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ABSTRACT

Near Surface Mounted (NSM) fibre reinforced polymer (FRP) bars is an effective technique of
improving the performance of timber beams. Despite the potential of NSM technique, literature
remains limited, whilst there is not any standard method for the prediction of the NSM FRP timber
flexural capacity. Extending the pool of experimental data and thus the understanding of FRP
strengthened timber structures, the present paper reports an experimental study of timber beams
reinforced with glass and basalt FRP bars. Moreover, the paper presents a general theoretical model in
order to estimate the moment resistance of the NSM FRP timber beams. The experimental study
examined white spruce timber specimens in two reinforcement configurations; one with reinforcement
bars only on the tension zone and one with reinforcement bars both on the tension and the compression
zone. Control specimens were also included for comparison purposes. All beams had a rectangular
cross-section of 70x215 mm and were loaded under four-point bending configuration with a 2.3 m
span. A total of 20 specimens were tested under displacement control quasi-static monotonic loading.
The main failure mechanism observed for both NSM FRP reinforced and unreinforced specimens was
brittle tensile failure of the timber at the tensile zone. The load-deflection curves, the strain distribution
profiles and the failure modes were discussed. It was observed that a significant increase on the
ultimate load (33% — 69%) and the flexural stiffness (22% — 33%) of the timber beams can be achieved
due to the NSM reinforcement. The proposed theoretical model for the ultimate strength of NSM FRP
strengthened timber beams is assessed on the basis of the test results and collated data, showing a good

comparison between the experimental and theoretical results.
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Highlights:

e 20 four-point bending tests on timber beams.
e NSM BFRP and GFRP reinforced timber beams were studied.
e The flexural behaviour was improved by FRP reinforcement.

e A theoretical model able to predict the flexural strength was presented



Nomenclature:

Ar.  Cross-sectional areas of FRP bars at compression zone
At Cross-sectional areas of FRP bars at tensile zone
b Width of the cross-section

Et Modulus of Elasticity of FRP

El Flexural rigidity

Ew Modulus of Elasticity of timber

Frc Force of FRP in compression

freu Compressive strength of FRP

Fit Force of FRP in tension

fru Tensile strength of FRP

Fwer  Force of timber in compression (plastic region)
Fwe2  Force of timber in compression (elastic region)
facy  Compressive strength of timber

Fwt  Force of timber in tension

fww  Tensile strength of timber

h Depth of the cross-section
| Second moment of area
k Stiffness

Kexp  Experimental stiffness

Kiheor ~ Theoretical stiffness

L Span of the beam

My Failure moment

Muexp Experimental failure moment

Mu.theor Theoretical failure moment

Ny Failure load

Xc Depth of the compression zone

X1 Depth of the compression zone in plastic region
X2 Depth of the compression zone in elastic region

Xt Depth of the tension zone



Zfc Distance of the centre of the FRP compression bars from the beam’s edge
Zft Distance of the centre of the FRP tensile bars from the beam’s edge

a Distance from loading point to support

AP Range of the applied load

dmeor ~ Theoretical mid-span vertical displacement at failure assuming linear response
u Mid-span vertical displacement at failure

duexp  Experimental mid-span vertical displacement at failure

Ad Range of the mid-span vertical displacement

E Modulus of Elasticity

ef Strain of FRP

ercw  Ultimate compressive strain of FRP

Eftu Ultimate tensile strain of FRP

ew Strain of timber

eweu  Ultimate compressive strain of timber

ewcy  Yield compressive strain of timber

emu  Ultimate tensile strain of timber

of Stress of FRP

Ow Stress of timber



1. INTRODUCTION
Strengthening of timber structures is required due to deterioration resulting from poor maintenance,
accidental damage or need for extension of the design life of structures [1]. Reinforcement with steel
or fibre reinforced polymer (FRP) materials is an effective method of improving the strength and
stiffness of timber structures [2, 3]. The use of FRPs as strengthening materials has advantages
compared to steel, such as higher strength-to-weight ratio and better resistance to corrosion [4]. FRP
composite materials are used in the construction industry for repair, rehabilitating, retrofitting and
strengthening structures [5, 6]. The two main forms of FRP composites used in timber reinforcements
are externally and internally and bonded systems. In case of externally bonded reinforcement (EBR),
FRP plates or fabrics are employed at the tensile region of a structure [7-9]. Structures strengthened
with the EBR method have been found to exhibit bond fracture between the concrete and FRP
members, whereas the reinforced bars or plates are exposed to the effect of fire or vehicular movements
[10]. For internally bonded systems, pultruded bars and plates are normally glued into grooves or slots
of timber members and this type of reinforcement is known as near surface mounted (NSM)
reinforcement. Due to larger interfacial bond between the host structural material and the adherents as
well as greater anchorage of the bars into adjacent host member, NSM has improved load and bond
capacity [11,12] compared to EBR, whilst the host timber protects the FRP from damages [8].

Moreover, in NSM method, the aesthetic nature of the strengthened structure is preserved [11].

NSM technique in strengthening timber structures was introduced recently and therefore its application
is mainly based on the literature [13]. Research studies on the use of NSM FRP reinforcement
demonstrated increased flexural strength and stiffness of the timber beams [14-17]. Long-term research
on the flexural strength has also shown the potential of the NSM technique [18]. Theoretical and finite
element methods able to predict the capacities and behaviours of the reinforced beams have been
reported [17-20]. In addition, the NSM technique has been used to strengthen 75 stringers of a 10m
long span bridge, near Winnipeg in Canada [15]. Poletti et al. [13] assessed the effectiveness of NSM
as a retrofitting technique for the improvement of stiffness, ductility, lateral resistance and dissipation
of energy of timber frame walls. The NSM method has also been used to rehabilitate traditional floors
[21], employing both steel and FRP structures. These reinforcement or rehabilitation methods by the
NSM method create sustainability, which is very important on the basis of environmental, economic,

historical and social aspects [1].

