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Abstract: Timber structural members have been widely adopted and used in construction due to
their inherent characteristics. The main objective of this work is to assess the performance of timber
beams with GFRP pultruded beam reinforcement subjected to flexure. A finite element model (FEM)
using ABAQUS FEM software is developed, aiming to provide a benchmark modelling procedure.
The modelling method considers the fundamental role of the connections among timber beams, the
reinforcing GFRP pultruded profile (adhesive and screw connections), and the grain direction in the
timber. To understand the influence of the grain direction, different angles of deviations between
the longitudinal direction (along the grain) and the beam axis are considered. The robustness of the
developed FEM procedure is validated by the experimental results of timber beams with and without
GFRP pultruded reinforcement under flexure. It is demonstrated that the angle of deviation (grain
deviation) produces high reductions in the strength of unreinforced timber beams. However, this
effect is minimal for GFRP-reinforced timber beams. The experimentally derived benchmark FEM
procedure can be used as a computational tool for timber beams with GFRP pultruded reinforcement
to capture the capacity, failure mode, and load—displacement response.

Keywords: finite element model; timber beam; GFRP reinforcement; bending strength

1. Introduction

Timber beams have been used in construction for thousands of years [1]. There are a
number of well-known systems that use timber beams as a basis for horizontal diaphragms
in buildings (floors, roofs, etc.), including modular buildings. One-way beam floors are
common in historic constructions in many countries: timber floor construction uses timber
studs or joists, together with a structural timber board or clay tiles, to form a horizontal
structural system that transmits vertical loads to the walls [2]. Figure 1 shows different
types of timber beam floors. Timber beam floors are common in several parts of Europe.
The structure is a hierarchical system: tiles or boards rest on a timber rafter, and the rafters
are supported by timber beams.

The structural purpose of a timber beam floor is to resist the bending moment induced
by vertical permanent loads (structural and non-structural dead loads) and live loads
applied on the timber boards or tile diaphragms. The static scheme is relatively simple (de-
terminate structure), and it can be described using the analogy of a simply supported beam
under a uniform distributed load. However, there are several uncertainties to consider:
the fact that timber is a natural material, its non-isotropic structure, the effect of moisture
content, defects such as knots and grain deviation, and cracking and splitting resulting from
differential shrinkage during the seasoning process [3,4]. Building codes have typically
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considered all these uncertainties by using high safety factors for all mechanical properties
to use in design. In addition, the moisture content and biotic attacks from insects and fungi
have been addressed in many standards by introducing the exposure coefficient [5].

Figure 1. (a) Tiles, rafters, and beams; (b) timber beams and boards; (c) decorated timber beam floor:
tiles, and two layers of rafters and beams.

Because timber is one of the oldest construction materials, a very large number of
heritage and historic constructions are made with timber floors. In Italy, 62% of buildings
constructed before 1910 have timber beam floors. A similar situation likely applies in
many other countries [6]. Because timber is lightweight, cheap, abundant in nature, easy to
work with and transport and, most importantly, has high tensile strength, it has been used
where tensile and bending loads have to be resisted. For horizontal diaphragms in historic
constructions, the only possible alternative was iron beams or vaulted masonry structures,
but the economic costs were much higher.

The static loads considered in the past in design were markedly smaller. Furthermore,
modern building codes require significantly higher safety factors compared to the ones
used in the pre-industrial period. In this situation, structural engineers can opt for the
replacement or reinforcement of existing timber beam floors. Replacing timber floors
with reinforced concrete (RC) has been commonly used in the second half of the 20th
century in many European countries [7]. However, recent seismic events [8-10] have clearly
demonstrated its weakening effect.

Conventional methods of reinforcing structural timber have used steel, iron, RC, or
aluminium plates that are bonded to the tension surface of timber beams [11-14]. Since
the year 2000, the use of composite materials (fibre-reinforced polymers (FRPs)) has been
investigated; epoxy or polyurethane resins have been proposed to bond plates or fill grooves
cut in beams to install composite bars (typically carbon (CFRP) or glass (GFRP)) [15-18].
These traditional methods have drawbacks, such as problems of corrosion (for iron and
steel reinforcements), increased dead loads (for RC) or limited improvement in the bending
capacity (for timber and aluminium).

