rise in the glue-line

thickness as a result of the increasing surface area. Rises up to 43 and 53% were recorded under static loading
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with a 3.5 mm increase in the glue-line thickness for CFRP and GFRP rods respectively. Under cyclic loading
the differences were 32% and 88% for the CFRP and GFRP rods respectively. An increase in timber moisture
content up to 1% between several groups (e.g. C-1.5-m and C-3.0-m compared with C-5.0-m) is expected to
result in a timber shear strength reduction of 2.5% [52]. A proportionally similar decrease in the pull-out load
can be assumed. This is more relevant to specimens that failed in timber. The moisture content variations

between groups are expected to play a negligible difference between the groups given the much higher

differences observed due to the glue-line thickness. Different trends were observed in terms of normalised load

and bond strength values, as shown in Figure 4b. CFRP rods showed a 7% decrease in the bond strength by
comparing the C-1.5-m with the C-5.0-m group and GFRP rods showed a negligible difference for the same
glue-line thickness variations. Variations, up to 22%, in the bond strength (G-5.0-c vs G-1.5-<c) are more

pronounced under cyclic loading due to the inherent differences in pull-out load.< The axial pull out resistance

of

the ‘wedge’ specimens is comparable to that of the specimens with the thickest glue-line thickness (+=5.00 mm)

irrespective of the type of FRP rod. The ‘inverted wedge’ specimens (G-IW-s) yield pull-out loads in the range

of the average values of the G-3.0-m and G-5.0-m.

7 Monotonic EiCyclic xOutliers 7 Monotonic &Cyclic xOutliers
25.00
Z 2000 i
3 % s |
< 15.00 E 25 Z v %: - ol
© 1 7 G 7 } Y W it i
s A A 7 } Caw U 8 Y N
G 111 13 1] i
= 5.00 i i i a Nl
5 o E g EE Y
= ézsz %ss il EE R ?sss R R 7
el Ee £ Eo Eo g, Eo Eo Eo g, E
b s A oS en I mmonaeads
VO VO VO O LU VL VL VO VO VL VO VO ©
(a) (b)
25.00 Monotonic loading Cyclic loading
’ % CFRP 4 GFRP ®= GFRP-IW 4 GFRP-W 0 CFRP-W 25.00 % CFRP 4 GFRP o GFRP-W ©.CFRP-W
Z 20.00 I 2 20.00 L2
‘; R?=0.9958 . = -
LL F.=0.006104-041
< 15.00 - 2 R < 15,00 % s
s o & 2
= 10.00 210.00
o 3
- o
E 5.00 =; 5.00
Q.
O‘OOOOOOOOOOOOO0-Ooooooooooooo
SE2I 8RR 538 BS8RE3Z88RZ2 88
Glue surface area,Lph (mm2) Glue surface area, Lph (mm2)

(c) (d)

Figure 4: (a) Pull-out failure load, (b) Bond strength, (c) Monotonic pull-out load versus glue surface area and