Even though research shows that the NSM FRP technique leads to significant improvement in the
performance of timber structures, literature still remains limited, compared to EBR technique.

Currently, there is no established design calculations in European and international structural design



standards regarding the use of the NSM technique. Additional research on the behaviour of this
innovative technique is required for full-scale implementation. The current paper presents an
experimental investigation of timber beams reinforced with NSM FRP bars. The influence of the bar
type and the design configuration are examined. Theoretical predictions are also presented and

compared with the test results.

2. BACKGROUND AND PREVIOUS RESEARCH
2.1 FRP reinforcements
FRPs are composite materials manufactured by the combination of at least two materials resulting in
a material of different properties. FRPs differ from other composite materials, since both the
constituent materials, as well as their structural compositions control their physical and mechanical
properties. The composite is made up of fibres and a polymer matrix bonded together by an adhesive.
The fibres contain about 30%-70% and 50% of the composite by volume and weight, respectively. The
mechanical properties of the composite are determined by the integrity of the fibres, whereas the
polymer matrix determines the rigidity and protection against the environmental factors [22,23]. There
are different forms of FRPs with corresponding different mechanical as well as physical properties,
which depend on the fibres amount and orientation [24,25]. In structural engineering, the most
common types of FRPs are glass (GFRP), carbon (CFRP), basalt (BFRP) and aramid (AFRP). The
most abundant type of the FRPs is the GFRP. Glass fibres are one of the most well-established
composite materials currently used in a wide range of industrial applications with reported usage in
bridges and highways [26, 27]. GFRP composite materials are significantly lighter than the composite
materials fabricated of timber and steel, as the GFRP strength-to-weight ratio is higher than that of
steel. Basalt is a relatively new FRP material, compared to GFRP and CFRP [28]. Basalt fibres are
environmentally friendly since they produce non-toxic reaction in contact with water or air and they
are also not combustible. BFRP bars are used in the construction and highway industry due to their
stiffness and thermal performance [29]. AFRPs have the lowest density and the best strength-to-weight
ratio, while are rapidly degraded by ultraviolet light and therefore should be coated or painted [6].
CFRP composites that are employed in structural strengthening and reinforcement [30] are made from
polyacrylonitrile filaments, which result in improved material quality. CFRPs are about 10-30 times

more expensive than the corresponding GFRP or BFRP types [31].



2.2 Groove filler for NSM technique
The adhesive used in the NSM technique is a groove filler and acts as the medium through which shear
stresses are transferred between the host timber and the FRP bars. Hence, the most important structural
properties of the groove filler in the current technique are the shear and tensile strength [11]. Several
engineering adhesives have been employed in the experimental investigation of NSM FRP samples.
Phenol-resorcinol, Sikadur 31 and epoxy resins have been applied in [32,33], whilst the 2-part epoxy
Is the most common adhesive used for NSM technique [15]. In 2-part epoxy adhesives, one component
Is the base, containing epoxy resin and the second component is the curing agent or hardener. Epoxy
adhesives have high shear strength and are able to resist temperature between -40°C to 100°C, while

they are relatively economical and easy to use [34].

2.3 Reinforcement configuration of NSM FRP timber structures

The NSM specimens are fabricated by cutting grooves into the structural timber and the FRP bars or
plates are bonded into the prefilled adhesive [16]. Figure 1 shows typical configurations of NSM FRP
timber structures. Past research on low-grade glulam timber beams reinforced with GFRP bars showed
that circular grooves allowed for higher improvements on the stiffness and moment capacity compared
to square grooves [33]. The reinforcement ratios can also influence the performance; strength
improvements in the range of 18% and 46% for reinforcement ratios between 0.27% and 0.82%,
respectively have been reported [15], whilst for single or low reinforcement ratios, stiffness has not
shown significant improvement [35]. For enhanced strength performance, 25% and 75% of the
reinforcement was suggested to be at the top and bottom of the timber beam section, respectively,
whereas for enhanced stiffness, equal reinforcement at the tensile and compression zone was
recommended [35]. For maximum ductility, all of the reinforcement was suggested to be placed on the
bottom [35]. Past research has also compared the bending behaviour of CFRP NSM plates and rods
with NSM technique [35, 36].
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Bottom single reinforced with  Bottom single reinforced with Bottom and top double Bottom single reinforced with
2 bars in rectangular grooves 2 bars in rectangular grooves reinforced with 2 bars in 3 bars in circular grooves
on lateral sides rectangular grooves

Figure 1: Examples of NSM reinforcement configurations.

2.4 Bond behaviour of NSM technique
Within composite structures, the ultimate capacity and the deformation of the reinforced system is also
determined by the behaviour of the bond and thus research has been carried out to examine the bond
behaviour of NSM structures [37,38]. At NSM technique, the transfer of stresses is achieved by
chemical adhesion. The interaction and transfer of stresses occur at two main interfacial zones. Firstly,
stress transfer occurs along the interface between the bar and the adhesive. Secondly, stresses can be
transferred along the interface surrounding the adhesive and the host timber. Surface roughness,
dimensions of groove, and the adhesive’s behaviour determine the bond capacity. When the reinforced
structure is subjected to loading, the force is transferred through the NSM bond and the FRP bar
contributes to bond resistance. Mechanical interlocking which may occur when the reinforced bar has
rough surface [39-41] also contributes to bond strength. De Lorenzis [42] has suggested that, for round
bars, the minimum value of a constant, k (where k = ratio of groove width to nominal diameter of the

bar) should be 1.5 for smoothly or lightly sand-blasted bars and a value of 2.0 for deformed bars.