FRP unidirectional or bidirectional sheets have been investigated by several researchers,
with positive results in terms of an improvement in capacity. However, there are three
main limitations: (1) FRP sheet reinforcement is unable to increase the bending stiffness
of beams (the small quantity of fibre reinforcement and its orientation produce very small
increments in the second moment of the reinforced beam cross-section); (2) the level of
reversibility is low (according to ICOMOS, interventions on heritage structures should be
reversible in order to allow future reinforcements using new methods); (3) the impact in
terms of aesthetics is significant (FRP sheets are bonded on the tension side of the timber
beams) [19-21].

Considering that many timber beam floors need to be reinforced because of problems
of excessive vibrations or bending deformations, and many are listed by conservation
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bodies, which do not typically authorize interventions using composites bonded with
resins, it is evident that these limitations are particularly difficult to overcome.

Usually, bending reinforcements are applied at the beam tension side, but this has a
significant impact on the aesthetics of the timber structure, especially when reinforcements
are mounted near the surface. The tension side of timber beams in floors and roof structures
is typically left in view, and FRP sheets, plates, and strips are perceived as ugly by the
general public, especially when used in buildings with cultural and architectural value.
The opposite compression side is often hidden from view, under the tiles of the floor or
other types of walking surfaces.

The solution proposed in this research is to use GFRP pultruded profiles to be con-
nected to the beam compression side using screws or metal fasteners (Figure 2). This
solution could solve the limitations listed above. GFRP pultruded profiles have been used
to produce hybrid elements with traditional materials (i.e., steel, timber, and concrete) due
to their numerous advantages compared to traditional materials, such as a high strength-
to-weight ratio, low self-weight, low maintenance requirements, and improved durability
under aggressive environments [22-26]. An experimental campaign was conducted, and
a numerical procedure is proposed in this paper for design purposes. The compression
side of timber beams is often hidden from view. GFRP profiles can be applied over the
beams or under the tiles of the floor and other types of walking surfaces. This facilitates the
application of GFRP profiles, which are much lighter than steel beams and easy to cut, if
necessary, onsite.
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Figure 2. The use of GFRP I- or H-type beams applied at the compression side of timber beams.

The flexural strength and stiffness of the proposed composite timber GFRP pultruded
beam have been investigated through experimental tests [27]. The strength performance
of these reinforced composites is dependent on the strength of the timber, GFRP pul-
truded beam, screws, and epoxy adhesive. The strength of the timber beam is depending
on the fibre orientation and angle of deviation between the fibre orientation and beam
axis [28-30]. Thus, the influence of the timber strength on the flexural strength and stiffness
of the proposed composite timber GFRP pultruded beam needs to be investigated. This
study proposes an orthotopic elasto-plastic numerical model to predict the timber strength
and the strength, stiffness, and failure modes of a timber beam reinforced with a GFRP
pultruded beam.

Existing Numerical Modelling Method for Timber

Timber, because it is a natural material, has a high coefficient of variation [31]. The
orthotropic properties of timber have been studied, and it is known that the strength of
timber is highly dependent on the grain direction. The strength and stiffness of timber are
typically the highest along the longitudinal axis (i.e., parallel to the grain). Meanwhile,
they are lower in the radial (i.e., normal to the growth rings, which is perpendicular to the
grain) and the tangential (perpendicular to the grain but tangential to the growth rings)
directions. Green et al. [32] found that the mechanical properties of timber can be affected
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by both the manufacturing process and service environments. Thus, the modelling of
timber is more complex, and most of the structural design models assume timber is an
orthotopic material to simplify the model. Navaratnam et al. [31,33,34] and Shekarchi [35]
implemented simplified assumptions in their numerical model and determined a strong
correlation between the model of timber and real-world application. Navaratnam et al. [31]
proposed a numerical modelling technique to assess the bending performance of cross-
laminated timber (CLT). The numerical modelling properties were validated against the
experimental results and showed similar failure modes to the experimental tests. The
similarity of the results showed that the modelling method created is suitable to predict
failure. Consequently, similar methods can be also used to model timber reinforced with
GFRP pultruded profiles.

A 3D finite element model (FEM) of composite structures can sufficiently evaluate
the inelastic behaviour of steel and concrete [36-39]. However, when considering the
non-linear and anisotropic behaviour of timber, failure modes are not readily available.
Failure criteria such as those in the works of Tsai-Wu [40] and Hashin [41-45] are commonly
used to develop composite elements, which can be used to model a GFRP pultruded beam.
Hill’s [46] anisotropic plasticity-based model has been used to varying levels of success
in the FEM of timber. Tsai-Wu [40] approximated the actual behaviour of orthotropic
composites such as timber, and the elliptical failure envelope modelled adequately captured
the biaxial stress states of wood species [47].