(d) Cyclic pull-out load versus glue surface area.
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CFRP rods exhibited consistently higher average pull-out loads than the GFRP rods under monotonic loading
irrespective of the glue-line thickness. The only exception lies in the wedge configuration. The difference
between the two materials was more dominant at smaller glue-line thicknesses (~=1.5, 3.0 mm) where CFRP
rods showed 11% higher axial load resistance. For a given strain amplitude, higher shear stress concentrations
are expected for glued-in CFRP rods due to their higher elastic Young’s modulus. This can result in shear
failures within the resin leading to higher axial withdrawal resistance due the higher glue shear strength. As will
be discussed in section 3.4, most resin failures were experimentally observed in glued-in CFRP rods. This can
also be attributed to the lower mechanical interlocking effect between the CFRP rods and resin due to their
shallower indentations (lower apparent outer diameter D, compared with GFRP rods). The cyclic loading seems
not to greatly affect the average axial withdrawal resistance of CFRP rods given the observed standard deviation
among specimens and the inherent material variability. A maximum 10% decrease is recorded for a glue-line
thickness =5.0 mm (C-5.0-c versus C-5.0-m) after cyclic loading. It should be noted that one of the five
specimens in group C-1.5-c failed at the first loading of the:3rd cycle/(0.66Fs) at 8.09 kN. Under cyclic loading
GFRP rods seemed to perform better and yielded the maximum/ average axial load resistance among the groups,
F.=22.16 kN, for a glue-line thickness /=5.0 mm. This can be the result of residual stress relief and
redistribution (e.g. from shrinkage effects during curing and environmental conditions) combined with the
higher compliance of GFRP rods. The experimental findings of the G-1.5-m group (F.=12.32 kN) agree well
with Mettem et al. [15] where an average pull-out load of #.,=12.2 kN was recorded for GFRP rods (D=8.0 mm)
glued into LVL with a 2 mm epoxy glue-line thickness and a 60 mm bonded length and tested with the ‘pull-
compression’ method. The experimental results suggest that the increase in the pull-out load and the hole
surface area are linearly related for both types of rods (see Figure 4c &d) but an approximately six times
increase n the glue volume can lead to a rise in axial load resistance of up to 88% (G-5.0-c versus G-1.5-c).
Deviations from the linear relationship between the axial withdrawal resistance and the hole surface area are
observed for the wedge-shaped specimens where a much higher load can be achieved with a more optimised use
of glue material. A 50% average increase in bond strength can be derived with a twofold increase in glue
volume and a wedge shaped geometry. Therefore, the relevant benefits in the axial withdrawal resistance from
an increase in the glue volume and consequently cost should be estimated using engineering judgement. Long-
term swelling and shrinkage effects due to temperature and humidity variations in the environments should be
considered in relationship to the glue-line thickness. Lower transverse stresses at the wood interface have been

reported in [53] with increasing glue-line thickness.
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3.2 Bond stress-slip plots

The bond stress-slip plots for the CFRP rods under cyclic loading are depicted in Figure 5 for the different glue-
line thicknesses studied. The slip values refer to the loaded end. It can be observed that there is no decrease in
the gradient and thus the stiffness of the glued-in rod connections upon cyclic loading. An increase in the
residual slip values after unloading is detected and it is more pronounced with increasing loading and glue-line
thickness. This is attributed to cyclic creep that is representative of viscoelastic materials such as timber and
epoxy resins. The failure of the CFRP rods glued in timber parallel to the grain was mostly brittle with a sudden
drop in bond strength up to 94% of the peak values irrespective of the glue-line thickness. GFRProds exhibited
similar performance. Specimens with the ‘wedge’ geometry show limited signs of progressive failure at ultimate
failure load. A load plateau at failure or stiffness degradation near the failure load were notdiscernible. A post-
failure residual strength could be observed in a few specimens (Figure 5d) but similar bond stress-slip plots
could be detected in a few specimens with a constant glue-line thickness particularly in mixed failure modes. A
relationship between the geometry of the joint, progressive bond failure mechanisms and bond stress-slip plots
could not be defined for the G-IW-m group that showed similar behaviour with the rest of the specimens. More
experimental data is statistically needed to derive firm conclusions. The lack of a pseudo-ductile performance is
attributed to the short bonded length adopted in this study and more experimental data is needed at longer
anchorage lengths. At high anchorage lengths the non-uniform bond stress distribution is more pronounced and

the shear stress concentrations at the free end are lower [40].
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Figure 5. Bond stress-slip plots at cyclic loading for a CFRP rod with (a) glue-line thickness, /=1.5 mm, (b)
glue-line thickness, =3.0 mm, (c) glue-line thickness,#=5.0. mm and (d) at monotic loading for a GFRP-W

specimen.

33 Secant stiffness

Figures 6a and 6b depict the secant stiffness derived from the pull-out load versus slip plots at the ultimate limit
state (ULS) and serviceability limit state (SLS). The serviceability limit state was defined between 10 and 40%
of the ultimate failureload, Fu, where structures are mostly expected to be loaded during their design life and to
align with the slip modulus definition, Ks.r, for steel dowel connections. For the specimens tested up to failure
after cyclic loading the secant stiffness definition was corrected for any residual slip at zero load. The stiffness

at ULS was defined between 10 and 100% of F.. The average values of at least four specimens are considered.