2.5 Failure mode of NSM FRP timber beams
Experimental investigations on bending tests of NSM FRP specimens have been carried out and two
main failure mechanisms have been reported. Firstly, splitting failure can occur at the tension zone of
the beam before the compression zone has yielded [33,36]. Secondly, tensile failure by splitting can
occur together with yielding at the compression zone of the beam [36]. The amount of FRP
reinforcement was reported to affect the failure mechanism of the timber beams [43]. FRP bars are

capable of arresting crack openings, restraining rupture and bridging timber defects [19,20] and for



increasing reinforcement at the tension zone, the failure mode can change from brittle to ductile
behaviour [33, 36, 38]. Failure involving FRP fracture and cohesive failure of adhesive have not been

reported.

2.6 Past research work on NSM FRP timber beams and research significance

Research work on NSM FRP strengthened timber is summarised in Table 1. Previous experiments
used different FRP reinforcement type and configurations. Both single and double reinforcement
configurations have been examined, whilst [43] reported that maximum flexural strength could be
obtained if 75% of the reinforcement is on the bottom face and 25% on the top of the beam. As can be
seen in Table 1, there are many studies on CFRP reinforcements, whereas a lot of focus has been placed
on laminated timber. Extending the pool of experimental data, this paper will examine white spruce
structural timber and the strength enhancement due to BFRP and GRFP bars in two different
configurations. As a novel technique, the selected arrangements aimed to firstly assess the increase in
the strength due to two bars on the bottom (100% reinforcement on the tension zone) and then to
examine the performance due to two bars on the bottom and one bar on top (66.6% of the reinforcement
on the tension zone and 33.3% on the compression). The present experimental study contributes to
enhanced understanding of FRP strengthened timber beams. Moreover, in the absence of a standard
method for the prediction of the NSM FRP timber flexural capacity, the paper presents a general
theoretical model in order to estimate the moment resistance of the NSM FRP timber beams (Section
5).



Table 1: Past research work of FRP NSM strengthened timber beams (in reverse chronological order).

Reference Timber species Type of FRP  Configuration {\eks)tgf
Gentile et al (2002) [15] Douglas fir GFRP bars ;) ddésbars bottom; b) 4 bars bottom at lateral 26
Johnsson et al (2007) [14] Glulam lamella CFRP bars a) 1 bar bottom; b) 2 bars bottom 10
. a) 5 plates bottom and 5 top; b) 5 plates
Kliger et al (2008) [43] Glulam CFRP plates bottom and 3 top 6
a) 2 bars bottom; b) 3x2 bars bottom; c) 2
Raftery and Whelan (2014) [33] Irish grown Sitka GERP bars bars bottom and circular grgoves; d) 2 bars o5
spruce bottom and square grooves; €) 2 bars bottom
and 2 top
Raftery and Kelly (2015) [2] Lovx_/—grade_glued BERP bars a_) 4 bars bottom; b) 2 bars bottom at lateral 30
laminated timber sides
Douglas fir and CFRP a) 2 bars bottom; b) 3 bars bottom; c) 3 bars
Luetal (2015) [16] Poplar laminates bottom and 3 bars top 24
a) 1 bar bottom; b) 2 bars bottom; c) 2 bars
GFRP bars bottom-lateral sides and 1 top; d) 1 plate
Yang et al (2016) [19] Douglas fir glulam  and plates, bottom; e) 1 plate bottom and 1 top; f) 2 16
CFRP bars plates bottom; g) 3 plates bottom; h) 3 plates
bottom and 3 top
Small fir and pine CFRP plates )
Chun et al (2016) [36] Timber and bars a) 1 bar bottom; b) 1 plate bottom 20
Xu et al (2017) [18] Douglas fir CFRP bars a) 1 bar bottom 3
Fir wood (Hui- CFRP bars .
Xueyu et al (2018) [20] style) and plates a) 4 bars bottom; b) 1 plate bottom 5
laminated veneer CFRP .
Bakalarz et al (2020) [44] lumber laminates a) 1 laminate bottom 10

3. EXPERIMENTAL PROGRAMME
3.1 Materials
The materials used for the experiments of the present study were structural timber, BFRP and GFRP

bars and epoxy adhesives. The diameter of the employed reinforcement bars was 8 mm.

Basalt originates from volcanic magma or volcanoes with very high temperature found in the earth
crust. It comes with different colours mostly grey, brown or dark [45]. The BFRP bars used herein had
grey colour and with coarse-grain sanded finish for improved bonding. The fibres were manufactured
with extrusion by melting crushed basalt (rock) at 1400°C [46] and were then formed with application
of lubricants, followed by winding [45, 47]. BFRP bars were used for the present research due to their
availability and relatively low price. In addition, basalt FRP has improved fire resistance, better
resistance to chemically environment compared to glass fibres. Commercial glass fibres, as those used
in this study, are manufactured from silica, which are melted to temperature as high as 1400°C. The
next stage is the extrusion of the molten glass, which is then cooled. The filaments are then sized,

forming strand and wound on a drum. A mixture of lubricants are added to improve the wettability of

10



the fibres, providing better adhesion between the fibre components [46]. Glass fibres are less brittle
compared to other FRPs and the raw materials are relatively inexpensive. The bulk strength and
properties of weight of GFRP, are considerably more favourable in comparison to steel. The fibres in
GFRP bars resist tensile and compressive loads, whilst the resin transfer shear loads [25]. In this
project, GFRP bars were chosen due to their availability, favourable strength and mechanical
properties as well as their low cost. The FRP bars were sourced from MagmaTech Ltd [48] and Table

2 presents the mechanical properties according to [49].