Hill’s yield criterion [8] has been used to define the plastic behaviour of anisotropic
materials such as timber. Guan and Zhu [10] developed a method to model the anisotropic
elasto-plastic behaviour of composite timber beams using ABAQUS [48]. Plasticity-based
models account for the hardening and densification of timber and have been employed
to analyse timber joints with dowel connections [29,49]. However, the presence of defects
from the manufacturing process and the brittle nature of timber under tension and shear
have decreased the accuracy of the FEMs of plasticity-based models [49]. Navaratnam
et al. [31,33] used Hill’s constants (F, G, H, L, M, and N) to determine the failure mode of
CLT in a composite structure. From this method, a strong correlation was found between the
experimental and FEM analysis. This illustrates that this method can be used to accurately
model the structural behaviour of timber in composite structures. Oudjene and Khelifa [29]
determined a constitutive law defining the behaviour of wood as elasto-plastic. This model
was also successfully validated in ABAQUS [48] using Hill’s criterion.

Valipour et al. [50] proposed a constitutive law to capture the deflection response
and failure mode of Douglas Fir timber. In this model, the timber itself was defined as
a composite material due to its anisotropic nature. The proposed modelling technique
proposed was compared with experimental data [30]. The results show a strong correlation
between the ultimate loading capacity of the experimental tests and the FEM. Therefore, the
comparative analysis showed that the simple modelling technique developed can be used
to accurately determine the load—displacement response, the ultimate loading capacity, and
the failure modes of timber composite elements. FEM analysis was also used to structurally
detail a multi-surface plasticity model for clear wood. However, it tended to overestimate
the tensile strength of timber [47].

Previous studies have demonstrated that several constitutive law and numerical model
techniques exist to predict the load capacity of timber beams. However, limited knowledge
is available on the flexural performance of timber beams reinforced with GFRP pultruded
beams. Thus, this study proposes an elasto-plastic constitutive law to predict the strength
of timber beams reinforced with GFRP pultruded beams.

2. Experimental Method

Twelve full-size, solid timber beams (7 firwood (A-series) and 5 chestnut (C-series))
were tested in flexure. The beam dimensions were 180 x 180 x 3050 mm, and the moisture
content was 11.4%. The weight densities were 452 kg/m? and 800 kg/m? for the firwood
and chestnut, respectively. The timber beams were reinforced using two types (letter
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designations: H and I) of 2500 mm GFRP pultruded profiles. The nominal dimensions
of the H type were 101 mm (height), 100 mm (width), 7 mm (flange and web thickness).
The I types were made out of 2 C-shaped pultruded profiles, epoxy-bonded together, with
dimensions of 137 mm (height), 120 mm (width, 60 mm for the single C-shaped profile),
12 mm (flange thickness), and 24 mm (web thickness) (Figure 3). Unfortunately, not all
types of GFRP sections were available on the construction market; this is the reason the
I-type reinforcement system was made out of 2 C-shaped sections bonded together.

Screwed
Joint
Bonded Joint

(Resin)

(b)
Figure 3. (a) H- and I-type GFRP profiles; (b) different joint methods used for GFRP application.

Before application, the GFRP profiles were notched with a spacing of 500 mm. This
was necessary to simulate, in a real-case scenario, the constraint of the timber rafters
(Figure 4). The dimensions of the notches were 80 x 30 mm. Notching is relatively simple,
and it can be done on-site. Initially, 3 mm diameter holes were drilled at the vertices of the
rectangular-shaped notch, and an electric angle grinder and a hand hacksaw frame were
subsequently used to remove the GFRP material. More details of the experimental method
are reported in [27].

Figure 4. Notching procedure of the GFRP profiles.

The joints between the timber beams and the GFRP profiles were made using an
epoxy resin (bonded joint) and 10 mm diameter metal screws with a spacing of 250 mm
(Figure 5). After the resin had cured (72 h), screws were installed to strengthen the GFRP
profiles. Thus, the beams acted compositely with the load transferred between them by a
combination of shear stresses (parallel to the joint) and peel stresses (normal to the joint).
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Figure 5. Test layout.