The secant stiffness at both ULS and SLS exhibited high values for a glue-line thickness of /=5.0 mm under
both monotonic and cyclic loading. Most specimens had a higher secant stiffness after cyclic loading with
maximum values of Kszs= 115.3 kKN/mm, Ksz5=219.7 kKN/mm and Kyrs=104.7 kN/mm and Kvzs= 119.7 kN/mm
for the groups C-5.0-c and G-5.0-c respectively. This was attributed to the stiffer response observed with

increasing loading combined with the corrected slip values for the residual deformation. The difference in the
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stiffness between glue-line thicknesses =1.5 and 3.0 were limited to around +/- 20% under cyclic loading.
Under monotonic loading the stiffness of the glued-in rods for a glue-line thickness of /=3.0 mm shows the
lowest secant stiffness at both SLS and ULS irrespective of the type of FRP rod. This might be related to
residual internal stresses during curing combined with storage humidity conditions (swelling and shrinkage) that
are more dominant with increasing glue-line thickness though not inferred in thicker glue-lines. At constant
glue-line thicknesses the stiffness at ULS was similar irrespective of the type of fibre but GFRP rods showed
higher stiffness up to 90% at SLS. The wedge-shaped specimens exhibited similar stiffness at ULS irrespective
of the type of fibre and average values of Kurs =34.4 kN/mm under monotonic loading and Kuvzs =77.3 kN/mm
under cyclic loading were recorded. Their stiffness values under monotonic loading for both ULS and SLS was
equivalent to the specimens with a glue-line thickness, /3.0 mm, apart from the stiffness, Kszs for,groups G-W-
m and G-3.0-m. Yet, the wedge-shaped geometry showed up to 2.6 times higherstiffness than the group with a
glue-line thickness, =3.0 mm, under cyclic loading. The G-IW-m specimens had twice the stiffness of G-W-m
and this is attributed to the position of the counter-bore (thickest glue-line) at the loaded end. The stiffness
values of the specimens with the attached strain gauges are also/indicated.in Figure 6 with a star symbol for ease
of comparison. These specimens exhibited substantially lower stiffness attributed to the occupied volume of the
cables resulting in increased void content. For ease of comparison the slip modulus of a single dowel connection
with a 10 mm steel dowel for the same timber gradeis 3.7 kN/mm per shear plane according to Eurocode 5 and
can vary up to 14.8 kN/mm accounting for two shear planes and a steel-to-timber connection. However, a higher
stiffness up to 38.4 kN/mm has been experimentally reported by Reynolds et al. [54] for a single dowel

connection with a 12 mm steel.dowel in C16 Sitka spruce.
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Figure 6: (a) Secant stiffness at ULS and (b) Secant stiffness at SLS.
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34 Bond failure mechanisms

The majority of the specimens (62 out of the 85 tested in total) failed at the wood/resin interface (W/R) (see
Figure 7d) occasionally followed by a wood plug failure (WP) or resin/FRP failure (R/F). The definition of the
bond failure mechanisms adopted in this study is depicted in Figure 7c. In the resin/FRP failure mode the failed
interface was mostly between the external sand coating layer and the core rod indicating a good adhesion
between the external epoxy layer and the FRP and lower shear strength in the FRP rod between the small
indentations. In Figures 7a and 7b the failure mechanisms with respect to the glue-line thickness/geometry and
the experimental pull-out load are classified for the clear and mixed-mode bond failures. The highest axial load
resistance is observed for resin/FRP interface failure modes at a constant glue-line thickness.of /=5.0 mm and in
the wedge shaped specimens. The majority of the resin/FRP interface failures were associated with CFRP rods
attributed to the higher axial stress concentrations developed at this interface asa result of their higher axial
stiffness. This is also the outcome of a less pronounced mechanical interlocking effect as discussed in section
3.1. Considerable variations in the pull-out load lie among clear failure modes, such as'wood plug and
wood/resin interface, and a direct relationship between the bond strength of the glued-in rods and the failure
modes cannot be derived. This is investigated in more detail in section 3.5 with an image processing technique.
Splitting failures are not linked with lower failure loads, but the effect of the reaction plate in the adopted test
method (‘pull-compression”) should also be considered. The compression stresses acting on the loaded timber
face from the reaction plate might negate any propagation or widening of the initial splitting cracks and thus
leading to an erroneous increase in axial load resistance.