Epoxy adhesives are commonly used as the filler for the NSM structures [14], as they exhibit excellent
bond quality at the interfacial regions resulting in higher capacities [19, 50] and were therefore applied
in this study. Epoxy adhesives have been reported to have higher and better gap-filling capacities
compared to conventional adhesives [50]. Moreover, 2-part epoxy adhesives show better shrinkage
properties as well possessing thixotropic qualities. Hence, 2-part epoxy thixotropic adhesives with a
thickness of 2 mm between the wall of the grooved timber and the FRP are adopted herein. The epoxy
resins were supplied by Rotafix Ltd [52] and the material properties as provided by the manufacturer
are provided in Table 2, where the bong strength refers to the bond between the adhesive and the
timber.

Table 2: Material properties.

Tensile . Bond Shear Modulus of
Compressive

Material strength 2 strength Strength Elasticity
(\/mm?)  Strength (Nfmm) -, me) (N/mm?) (N/mm?)
Timber 8.6 34.1 - 3.2 7763
Epoxy [39] 40 >60 6 3000
BFRP [41] 920 - - 54000
GFRP [41] 682 - - 67300

In this experiment, white spruce timber species was examined. The specimens were visually graded
C16 structural timber. Material tests were carried out in order to obtain the main material properties.
Before fabrication four samples were cut from each specimen for the characterisation of the moisture
content, the density and the compressive strength according to [42]. The average mean density was
found to be 436 kg/m®with a standard deviation of 0.073. The average moisture content was equal to
15.4% with a standard deviation of 0.156. The average ultimate compressive strength at direction
parallel to the grain was equal to 34.1 N/mm? with a standard deviation of 0.153. Timber’s material
properties are also included in Table 2. Note that the tensile and shear strength correspond to
characteristic values suggested by BS EN 384 [54] for C16 grade. The Young’s modulus has been
calculated on the basis of the experimental flexural rigidity (El) values (see Section 4.4) of

unreinforced beams.
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3.2 Fabrication of NSM FRP timber specimens

A total of 20 timber beams were tested under four-point bending configuration until failure. All beams
had a rectangular cross-section of 70x215 mm and were 2.5 m long. In design 1 (D1) configuration,
the tensile zone of the beams was reinforced with two FRP bars (reinforcement percentage p equal to
0.67%), while in design 2 (D2), an additional bar was added in the compression zone (reinforcement
percentage p equal to 1.0%). Two types of FRP bars, namely BFRP and GFRP, were considered. Four
unreinforced timber beams (NR) were also tested for comparison purposes. The list of the tests along
with their designation are summarised in Table 3. It is noted that each beam configuration was
replicated 3 — 5 times. Similar replicates have been used by previous researchers such as [14], [18],
[20].

70
Bar D=8 mm
35_ 35
70 a5
12 .
_—@L\ Circular groove
— |} filled with epoxy
w0 o}
N N
1212 | L1212
S Lo O = e e}
20 30 20 {20 30 20
Design 1 (D1) Design 2 (D2)

Figure 2: Configuration of reinforced beams (D1- bottom single reinforced with 2 bars in circular

grooves; D2— bottom and top double reinforced with 2 and 1 bar respectively in circular grooves).
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Table 3: List of timber beam specimens.

$§|pneforcement Configuration Replicates Designation ﬁl%erzlt;:?rn
NR - 1 B4
No reinforcement NR -2 B8
(NR) N/A 4 A 38
NR -4 B16
BFRP-D1-1 B13
BFRP D1 3 BFRP - D1 -2 B14
BFRP-D1-3  BI15
BFRP -D2 -1 B1
BFRP - D2 -2 B2
BFRP D2 5 BFRP - D2 -3 B3
BFRP - D2 -4 B19
BFRP - D2 -5 B20
GFRP - D1 -1 B5
GFRP - D1 -2 B6
GFRP D1 5 GFRP - D1 -3 B7
GFRP - D1 -4 B17
GFRP -D1 -5 B18
GFRP - D2 -1 B9
CFR? b2 3 GFRP-D2-2  BI10
GFRP - D2 -3 B11

Figure 3 shows the fabrication process of the NSM FRP specimens. For the reinforced specimens,
circular longitudinal grooves [33] were initially slotted at the considered locations (Step 2 at Figure 3a
and Figure 3b). Prior to the bonding process, the slots were meticulously cleaned. The base and the
hardener of the epoxy were thoroughly mixed with a mix ratio 1:0.4 for at least 3 minutes [52] until
the material became smooth in consistency and uniform in colour. The epoxy resin was then applied
to the length of the grooves (Step 3 at Figure 3a) and the FRP bars were inserted (Step 4 at Figure 3a
and Figure 3c). Pressure was applied across the length of the reinforced beams to ensure adequate
placement and bond between the adherents and the epoxy. A taping knife was used to ensure a level
and uniform surface at the top of the beam. For D2 specimens, the bars on the tensile zone were initially

placed, whilst the bar on the compression zone was bonded 24 hours later. The specimens were left

for curing for 7 days before testing.
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Step 1 Step 2 Step 3 Step 4

a) Fabrication process (D1)

b) Circular longitudinal grooves c) Installed NSM FRP bar
(Step 2) (Step 4)

Figure 3: Specimens preparation.