Table 1 reports the test results in terms of the maximum bending load Ppay, the secant
stiffness at the maximum load (ky), and the secant stiffness k; /3, calculated as 1/3 of Pnax.
This table also gives the increments compared to unreinforced beams (two in firwood, Al
and A4, and 2 in chestnut wood, C1 and C4). It can be noted that the installation of a
GFRP profile at the compression side caused a good improvement in the load capacity
(varying between —1% and 107% for I-type profiles, and between 107% and 240% for
H-type). However, this retrofitting solution is particularly interesting for increasing the
bending stiffness, increasing it up to 374%, making this intervention particularly suitable
for old timber beam floors where excessive vibrations and deflections are often a problem.
The analysis of the failure mode also highlights that the levels of the bending load were
very low (about 20% Pmax), the bonded joint started cracking, and the connection between
the beams and the profiles was only guaranteed by the metal screws. The bonded joint
was too stiff and ultimately unable to transfer the stresses from the timber to the GFRP. It
can be concluded that the bonded joint can be avoided, also facilitating the reversibility
of the intervention. The failure was always initiated by the timber cracking at the beam
tension side.

Table 1. Test results.

Increment P Incie::eﬂt Increment k,
max .
No. Prnax Reinforced/ ki3 ~ Reinforced/ Ky _ Reinforced/
(kN) U . (N mm-1) (Nmm-1) Un-
n-Reinforced Un- .
. Reinforced
Reinforced

C1 65.1 - 1753 - 1491 -

C4 67.2 - 1829 - 1470 -
C3+11 2252 3.40 7591 4.24 7011 4.74
C2+12 183.5 2.77 5665 3.16 5837 3.94
C5+H4 137.2 2.07 3659 2.04 3102 2.10
Cé6 + H5 101.8 1.54 3190 1.78 1816 1.23

Al 85.8 - 1975 - 1971 -

A5 78.0 - 1988 - 1547 -

A3 +H3 173.2 2.11 3699 1.87 3187 1.81
A2 + H1 80.8 0.99 2393 1.21 2307 1.31
A4+ H2 148.3 1.81 3944 1.99 2284 1.30
A6 +13 193.0 2.36 6721 3.39 6535 3.72
A7 +14 205.8 2.51 6827 345 6647 3.78

The failure modes of both the unreinforced and reinforced timber beams were similar.
Cracking occurred along the grain in the timber on the tension side, where the bending
moment was at the maximum (Figure 6). This crack was initiated at a point around the mid-
span of the beam, and it propagated toward the beam ends when increasing the bending
load. This crack was the reason for the progressive reduction of the beam capacity. Further,
when large bending deformation was reached, the GFRP profile also started cracking
around the notched area.
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(a) (b)
Figure 6. Failure modes: (a) unreinforced timber beam; (b) reinforced beam.

3. FEM Development

The FEM of the GFRP pultruded reinforced timber beam was developed using
ABAQUS [48] finite element software. This model consists of three independent parts,
which are a white fir timber beam, a GFRP pultruded beam, and 4.8-type [51] steel screws
and steel plate (used for loading and support) (Figure 7). The model was validated against
the experimental tests by Corradi and Borri [27]. The displacement-controlled load was
applied in the FEM. Based on the experimental tests, pin and roller support boundary
conditions were applied in the FE model at the bottom of the support steel plate. This steel
plate was modelled using an eight-node hexahedral brick element (C3D8R) with isotropic
elastic material properties (i.e., Young’s modulus of 2.1 GPa and Poisson’s ratio of 0.3).

- |

GFRP

Steel plate \

\

Pin support

Rollersupport

Figure 7. FEM of a timber beam reinforced with a pultruded profile.

3.1. FEM of Timber
3.1.1. Theoretical Formulation

Timber is a natural material and the measurements of the strength of timber have a
wide range. Timber is generally considered an orthotopic material. The material properties
of timber are described based on the grain orientation in three directions, which are the
longitudinal (L), radial®, and tangential (T) directions (Figure 8).
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Figure 8. Timber material directions: (a) local coordination; (b) global coordination.

The timber orthotopic elastic properties can be defined by Equation (1) using linear
elastic stresses and strains:

[7]= [A][¢] 1)
where [7], [A], and [g] are the stress tensor, martial matrix, and strain tensor. The material

matrix [A] is determined by the compliance matrix ([B]) of the material properties based on
the local coordination.