In 18 specimens out of the 85 tested in total, the wood plug failure extended up to the hole of the reaction plate.
This was mostly observed in'the groups C-1.5-m and C-1.5-c. This indicates that the ‘pull-compression’ test
method-can affect the bond failure and possibly the experimental axial withdrawal resistance compared with the
“‘pull-pull’ test method. In the wood plug failure the failed surface mostly propagated along the growth rings at
the latewood/earlywood interface or within the earlywood, as schematically shown in Figure 7c(i). This is
attributed to the interfacial shear stresses between earlywood and latewood due to the inherent differences in
density and thus stiffness. However, the crack propagation could also be initiated transversely to the growth
rings at the vicinity of the wood/resin interface forming a wood plug failure (Figure 7e (ii)). In some specimens
the wood plug failure was limited to one lamina of the timber block (Figure 6e (ii)) and the crack pattern did not
extend to the adjacent one. Therefore, the wood plug failure mechanism and the relevant bond strength values

are related to the timber density (as suggested by Steiger et al. [37]), compared with the wood/resin and
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resin/FRP failure mechanism. Variations in the bond strength due to material variations are also expected. By

observing the wood plug failure pattern, the peak failure load seems to depend on the wood shear strength in

both the longitudinal/radial and longitudinal/tangential plane.
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Noise of imminent failure followed by occasional visually detected radial cracks were observed during the

cyclic loading at 0.75Fus. The radial cracks formed either within the resin layer at the highest glue-line

thickness, =5.0mm, or extended within timber at low glue-line thicknesses, =1.0 and 3.0 mm (Figure 7¢). In

the latter case resin cracks were also observed at the free end of the specimen. The radial cracking indicates that

the bond of CFRP and GFRP sand coated tendons glued-in timber acts at an angle resulting in the development

of hoop stresses, as derived from a thick-walled analysis, exceeding the material’s tensile capacity (either resin
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or timber). Experimental results for sand coated GFRP bars embedded in a concrete ring have shown that bond
develops at an angle of a=30° [55].

Splitting was associated with 18 bond failure mechanisms and it was mostly observed in specimens with a
thicker glue-line (=3.0 and =5.0 mm). Splitting cracks propagated along the growth rings, were restricted in
some cases within the lamina and they usually developed in the vicinity of a knot as observed in the face/edge
grain of the specimen. More splitting failures were observed in GFRP rods at a glue-line thickness of /=1.5 mm
and =3.0 mm and for CFRP rods this was dominant at a glue-line thickness of /=5.0 mm. This indicates that the
recommended minimum edge distances of 2.5D [4] or 3.5D for pull-pull test methods [56] are not suitable for
FRP rods glued-in timber. Splitting cracks at much greater edge distances, 6.4D, have been reported in De
Lorenzis et al. [23] for CFRP bars glued-in glulam timber (timber grade equivalent to C50) and tested with the
‘pull-compression’ method. A higher number of splitting bond failure modes have also been recorded for Near
Surface Mounted GFRP ribbed rods used in normal strength concrete when'a smaller groove size was applied
[57]. Similar CFRP ribbed rods but with less pronounced ribs exhibited failure at the epoxy-concrete interface.
A greater splitting tendency has also been observed by Achillides & Pilakoutas [58] in GFRP bars used as a
reinforcement in concrete beams and when an adequate concrete cover was not provided. This was attributed to
the lower Elastic modulus of the GFRP bars that affects their deformability both in the longitudinal and
transverse direction (Poisson’s ratio effect). Nevertheless, the rod’s contraction from the Poisson’s ratio effect
should result in compressive stresses in the hoop direction negating the development of splitting and radial
cracking. De Lorenzis et al. [23] showed that the splitting bond strength depends on the depth of the provided
cover when FRP rods are glued.in timber parallel to the grain by adopting a thick walled analysis. However, this
analytical approach is valid for isotropic.materials and might not be suitable for anisotropic materials like
timber. Madhoushi & Ansell,[59] showed that the increase in glue-line thickness for GFRP rods glued-in LVL
alleviates the axial stress concentrations across the glue-line using Finite Element analysis.