3.3 Test set-up
Figure 4 shows the test set-up of the timber beams. The specimens had a span of 2.3 m and were loaded
with a hydraulic jack of 100 kN capacity. A preload of 300N [2] was initially applied. The type of the
loading was displacement control quasi-static monotonic loading which was applied with a constant
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rate of 3 mm/min [55] until the failure occurred. A load cell was used to record the applied load. The
load was transferred to the specimen through an I-shaped steel spreader beam. Steel rollers and bearing
plates were placed at the support points to allow load distribution and avoid local stress concentration.
Linear variable displacement transducers (LVDTSs) were placed at the mid-span to monitor the vertical
displacement. Three strain gauges were attached at the mid-span along the depth of the beam (top,

bottom and mid) in order to track the strain distribution profile. Data acquisition was automatically

Loading Jack
%‘éoad cell FSteel spreader beam
| | | |
‘ | Timber specimen |
1 i

performed through a data logger system.

i ——————————— e —— 1=
- [\ Stmingamges——| —— ————————— ||
i S —————————— i ——— i i —— — = — — — o e —— — —
Roller Support— | ———————————— . H— = :,/Boller Support
fi i LVDTs fi
s
100 750 800 750 100
2500

a) Schematic illustration

b) Photograph

Figure 4: Experimental set-up.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Failure mode
In the present investigation, the overall or predominant failure mode for both reinforced and
unreinforced beams was brittle tensile failure or splitting without compression failure in the
compression zone. None of the FRP bars has failed and there was no cohesive failure observed for the
epoxy adhesive. The visually observed failure modes were according to BS EN 1SO 10365 [56].

Typical failure modes for all the beams are shown in Figure 5.

The unreinforced beams generally recorded brittle tensile behaviour at the tension zone. In most cases,
the beams exhibited catastrophic failures. Unreinforced beam NR-1 (Figure 5a) exhibited cross-
grained tension failure together with cracks at knots in the compression and tension zone. The failure
was also accompanied with rupture at midspan. It is noteworthy that the examined timber contained
juvenile wood at the depth of the beam as well as knots at the extreme fibres of the compression and
tension zones. These defects were responsible for the premature failure of the beam. In both NR-2 and
NR-3, there was rupture of wood due to brittle tension failure at the bottom tension zone. This was

followed with horizontal splitting along the timber.

In specimens GFRP - D1 - 2, GFRP - D1 - 4, GFRP - D2 - 2, GFRP - D2 - 3, cracks were initiated and
propagated around knots, as shown in Figure 5d. For three of the reinforced beams with FRP
reinforcement with D2 configuration (BFRP - D2 - 2, BFRP - D2 - 4, GFRP - D2 -1), debonding
between the bars and the timber was also observed at the tensile zone of the specimens at large
displacements and after the attainment of the failure load, as shown in Figure 5e. Figure 6 presents the
failed specimen GFRP - D2 -1, in which upon tensile failure, the crack on the central region of constant
moment propagated up to the compressive zone, followed by bar debonding for even increasing

deformation.
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c) BFRP-D1 -2 (B14): tensile
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d) GFRP - D1 -4 (B17): tensile (initiated at knot)

1

f) GFRP-D2 -4 (B11): tensile followed y debonding

Figure 5: Typical failure modes.
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nd
2 stage:
Upon tensile failure and for
increasing displacement, the
crack propagated in the
compressive region.

st
1 stage:
At 40 kN brittle tensile
cracking at the constant
moment region.

increasing displacement, bar
| debonding was observed.

Figure 6: Failure mode of specimen GFRP - D2 -1 presented in stages.

4.2 Load-deflection curves and ultimate performance
Figure 7 shows the load versus mid-span vertical displacement curves for all tests. The maximum
recorded load is considered as the failure load (Nu) which together with the failure moment M, and the
corresponding mid-span vertical displacements (du) are listed in Table 4. Note that during testing, the
applied load (N) was incrementally recorded. The incremental moment (M) of the central region of the
statically determinate symmetric beam was evaluated by equation M=(N/2)xa where a. is the distance
from the loading point to the support equal to 750 mm for this study.

As can be observed in Figure 7, the specimens indicated a linear response until brittle tensile failure.
The ultimate load of the reinforced beams was significantly higher than that of the corresponding
unreinforced ones. The same conclusion can be drawn for both BFRP and GFRP reinforced bars.
Moreover, the displacement on which the ultimate performance was attached increased for the
reinforced beams. As seen in Figure 7 and Table 4, there was a significant variation of ultimate load
and moment capacity recorded among the unreinforced beams. The highest and lowest ultimate
performance was recorded by NR-2 and NR-1, respectively. In particular, the recorded ultimate load
of NR-2 is about 69% higher than that of NR-1. The NR-1 contained juvenile wood and cross-grain as
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well as cluster of knots at extreme fibres of both the compression as well as tensile zone (see Figure
5a). These defects, it is believed, caused the timber to fail before reaching its full capacity. Moreover,
according to Table 4, the biggest coefficient of variation (COV) in the ultimate performance has been
found for NR beams, whilst the variability appears reduced at the reinforced compared to the
unreinforced beams, as the FRP bars are capable of arresting crack openings and bridging timber
defects. In particular, the smallest coefficient of variation (COV) on the achieved ultimate load has

been observed for BFRP — D1 group followed by BFRP — D2 group.
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Table 4: Failure loads (Ny), failure moments (My) and corresponding mid-span displacements (u).