[A] = [B] ! @)
(5 L -F 0 00 0]
1
- 5 —F 0 0 0
- -E 5 0000
[B] = . 3)
0 0 0 &~ 0 0
LR
1
0 0 0 0 (e 0
1
| 0 0 0 0 0 &

Er, ET, and E are the elastic properties; Grr, Gir, and Ggr are the shear moduli in
the respective orthotropic planes, and vrr, vrr, UrL, UrT, UTL, @and vTR are the Poisson’s
ratios in the respective orthotropic planes. To satisfy the material stability, the following
requirement should be achieved [48]:

1/2
Er,Etr, ER, Grr, Grr and Ggr > Olorg| < (%)

1/2
four| < (£)

1/2 )
Eg
jorr| < ()
1 — 9 RURL — URTUTR — OTLVLT — 20RLUTROLT > 0
- T
[@l=[or or or TR TT TR ®)
- T
] =[er er er YR YIT VYRT) (6)

The strength and stiffness of timber are typically high along the grain and low in the
other two directions (perpendicular to the grain). The parallel-to-grain direction in timber
beams generally matches the beam axial direction. However, there could be a deviation
between the beam axial direction and the direction parallel to the grain, which have a
significant influence on the strength and stiffness of a timber beam. To represent this
deviation in the numerical model, a transformation matrix [M] was introduced to the stress
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flo) =

[c] and strain [¢]. This [M] is formed with the angle of grain deviation between the local
and global coordination [28].

le] = [M] [¢] @)
o] = [M]"[7] ®)
[afal  ajed  aiad afa) o ot a{aZL i
AR zxirx% ajag ocﬁrx% ARy a?{(xﬁ
ko alad  aEad aXal axal ooz
M) = | AT T&T T&T TXT TXT T&T ©)
20%a%  20day 2050k atad +ajel  aiak +atak  ajak +aial
207y sz%a% 20507 tx’%a% + ocyToc’L‘ araf + agai ucyszzL =+ txZToc%
2a%ak 200t 20%05  akad +akek akak 4 aked  apad + akad ]

where the « is the cosine for the grain deviation angle, and the superscripts (x, y, z) and
subscripts (L, R, T) denote the local and global axes, respectively.

The anisotropic plastic behaviour of timber can be modelled using the rectangular
Cartesian stress components defined by Hill [46]. A similar method has been used by
Navaratnam et al. [31,33], Guan and Zhu [52], and Oudjene and Khelifa [29]. Hill’s yield
criteria are expressed as:

\/F((TRR - (TTT)Z + G(orr — (TLL)Z + H(opp — O’RR)Z +2Lo%; +2Mo2, +2No?, (10)

F,G,H, L, M, and N are Hill’s constants that were obtained from the experimental
tests of the timber in different orientations, which are defined as:

0)2
(¢ 1 1 1 {1 1 1
F = —_— | =z 5+ = - = (11)
2 <0-%{R ‘72TT U%L) 2<R%2 R§3 R%l)
((70)2< 11 1 ) 1( 11 1 )
2 ‘72TT (T%L ‘T%QR 2 R%s R%l R%z
02
o 1 1 1 1 1 1 1
H:(Z) (2 = >:2<z+z—z> (13)
0, 9rRrROTT Ry R3 Ry
0 2
_3<T ) -3 (14)
2\ rr 2RZ,
0 2
M—S(T> _ 3 (15)
2 grr ZR%S
0 2
N—3<T> S (16)
2\ 7rr 2R2,

where the measured 0 is the component yield stress to the reference yield stress oV of

timber. Ry1, Ryy, R33, R12, Rpz and Ry3 are the anisotropic yield stress ratios, which can be
obtained from Equation (16).

Ry = %4, Ry = %88, Ry = T a7)
Rip = &, Ri3 = &, Ry = ZF
0
0 (%
™= 18
7 (18)
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The orthotopic associate flow rule is expressed as:

d dA
dle], = d/\% = 7[]] (19)
_—G((TTT — ‘TLL) + H(O'LL - ‘TRR)_
F((TRR — (TTT) + H((TLL - URR)
] = —F(orr — or1) + G(0TT — 0LL) (20)
ZNU'LR
ZMUTL
L ZLO'RT |

where A is the plastic multiplier.

3.1.2. Model Implementation for Fir Timber Beam

Table 1 shows the material properties of timber used to calculate all the components
defined in Equation (1) to Equation (19). The FEM was developed using ABAQUS [48] finite
element software. In this model development, the following assumptions were made to
simplify the FEM. The first assumption is that the material properties of timber (Table 2) are
not affected by the moisture or environmental temperature variations. The timber profiles
are assumed to be free of defects. The material hardening and toughening is not accounted
in this model. A similar approach was used to model the anisotropic elasto-plastic timber
composite beams by Guan and Zhu [52]. The eight-node hexahedral brick element (C3D8R)
listed in the ABAQUS [48] element library was used to model the timber beam. To identify
the suitable mesh size, this study conducted convergence studies and defined the mesh
size as 10 mm x 10 mm.