All the wedge-shaped specimens exhibited a resin/FRP interface failure at the free end regardless of the type of
FRP rod (Figure 7f). This suggests that cracking propagates towards the weakest resin/FRP interface. The
presence of microvoids between the sand coating and resin layer due the dense distribution of sand particles (as
also observed elsewhere [60]) can enable this crack path development. The inverted wedge specimens usually
exhibited a wood/resin interface failure that extended to a wood plug failure at the free end. Mixed modes

combined with resin/FRP interface failure up to the free end were also observed (Figure 71).
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3.5 Image Processing technique

Figure 8a shows the theoretical pull-out load, Fieors, as derived based on the bond strength of the W/R and R/F
interfaces and the timber shear strength perpendicular and parallel to the growth rings with respect to the
experimental values, Fey. Clear and mixed modes of wood plug failure are considered. The theoretical values
are consistently greater than the experimental ones by assuming that the total shear failure plane is related to the
axial load resistance of the glued-in rods. Figure 8b shows the theoretical pull-out load, Fireor2, without
considering the timber shear failure planes at a greater distance from the wood/resin interface. These are usually
the failure planes that develop transversely to the growth rings (Figure 8d). A better correlation between the
theoretical and experimental axial load resistance can be observed. Videos were taken in selected specimens
with a microscope at the loaded end during the ‘pull-compression’ tests. These videos suggest thatin wood plug
failure modes the initial drop in the pull-out load-displacement plot correlates with the shear failure planes
developed adjacent to the wood/resin interface. The residual axial load resistance before the second final drop in
the pull-out load versus displacement plot is related to the timber failure planes closer to the plate hole of the
test rig. The relationship between the theoretical , Fineor res, and experimental, Fexp res, residual pull-out loads is
depicted in Figure 8c, where Fiieor res= Fiheor1 - Fineor2. The image processing analysis suggests that the failure is
initiated due to cracking at the wood resin interface propagating parallel to the growth rings. The final drop in
axial withdrawal resistance is associated with the crack development and bridging transversely to the growth

rings.
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3.6  Material viscous damping ratio

In timber connections with dowels the energy dissipation relies on plastic deformation of timber due to the
embedment of the dowel and on the friction losses from the relative slip of the dowel within the timber
penetrations. In glued-in rod connections the energy dissipation relies on the creep deformation and hysteresis of
the materials (both glue.and wood). The material viscous damping of wood ranges between 2.5-10%
independent of the wood species [61] and in neat epoxies varies from 0.7 to 0.8% [62]. The chemical
composition of the epoxy and the presence or not of nanoparticles (e.g. silica or rubber nanoparticles; [63]) can
affect the material viscous damping factor. Under cyclic loading the energy absorption will decrease with
increasing load-unload cycles at a given reference load due to viscoelastic creep deformation as depicted in
Figure 9. The damping ratios and energy dissipation values, E,, at each load cycle for every group are

summarised in Table 3.
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Figure 9: Energy definitions in a load-slip plot under cyclic loading.

In this study the damping ratio is calculated from Equation 1 as defined in [64]

EE, /20 Etorage (1
where Eswrage 1 the energy stored during loading and Ep=Fsiworage-Ee, Where E) is the energy dissipation and E. is
the elastic energy released during unloading. At each load cycle the final damping ratio was derived as the

average value of the damping ratios at each load-unload curve.

Table 3 :Damping ratios

Group Damping ratio, & (%)
Cycle 1 Cycle 2 Cycle 3

C-1.5-c 2.3 1.2 0.9
C-3.0-c 3.4 2.5 2.6
C-5.0-c 4.2 3.6 4.2
C-W-¢ 5.8 9.4 10.1
G-1.5-¢c 32 1.9 3.0
G-3.0-¢ 3.5 2.7 3.2
G-5.0-c 6.7 8.5 6.8
G-W-c 6.0 8.5 8.1