Designation IS\ITJ?ﬁIk;I;in Nu (KN) My (KNm) &, (mm)
NR-1 B4 29.65 11.12 22.34
NR -2 B8 50.26 18.85 23.79
NR -3 B12 38.43 14.41 19.17
NR -4 B16 37.54 14.08 27.94
Average 38.97 14.61 23.31
cov 0.22 0.22 0.16
BFRP-D1-1 B13 64.64 24.24 31.62
BFRP-D1-2 Bl4 62.75 23.53 28.90
BFRP-D1-3 B15 61.63 23.11 34.96
Average 63.01 23.63 31.82
cov 0.02 0.02 0.10
BFRP-D2-1 Bl 57.32 21.50 27.37
BFRP-D2-2 B2 69.99 26.25 34.34
BFRP-D2-3 B3 75.74 28.40 40.91
BFRP-D2-4 B19 58.35 21.88 34.67
BFRP-D2-5 B20 67.60 25.35 26.84
Average 65.80 24.66 32.66
cov 0.12 0.12 0.17
GFRP-D1-1 B5 51.94 19.48 33.54
GFRP-D1-2 B6 58.88 22.08 26.34
GFRP-D1-3 B7 77.97 29.24 32.35
GFRP-D1-4 Bl7 67.25 25.22 29.98
GFRP-D1-5 BI18 69.27 25.98 41.76
Average 65.06 24.40 32.79
cov 0.15 0.15 0.17
GFRP-D2-1 B9 40.55 15.21 23.76
GFRP-D2-2 B10 52.54 19.70 23.97
GFRP-D2-3 Bl1 62.61 23.48 28.55
Average 51.90 19.47 25.43
cov 0.21 0.15 0.11

4.3 Strain distribution profile
Load vs microstrain graphs across the cross-sectional depth (top, bottom and mid strain gauge values)
have been evaluated and the typical strain distribution profiles across the cross-sectional depth are
given in Figure 8. Overall, it can be seen that the plain section assumption which is the basis of elastic
bending theory has been obeyed. For the reinforced beams, non-linear response can also be observed,
while for some of the reinforced beams, the neutral axis seems to be slightly lowered which is in line
with previous observations [33]. In addition, as can be seen, the strain gauges at the compression zone
of GRFP - D2 - 3 recorded non-linear behaviour in comparison to the other GFRP members. This
deviation is noticeable at higher loads, between 20 kN — 62 kN. As the load increased, there were
cracks in a knot at the soffit in the tension zone of the beam. With increasing displacement, micro
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cracking were noticeable and propagated in the compressive region at higher load level (see Figure
5f). It is probable that, the micro cracking at higher loads is responsible for such non-linearity at the
compression zone of this specimen. Furthermore, on the basis of the recorded strain values and the
obtained strain distribution profiles, the tensile strains at timber at ultimate load (ewwexp) have been
evaluated for each beam. Average values for each data set are shown in Table 5. Using the modulus of

Elasticity of FRPs, the corresponding tensile stresses of FRP (o) When timber failed are also reported
in Table 5.
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Figure 8: Typical strain distribution profile of beams.

Table 5: Ultimate tensile strains (swexp) and corresponding stresses of FRP (or.exp) When timber failed.

S . Replicat Etu.exp Gfexp
pecimen eplicates (%) (N/mmz)
NR 4 0.38 -
BFRP - D1 3 0.43 234
BFRP - D2 5 0.38 207
GFRP - D1 5 0.41 273
GFRP - D2 3 0.23 153
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4.4 Comparison of stiffness and ultimate performance between examined configurations
The average ultimate loads and corresponding displacements for each group of specimens are
summarised in Table 6. Using the general stiffness formulation, the global flexural rigidity (EI) and
the stiffness values (k) of each beam can be calculated via Eq. (1):

48El
AP =KA§ =——————Ad
a(3L% —4a?) 1)

where AP is the range of the applied load and Ad the corresponding range of the mid-span vertical
displacement, E is the modulus of Elasticity, I is the second moment of area, L is the span of the beam,
equal to 2300 mm herein and a is the distance from the loading point to the support.

Moreover, average values for the studied groups of the experimental global flexural rigidity (EI) values

and the stiffness values (k=AP/Ad) are also shown Table 6.

As can be observed, the reinforced beams generally achieved higher load, displacement and global
flexural rigidity compared to the unreinforced ones (NR). In particular, the increase in the maximum
load was in the range of 33%-69%, the increase of the displacement at failure was in the range of 9%-
41% and the increase of the global flexural rigidity and stiffness in the range of 22%-33%. Similar
response can be noted between GFRP-D1 and BFRP-D1 with a slightly higher average load in the case
of GFRP. Overall, the reinforced beams presented an increase of 60% at the ultimate load, 34% at the
mid-span displacement at failure and 30% at the flexural rigidity and stiffness compared to
corresponding the control beams. Similar findings are also graphically shown in Figure 9, where
average values of the stiffness, the ultimate loads and displacements with error bars for the standard

deviations for each data set are presented.

Comparing the BFRP-D1 (two bars on the tension zone) with BFRP-D2 (two bars on the tension zone
and one on the compression zone), only slightly increased performance can be observed for the latter.
In the case of specimens reinforced with the glass fibres, the D1 specimens recorded higher loads and
flexural stiffness in comparison with the corresponding D2 specimens. The lower performance of the
GFRP-D2 specimens might be due to poor timber quality, in particular, for GFRP-D2-1 and GFRP-
D2-2 specimens. Moreover, the grooving or machining of grooves for NSM fabrication might have
caused the weakening of the timber (GFRP-D2-1 and GFRP-D2-2) specimens, which means a

discontinuity was introduced into the timber fibres in the proximity of the groove [35].