Table 2. Material properties of timber [27,30] used in the FEM.

Weight density (kg/m3) 452
Young’s modulus L direction (MPa) 11,426
Young’s modulus R direction (MPa) 888
Young’s modulus T direction (MPa) 622

Poisson’s ratio LR 0.053
Poisson’s ratio RT 0.43
Poisson’s ratio LT 0.036

Shear modulus LR (MPa) 616

Shear modulus RT (MPa) 61.6

Shear modulus LT (MPa) 616

0¢,90° (MPa) 9.6
F 0.98

G 0.04

H 0.02
L=M 0.6

N 0.9

3.2. FEM of GFRP Pultruded Beam

The GFRP pultruded beam was modelled using the methods suggested by
Fernandes et al. [53] and Nunes et al. [54]. A shell element with four-node reduced
integration (54R) was used to create the GFRP pultruded profile. In the convergence study,
a mesh size of 5 mm x 5 mm was identified as the most suitable mesh to simulate the
flexural behaviour of a GFRP pultruded beam. The strength and elastic properties used in
the model were obtained in the experimental tests and literature reviews [27,53-57] and are
detailed in Table 3. The failure criterion was employed through the Hashin damage criteria
specified in ABAQUS [48]. The fracture energy associate with each failure mode is shown
in Table 3.
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Table 3. Elastic and strength properties and fracture energy of GFRP.

Modulus of elasticity (E7) 36,000 MPa
Modulus of elasticity (E;) 5100 MPa
Shear modulus (G13) 3000 MPa
Shear modulus (G13) 3000 MPa
Shear modulus (Gp3) 190 MPa
Poisson’s Ratio 0.28
Tensile strength (f; o°) 402 MPa
Tensile strength (f; 99°) 39 MPa
Compressive strength (f; o) 389 MPa
Compressive strength (f; go°) 101 MPa
Shear strength (f) 26 MPa
Fracture energy (Gg) 12.5 N/mm
Fracture energy (Gy) 12.5 N/mm
Fracture energy (Gt) 1 N/mm
Fracture energy (Guc) 1 N/mm

Note: ¢, t, f, and m denote the compressive, tensile, fibre, and matrix, respectively.

3.3. Contact and Interaction Definition

The surface interactions between the steel and timber and the GFRP and timber were
modelled using penalty friction contact defined in the ABAQUS [48]. Friction coefficients
of 0.3 and 0.5 were set for the surfaces between the steel and timber and the GFRP and
timber in the tangential direction. Hard contact was defined in the normal direction of
both interactions. The GFRP pultruded beam and fir timber beam were connected with
4.8-type steel screws (10 mm in diameter and 80 mm in length) and epoxy resin. The screws
were replaced with three non-linear spring elements per screw. Each spring element was
activated in the X, y, and z directions. The force-displacement relationship of these spring
elements is defined in the literature [58-61] (Figure 9). A surface-to-surface cohesive contact
was used to replace the epoxy resin bond between the timber and the GFRP. The tensile
strength, compressive strength, and Young’s modulus of the epoxy resin were 23.43 MPa,
56.54 MPa, and 2112 MPa [27], respectively. The cohesive properties of epoxy resin were
obtained from previous experimental studies [27,31,62—-64]. The normal and shear stiffness
(Knn, Kss, and Ky) of the epoxy was assumed to be equal (528 N/ mm?), and the fracture
energy (Gf) was taken as 0.92 N/mm.
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Figure 9. Load-displacement relationship for the screwed connection: (a) x and z direction;
(b) y direction (—ve is upward and +ve is pull-out direction).

4. Results and Discussion
FEM Validation

A comparison of the FE modelling results with the experimental results is discussed
herein, emphasizing the flexural strength, load—displacement response, and failure modes.
For the validation, bare white fir timber beams (A1, A5), and white fir timber beams with H-
type GFRP pultruded reinforcement (A3 + H3, A4 + H2) were selected according to Corradi
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and Borri [27]. During the experiments, it was noticed that some of the timber beams
had grain deviation (i.e., 1°-7°) between the fibre direction and the beam axis. Therefore,
this study developed eight FEMs that also considered the angle of grain deviation (a7)
between the local (L) and global (z) axes. Table 4 illustrates the types of FEMs developed in
this study.

Table 4. FEM details.