At each cycle the damping ratio increases with increasing glue-line thickness and the highest values are
recorded for the wedge-shaped geometry. This is attributed to the silica nanoparticles that lead to potential
microcracking at higher glue-line thicknesses increasing damping and energy dissipation. The glued-in GFRP
rods exhibited consistently higher damping ratios compared with the CFRP rods. Despite the increasing trend in
the energy dissipation values, E,, with increasing load, similar trends are not observed in the damping ratio
values of the specimens with a constant glue-line thickness. The only exception lies in the wedge-shaped
geometry (C-W-c and G-W-C) due to the crack formation and propagation, as discussed in section 3.4, leading

to higher energy release and damping. It is expected that the plastic deformation at higher loads in both timber
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and glue will lead to higher heat release and energy dissipation due to molecular slippage and failure of
intermolecular bonds at microscale. For moment resisting connections with dowels, the equivalent viscous
damping has been calculated in the range of 6.24 — 8.19% in the linear elastic range [64] and these values are

equivalent to the glued-in FRP rods with the highest glue volume.

3.6 Axial strain distribution

Figures 10a and 10b depict the axial strain distribution along the bonded length for a specimen tested statically
with a CFRP and GFRP rod respectively and a glue-line thickness of 5.0 mm. In the plots, x=5.0‘mm and x=47.0
mm indicate the loaded and free end respectively, where x is the centre-to-centre distance of the strain gauges
along the bonded length.

The axial strain distribution of the CFRP rod specimen is representative of the bond shear stress distribution of a
typical adhesive joint where higher shear stresses occur at the ends. Therefore; the axial strain gradient is steeper
at the both the free and loaded end and shallower in the remaining bonded length due to the low uniform bond
stresses. Deviations are observed for the GFRP rod specimen where an approximately linear strain distribution
is observed up to 25% of the failure load, F.. This indicates uniformly distributed bond stresses.

At higher loads similar strain readings are recorded-at.the vicinity of the loaded end suggesting that local
debonding takes place. At the failure load the maximum strain value is derived at a distance, x=19 mm, followed
by a linear strain distribution. The strain reading at x=191s 4% lower than the theoretical strain value of the
GFRP rod due to the applied load. The lower strain value recorded at the loaded end at failure indicates damage
of the strain gauge due to the higher slippage at the R/F interface. The GFRP specimen showed a mixed W/R
and R/F interface failure. Inspection of the specimens showed unbonded areas and voids as a result of the
occupied space from the cables of the strain gauges in combination with the thixotropic nature of the epoxy. The
assumption of a uniform bond stress distribution at short bonded lengths to derive the bond stress-slip models in
glued-in rod connections [23] deviates at embedment lengths greater than or equal to 5 times the rod diameter

due to the local debonding observed.
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Figure 10: Axial strain distribution for (a) a CFRP rod and (b) for a GFRP rods glued —in timber with a glue-

line thickness of t=5.0 mm.

4. Numerical Investigation

4.1 Description of the model

To understand the progressive bond failure mechanism in the wedge shaped geometry, a typical specimen from
the G-W-m group was investigated using the FEA package Abaqus/Explicit [65]. To reduce the size of the
model and maintain a fine mesh, one quarter of the actual gecometry was investigated (see Figure 11). The load
was applied in a displacement controlled mode (quasi static analysis). The reaction plate was modelled with
rigid elements and the epoxy, GFRP rod and block-laminated timber were modelled with eight-node brick
elements with reduced integration (C3D8R). The glue layers between laminations were not considered in timber
due to the absence of failuresiat these interfaces and to decrease computational time. A general contact was
applied by assigning local contact properties at the resin/rod and wood/resin interface with hard contact in
compression and cohesive behaviour in tension and shear. The contact between the reaction plate and the timber
face was modelled using contact interaction with hard contact in compression and friction penalty method in the
tangential direction with a 0.3 friction coefficient. A mesh sensitivity analysis was carried out to finalise the
degree of discretisation. Distortion control and enhanced hourglass control was applied in the elements of the
epoxy. The stiffness of the resin elements was ignored when they exceeded a degradation level of 0.7.
Symmetrical boundary conditions were adopted in the X and Y direction.