It was observed that increasing the FRP reinforcement at the bottom (with two FRP bars) and the top

(with one FRP bar) of the beams might not necessary improve the capacity of the NSM beams over
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the corresponding ones with two FRPs reinforcement at bottom. In tensile-controlled beams like the

ones studied herein, the ultimate load would have been possibly increased if in addition to the bar at

the compression zone, the tensile reinforcement had been increased as well. It is noted that before

increasing the cross-sectional area of the reinforcement, additional factors such as the distance between

the adjacent grooves as well as edge distances of the timber beams should be considered [11].

Table 6: Average values of forces and displacements and comparison with non-reinforced timber

beams.

Specimen Replic | Ny |(2/2;ease oy increase El increase k increase
b ates (kN) (mm) (%) (Nmm?) (%) (N/mm) (%)
NR 4 3897 - 23.31 - 3.70E+11 - 1741 -
BFRP - D1 3 63.01 62% 31.82 37% 4.86E+11 31% 2283 31%
BFRP - D2 5 65.80 69% 32.66 40% 491E+11 33% 2309 33%
GFRP - D1 5 65.06 67% 32.79  41% 490E+11 32% 2305 32%
GFRP - D2 3 5190 33% 2543 9% 451E+11 22% 2121 22%
BFRP&GFRP- 16 62.44  60% 31.19 34% 4.83E+11 30% 2268 30%
D1&D2
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Figure 9: Graphical presentations of average values of ultimate load, displacement and stiffness.
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5. THEORETICAL ANALYSIS
In absence of a standard method for the prediction of the NSM FRP timber flexural capacity, the
present paper applies a general theoretical model in order to estimate the moment resistance of the
NSM FRP timber beams. Basic constitutive laws for timber and FRP materials are used for the
theoretical analysis. The applied stress (o) — strain (€) curves for both FRP bars and timber are shown
in Figure 10. A linear elastic response is considered for the FRPs and for the tensile timber, while for
the compressive behaviour of timber a bilinear curve is assumed according to [57]. In Figure 10, E is
the modulus of Elasticity, f is the strength, whilst the subscripts f and w correspond to FRP and timber,
the subscripts t and c to tension and compression and the subscripts u and y to ultimate and yield state,

respectively.

G¢ Ow
ffTu ______ : fWTU _______
B . Ew |

Efen : g Ewecu chy : e

| Efyy ! ! Swiu

e fcu : :

few oo fwcy

a) Stress-strain of FRP b) Stress-strain of timber

Figure 10: Constitutive material laws for theoretical analysis.

Focus of this paper has been placed upon the flexural response, hence the model was based on pure
bending theory and plain section assumption, whilst debonding between bars and timber and long-term
phenomena, like creep and fatigue have not been considered. In line with the experimental findings,
timber tensile failure was considered as the main failure mode. The equilibrium of the reinforced beam
cross-section for both considered configurations are shown in Figure 11, where F stands for the force
of the subscript, as previously defined. Moreover, X and x; are the depth of the compression and the
tension zone, respectively, while xc is divided in Xc1 and Xc2 for the timber part in plastic and elastic

region, respectively. In addition, zs and zx is the distance of the centre of the FRP bars from the beam’s
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edge for the tensile and compression bars, respectively. The ultimate theoretical moment (Mytheor) Can

be calculated from Eq. (2)

M 2)

u,theor

= chl(xc_%xcl) +§ch2 Xeot ch (Xc_zfc) +§Fwt X+ Fft (Xt_zft) =

E

_f
wey E
w

E
_fAft(Xt _Zﬁ)

w

bfwcy X (Xc _%Xcl) + % bfwcy Xc22 +f Afc (Xc - ch) + % bfwtu th + fwtu

Where Ar and Arc the cross-sectional areas of the FRP bars at the tensile and compression zone
respectively. Note that Fy is zero for D1 beams of the present study (Figure 11a).

In order to evaluate the ultimate moment resistance, the values of Xc, Xc1, Xc2 and Xt should be calculated.
These four unknowns are computed following principles of geometry (Egs. (3) and (4)), trigonometry
(Eq. (5)) and equilibrium of forces (Eq. (6)).

X, +X,=h @)
Xy + X =X, (4)
Xi _ &
X o ®
c2 wey
chl + ch2 + ch = Fft + F\Nt -
1 E, 1 E, (6)
bfwcyxcl + E bfwcyxcz + fwcy E_ Afc = E bfwtuxt + fwtu E_ Aft
w w
b
—F Ewe
AN A I i
| Xe | ____’ chl
Xe - chy fwcy
— X ch2
h — ‘\ Neutral
» AxXis
X Mu.theor
! F
- — - wt
S Zgee Sk o6 Fft ‘_“7;
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a) Configuration D1
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Figure 11: Equilibrium of the reinforced beam cross-section for both considered configurations.

Using Egs. (2)-(6), the material laws shown in Figure 10, the Moduli of Elasticity of timber, BFRP
and GFRP shown in Table 2, and the ultimate tensile strain values obtained from NR beams according
to Table 5, the theoretical moment resistance (Muneor) and the corresponding force (Futheor) have been
evaluated. It is noteworthy that for all the examined beams, Xc1 was found equal to zero and hence the
compressive part of the timber was under elastic state and the failure occurred when timber reached
the ultimate tensile strain, which was in line with experimental observations. Applying Eq. (1), the
experimental and theoretical stiffness values have also been calculated and are presented in Table 7,
showing a fair comparison. Given that for the examined beams, a linear response was primarily noted
until a failure, a comparison can be made between the displacement (6u.exp) at which the ultimate load
was attained and the theoretical displacement (du teor ) calculated from Eq. (1) for AP equal to Fytheor,
i.e. considering a linear response in the structure. It can be seen that experimental displacements are

underestimated by 39% on average compared to the theoretical linear predictions.