FEM Type of Details
FEM_A-0 0°
FEM_A-1 1°
FEM_A-2 2°
FEM_A-3 3° Unreinforced timber
FEM_A-4 4°
FEM_A-5 5°
FEM_A-6 6°
FEM_A-7 7°
FEM_A-0-H 0°
FEM_A-1-H 1°
FEM_A-2-H 2°
FEM_A-3-H 3° Reinforced timber
FEM_A-4-H 4°
FEM_A-5-H 5°
FEM_A-6-H 6°
FEM_A-7-H 7°
GFRP GFRP pultruded beam

The failure load values for both the experimental and FEM results are presented in
Table 5 for unreinforced timber beams Al and A5. The FEM results demonstrate that the
grain deviation had a certain degree of influence on the bending capacity of the unreinforced
timber beams. For grain deviations of 0° to 7° the test/FEM ratios varied from 0.93 to 1.03.
The failure load predictions for both the experimental and FEM results for the reinforced
timber beams A3 + H3 and A4 + H2 are reported in Table 6. In contrast, the FEM results
show that the influence of the grain deviation on the bending capacity of the timber beam
reinforced with GFRP was minimal compared to the variation noticed in the unreinforced
timber beam.

Table 5. Comparison of the test results with FEM predictions with different grain deviation angles
for unreinforced timber beams.

FEM Type Exp-(kN) FEM (kN)  Test*/FEM  ky3 Nmm-1) ky (Nmm™1)
Al 85.8 1975 1971
A5 78 1988 1547

FEM_A-0 87.3 0.94 2725 2380

FEM_A-1 88.1 0.93 2528 2235

FEM_A-2 85.1 0.96 2529 2261

FEM_A-3 82.3 1.00 2529 2280

FEM_A-4 81.4 1.01 2529 2245

FEM_A-5 79.3 1.03 2529 2276

FEM_A-6 83.6 0.98 2529 2114

FEM_A-7 85.7 0.96 2529 2210

* Average test value of Al and A5.
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Table 6. Comparison of the test results with FEM predictions with different grain deviation angles
for reinforced timber beam with GFRP H-type profiles.

FEM Type Exp. (kN) FEM (kN)  Test*/FEM  ky3 Nmm~1) ky, (Nmm™1)

A3 +H3 173.2 3699 3187

A4 +H2 148.3 3944 2284
FEM_A-0-H 141.6 1.14 4353 4182
FEM_A-1-H 141.6 1.14 4353 4114
FEM_A-2-H 145.8 1.10 4350 4183
FEM_A-3-H 142.1 1.13 4353 4172
FEM_A-4-H 148 1.09 4353 4183
FEM_A-5-H 1421 1.13 4341 4172
FEM_A-6-H 146.5 1.10 4354 4197
FEM_A-7-H 141.8 1.13 4354 4153

* Average test value of A3 + H3 and A4 + H2.

A comparison of the force—-displacement relationship between the FEM and experi-
mental tests of the unreinforced timber beam is illustrated in Figure 10. From the results, it
can be noticed that the FEM was able to reasonably capture the stiffness of the unreinforced
beam. In observing the FEM force-displacement curves with and without including the
grain deviation in the FEM analysis, it can be concluded that a grain deviation of 0° resulted
in slightly higher initial stiffness compared to a grain deviation of 1°-7°. Moreover, FEMs
with a grain deviation of 1°~7° produced an identical initial stiffness. However, there were
some differences in structural behaviour after reaching the peak load.

100
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80 . —— FEM_A-o
\ ——FEM_A-1
[}

60 ! —— FEM_A-2
= ! ———FEM_A-3
=, \ ——FEM_A-4
o 1
g 40 ! ——FEM_A-5
= ! FEM_A-6

: ——FEM_A—;
20 [
:
}
}
}
(0] I I I I I I I I I I I I I
0 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Deflection (midspan) [mm]

Figure 10. Comparison of bending load-displacement relationship between FEM and experimental
test of unreinforced timber beam.

A comparison of the experiment and FEM of the elastic test results of the GFRP
pultruded profile is depicted in Figure 11. It can be noticed that there was good agreement
between the experimental and FEM stiffness, given by the slope of the lines in the bending
load—deflection plot.
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Figure 11. Comparison of bending load-displacement relationship between FEM and experimental
test of GFRP pultruded beam [27].