Both the block-laminated timber and the GFRP rods were modelled as linear elastic orthotropic materials and
the mechanical properties are summarised in Table 4. The epoxy was modelled considering a concrete damage

plasticity model to simulate the cracking behaviour during pulling out (Table 4). Due to the lack of data from

26



the manufacturers the engineering constants in Table 4 were derived from the literature for materials that exhibit

similar elastic Young’s modulus values, E:.

Il GFRP rod
B Epoxy
B Timber
B Rigid Plate
Figure 11: FEA model.
Table 4: Material properties of the FEA model
E: E; E; viz Vi3 V23 G2 Gi3 G2
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
Spruce  11600° 5803 9283 0.04° 0.04° 0.27° 880° 830° 88°
GFRP  46000! 9100° 9100° 0.05° 0.05° 0.25° 14000° 14000° 1300°
Epoxy 11200 11200! 11200! 0.3! 0.3! 0.3!
Damage Plasticity model
Dilation  Eccentri  fio/fco K Viscocity Compressive Tensile behaviour
angle - parameter behaviour
city oc Inelastic ot Fracture
(MPa) strain (MPa) Energy
(MPa-mm)
Epoxy 26* 0.1.4 1.16 14 0.0001 80! 0 24.6! 0.432
80 0.083
8 0.1

Note: 'Nominal values as provided by the manufacturer, 2 Experimentally measured values, * Engineering

constants from [59], 4 [66], >Engineering constants for GL24h from [67].

The strength and stiffness properties of the W/R and R/F interfaces are summarised in Table 5. The shear

stiffness values at the W/R interface were derived from linear interpolation of the average experimental stiffness

values at SLS from the groups G-1.5-m, G-3.0-m and G-5.0-m and according to the relevant embedment length

in the wedge shaped geometry. The tensile normal stiffness of the bond-line was calculated using a ratio of

Ku/K=2.6 based on data from [68]. The tensile strength of the timber perpendicular to the grain and epoxy

were considered at the wood/resin and rod/resin interface accordingly. The shear strength of the bond-lines were
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calculated from the average experimental bond strength values of the G-1.5-m, G-3.0-m and G-5.0-m specimens

exhibiting clear W/R and R/F interface failure modes.

Table 5: Stiffness and strength properties of the contact zones

Interfacial c T T2 Kun Ko Ku,2 or
zone (MPa) (MPa) (MPa) (MPa/ (MPa/ (MPa/ (mm)
mm) mm) mm)
W/R 5! 5.6 5.6? 98.8 38 38 0.2}
R/F 24.6! 12.7% 12.7% 156 60 60 0.3

Note: 'Nominal values as provided by the manufacturer, > Experimentally derived values, * = ’cﬁnﬂft’ 1+5?,Y P

4.2 FE Results and Discussion

The pull-out load versus slip results as derived from the FEA model are depicted in Figure 12. The experimental
results of the G-W-m group are also presented for ease of comparison. The numerical results agree fairly well
with the experiments. A small drop is predicted at a load of 16.7 kN followed by a final failure at 17.5 kN and
0.68 mm loaded end slip. The predicted failure load represents 91% of the average experimental pull-out load.
The linear elastic range in the load-deflection plot of the FE‘model is in accordance with the experimental plots
but one specimen, that exhibited the highest stiffness and the highest failure load. Two specimens exhibited
lower stiffness at low load levels that can be attributed to any response lag during the test. The equivalent plastic
strain, PEEQ, of the epoxy is depicted in Figure 13 at specific load levels representative of progressive resin
failure. For ease of comparison an additional view.is included where resin elements that have reached resin
yielding have been removed (PEEQ>0). The addition of ribs at x=25 and 40 mm causes stress concentrations in
the resin during pulling out. Local resin failure at x=25 mm is initiated at low loads of 3.3 kN and cracking
propagates up to ultimate tensile failure of the resin at the thinnest glue-line (+=1.5 mm). At approximately 5.0
kN resin yielding is initiated at the tip of the next rib (x=40mm) leading to extended resin yielding at 15.9 kN
(Figure 13c¢). Local resin failure at the loaded end is also observed at the resin/FRP rod interface. At 12.4 kN the
highest PEEQ values are observed at the resin/rod interface at x=25 mm and resin failure progressively develops
in this interface between x=25 and 50 mm. The local drop in the failure load at 16.7 kN in Figure 12 represents
full resin yielding at the resin/rod interface between x=25 and 50 mm at PEEQ=0.20-0.38 (Figure 13d). The
numerical results agree well with the experimental bond failure modes where resin/FRP rod failures were
detected at the free end, as shown in Figure 7f for a typical G-W-m specimen. In the same specimen through
thickness resin failure is also observed both at /=1.5 mm and /=3.0 mm as predicted via the FEA model. The