The theoretical moment resistance (My,neor) fOr the studied beams are compared with the experimental
values (Muexp). The comparison is presented in Table 7, where it can be seen an average ratio of
Muexp/Mutheor €qual to 1.09, showing that the ultimate theoretical predictions are in good comparison
with experimental ones. A graphical comparison between the experimental and theoretical results is
also shown in Figure 12. Collated data from [14] and [16] have also been included demonstrating

further the applicability of the proposed equations.
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Table 7: Comparison between experimental and theoretical predictions.

Specimen kexp Ktheor kexp 6u,exp Otheor 6u,exp/ Mu,exp Mu,theor Mu,exp/
(N/mm) (N/mm) [Ktheor (mm) (mm) Otheor (kNm) (kN m) Mu,theor
NR-1 1281 2120 0.60 22.34 20.94 1.07 11.12 17.37 0.64
NR-2 2222 2120 1.05 23.79 20.94 1.14 18.85 17.37 1.09
NR-3 2007 2120 0.95 19.17 20.94 0.92 14.41 17.37 0.83
NR-4 1452 2120 0.68 27.94 20.94 1.33 14.08 17.37 0.81
BFRP - D1 -1 2238 2410 0.93 31.62 20.74 1.52 24.24 19.55 1.24
BFRP - D1 -2 2563 2410 1.06 28.90 20.74 1.39 23.53 19.55 1.20
BFRP - D1 -3 2049 2410 0.85 34.96 20.74 1.69 23.11 19.55 1.18
BFRP - D2 -1 2213 2411 0.92 27.37 22.04 1.24 21.50 20.78 1.03
BFRP - D2 -2 2304 2411 0.96 34.34 22.04 1.56 26.25 20.78 1.26
BFRP - D2 -3 2414 2411 1.00 40.06 22.04 1.82 28.40 20.78 1.37
BFRP - D2 -4 2064 2411 0.86 34.67 22.04 1.57 21.88 20.78 1.05
BFRP - D2 -5 2554 2411 1.06 26.84 22.04 1.22 25.35 20.78 1.22
GFRP-D1-1 1828 2484 0.74 33.54 20.67 1.62 19.48 20.07 0.97
GFRP -D1 -2 2138 2484 0.86 26.34 20.67 1.27 22.08 20.07 1.10
GFRP-D1-3 2942 2484 1.18 32.35 20.67 1.57 29.24 20.07 1.46
GFRP-D1 -4 2475 2484 1.00 29.98 20.67 1.45 25.22 20.07 1.26
GFRP - D1 -5 2139 2484 0.86 41.76 20.67 2.02 25.98 20.07 1.29
GFRP-D2 -1 1755 2488 0.71 23.76 22.22 1.07 15.21 21.62 0.70
GFRP - D2 -2 2071 2488 0.83 23.97 22.22 1.08 19.70 21.62 0.91
GFRP - D2 -3 2537 2488 1.02 28.55 22.22 1.29 23.48 21.62 1.09
Mean 0.91 Mean  1.39 Mean 1.09
Ccov 0.16 Cov 0.20 CoVv 0.20
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Figure 12: Graphical comparison between experimental and theoretical results on the basis of this
study and collated data.
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6. CONCLUSIONS AND FUTURE RECOMMENDATIONS

The paper reports an experimental study of white spruce timber beams reinforced with BFRP and
GFRP bars with NSM technique. A series of 20 beams were tested under displacement control quasi-
static monotonic loading. The obtained results led to the following conclusions:

(1) Reinforcing timber beams with NSM FRP bars is an efficient way of increasing both the
stiffness and the ultimate capacity of flexural timber members. In particular, the percentage
increase of the ultimate load and the flexural stiffness were within the range of 33%-69% and
22%-39%, respectively.

(2) The mid-span displacement at failure was also increased by 34% on average for the reinforced
beams compared to the control beams.

(3) The predominant observed failure mode for both the unreinforced and the NSM FRP reinforced
beams was brittle tensile failure of the timber at the tensile zone.

(4) The BFRP and GFRP reinforcement reduced the variability on the ultimate performance of the
NSM FRP beams compared to the unreinforced beams.

(5) Increasing the FRP reinforcement at the bottom (with two FRP bars) and the top (with one FRP
bar) of the beams did not significantly improve the capacity and behaviour of the NSM beams
over the corresponding ones with two FRP bars reinforcement at bottom.

(6) Theoretical predictions of the ultimate flexural performance were presented and found to have
an average My.exp/Mu theor €qual to 1.09. The proposed formulae have also been assessed on the
basis of collated data showing a good comparison.

It is noted that limitations of the current study included the number of test replicates. In view of the
present study, the following suggestions are made for future research:

(1) More NSM FRP timber beams should be replicated and tested to account for heterogeneity of
timber.

(2) Investigation of the tension and compression cross-sectional area of the reinforcement for
optimum mechanical properties of NSM timber members. The proposed theoretical formulae
proposed in this study can be applied in this process.

(3) Finite element analysis should be considered for clear understanding of flexural and bond
behaviour of NSM in timber.

(4) Further to flexural testing, more pull-out specimens with different configurations should be

tested to characterise and understand various factors influencing NSM FRP timber structures.
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