A comparison of the bending load—displacement relationship between the FEM and
experimental tests of the timber beams reinforced with pultruded GFRP is depicted in
Figure 12. It can be observed that the FEM was able to capture the stiffness of the GFRP-
reinforced timber beam. This shows the capability of the developed FEMs. Unlike the
unreinforced timber beams, there were no variations in the initial stiffness between the
FEM force-displacement curves when the angle of grain deviation was taken into account
and when it was not. This is due to the fact that the GFRP-reinforced timber beam acted in
a composite manner and reduced the material scattering in the timber.
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Figure 12. Comparison of bending load-displacement relationship between FEM and experimental tests.
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The failure modes in the FEMs were also compared with the experimental ones.
Figure 13 compares the test and FEM failure modes for an unreinforced timber beam.
Flexural tensile rupture was noticed in the experiments, and the FEM also yielded similar
failure, as noticed from the von Mises stress distribution. The failure mode of the GFRP
pultruded profile subject to flexure is presented in Figure 14. The comparison of the failure
modes is shown in Figure 15. There was a clear tensile failure mode in the experiment,
and a similar failure mode can also be observed in the FEMs based on the von Mises
stress distribution.

(a) Experimental failure mode.

S, Mises C
(Avg: 75%)
+3.963e+01

an

+1.665¢-02

(b) FEM failure mode.

Figure 13. Comparison of failure modes between FEM and experimental test of unreinforced timber
beam (stress values are in MPa).

S, Mises
SNEG, (fraction = -1.0), Layer = 1

(Avg: 75%)
+2.565e+02
+2.351e+02
+2.137e+02
+1.924e+02
+1.710e+02
+1.496e+02
+1.282e+02
+1.069e+02
+8.550e+01
+6.413e+01
+4.275e+01
+2.138e+01
+7.473e-03

Figure 14. Failure mode of the bare GFRP pultruded profile subject to flexure from FEM (stress values
are in MPa).
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(a) Experimental failure mode.
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(b) FEM failure mode.
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(c) Failure mode of timber.
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(d) Failure mode of GFRP.

Figure 15. Failure mode comparison of the GFRP-reinforced timber beam (stress values are in MPa).

5. Conclusions

This paper presents a benchmark finite element modelling procedure that can accu-
rately simulate the flexural response of timber beams with GFRP pultruded reinforcement.
The developed finite element modelling procedure includes the connection between timber
beams and reinforcing GFRP pultruded profiles (adhesive and screw connections). The
model also considers the grain deviation in timber. The proposed modelling procedure
was verified against the experimental results available in the literature. The impact and
conclusions of this work are useful in timber research and practical applications:

e  The FEM introduced was able to capture flexural strength, load—displacement response,
and complex failure modes very similar to those in the experimental results.

e  The key point in the modelling procedure is the connection between the timber beam
and the GFRP pultruded profiles. The good agreement with the experimental results
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shows that the proposed spring-based modelling for screws can mobilise the composite
action within the system.

e  The influence of the grain deviation was also studied by considering different mode
angles in the models. The results demonstrate that the grain deviation influenced the
flexural strength of timber beams without GFRP pultruded reinforcement.

e It was noticed that there was a lesser effect of the grain deviation on the flexural
strength of timber beams with GFRP pultruded reinforcement.
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Nomenclature

E Young’s modulus
F,G H, L, M,N Hill’s constants
Grr, Grr, GRT Shear modulus
Gs, Ger Gmt, Gine Fracture energy

R11, Rop, R33, Rz, Ro3, Ry3
0

Anisotropic yield stress ratios
Poisson’s ratio

x(1),y2),z3) Global coordination

fo° Tensile strength parallel to grain

feoe Compressive strength parallel to grain

ft,00° Tensile strength perpendicular to grain

fe90° Compressive strength perpendicular to the fibre direction
fr Shear strength

[M] Transformation matrix

€] Strain tensor

£ Strains in the local coordinate system

€ Strain

[@] Stress tensor

o Reference yield stress

T Stresses in the local coordinate system

o Normal stress

0c90° Yield stress under compression in the perpendicular direction
o Cosine for the grain deviation angle

T Shear stress

Y Shear strain

A Plastic multiplier
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Subscripts

c Compressive

f Fibre

t Tensile

m Matrix

L Longitudinal direction (parallel to grain)
R Radial direction (perpendicular to grain)
T Tangential direction (perpendicular to grain)
Abbreviations

CEFRP Carbon fibre-reinforced polymer

FEM Finite element model

FRP Fibre-reinforced polymer

GFRP Glass fibre-reinforced polymer

RC Reinforced concrete
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