PEEQ values are lower in the thickest rib compared with the thinnest rib and the exact location of resin cracking
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can be affected by bridging of microvoids in the resin. At 16.4 kN the PEEQ values decreased towards the free
end and resin softening was higher closer to the first rib.

The current model is limited to interfacial bond failure modes and resin failure. The incorporation of the Tsai-
Wau failure criterion or Hill’s yield criterion in timber and the modelling of the glue layers between laminations
can enable prediction of additional failure modes. The dominant bond failure mechanism of the wedge geometry
lies at the resin/rod interface and further investigations are needed at longer anchorage lengths for an in-depth
understanding of the resin crack development and relationships to progressive bond failure mechanisms.
Parametric studies focusing on varying the bonded length of the thinnest glue-line (+=1.5 mm) and-the rib
geometry (=3, 5 mm), where different bond failure mechanisms are observed, can take advantage of shear
stress concentrations and progressive resin yielding along the bonded length. These can be more informative on
progressive bond failure mechanisms and potential pseudo-ductile performance incorporating also a timber
failure criterion. The effect of the resin properties on the crack growth and.development with the use of a

tougher resin is also of interest and subject to further study:

25.00

20.00

15.00

10.00

Experiments
—FE model

Pull-out load (kN)

0.00
0.00 2.00 4.00 6.00

Loaded end slip (mm)

Figure 12: Pull-out load versus loaded end slip for numerical and experimental results
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Figure 13: PEEQ values at (a) 6.1 kN, (b) 12.4 kN, (c) 15.9 kN and (d) 16.4 kN.

5 Conclusions

The cyclic loading did not affect the failure load of glued-in FRP rods and leads to higher bond stiffness due to
viscoelastic creep deformation. CFRP rods exhibitup to 11% higher bond performance under monotonic
loading compared with GFRP rods, but GFRP rods yield higher bond stiffness at SLS, K sunder the same
loading regime. The ‘wedge’ type and ‘inverted wedge’ type geometries yield a higher load capacity at a lower
glue volume and an increase in the glue-line thickness results in an increase of axial withdrawal capacity. A
pseudo-ductile load-deflection response was not observed in the ‘wedge’ type geometry of the glued-in FRP
rods and this was attributed to the short bonded lengths adopted (L=50 mm) An increase in viscous damping
was observed with increasing glue volume and ‘wedge’ type geometries yielded the highest values §=5.8-
10.1%. The ‘inverted wedge’ type geometry results in higher bond stiffness due to the presence of a thicker

glue-line at the loaded end.

The failure in most specimens is sudden and the failure interface lies at the wood/resin layer. The failure load is
related to the shear strength of the interface failure zones as corroborated by the Image processing technique.
The ‘wedge’ type geometry shows a mixed failure mode along the bonded length with a resin/FRP interface
failure dominating at the free end. This is verified with an FEA model that shows that resin cracking is initiated

at the ribs due to stress concentrations leading to through thickness and resin/FRP interface failure at higher
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loads. The FEA model presented here with the use of a CDP model for the resin properties agrees fairly well
with the experimental pull-out load versus displacement plots of the G-w-m group. The numerical results
combined with the experimental findings can be used in additional parametric studies on progressive bond

degradation of glued-in FRP rods at longer anchorage lengths.

Given the considerable difference in cost between the two materials, GFRP rods are the optimum solution for
glued-in FRP rod connections in timber. However, the long-term performance of glued-in GFRP and CFRP rods
in timber (e.g. under fatigue and sustained loading) should be also investigated in the future to derive firm
conclusions. The increase in the glue-line thickness increases significantly the average axial load resistance but

this is reflected in a much higher use of glue epoxy and cost.
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