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Summary

Brittle failure of glue-laminated (glulam) timber beams usually occurs on their tension faces. Fibre-
reinforced plastic (FRP) composite laminates, bonded to the beam soffit, have successfully been used
to enhance their structural performance and induce ductile/plastic compression behaviour. The
bending strength, stiffness and ductility can be further improved by pre-tensioning the FRP before
bonding it in the tension zone of the glulam beam.

Analytical models to predict the stiffness and flexural strength of prestressed FRP reinforced glulams
are outlined in this paper. The elastic-plastic behaviour of FRP reinforced timber and various failure
modes are incorporated. The theoretical results indicate that the performance of low-strength timber
can be significantly enhanced by prestressing with FRP composites.

1. Introduction

Glue-laminating is a well-established technique for minimising the effect of strength reducing defects
that exist in low-grade solid timber beams. Improvements in structural performance have been
achieved by bonding fibre-reinforced plastic (FRP) composite laminates, which have a high strength-
to-weight ratio, to the tension face of the glulam beam [1]. Failure of an unreinforced glulam
normally occurs in the bottom laminate and is usually initiated by the presence of a knot. FRP
reinforcement changes the mode of failure from that of brittle tension nature to a more predictable
ductile/plastic compressive mode.

The primary objective of the research described in this paper is to examine the feasibility of further
increasing the flexural strength, stiffhess and ductility of low strength, home-grown Sitka spruce
glulam beams by bonding pre-tensioned FRP laminates in the tension zone. By applying a prestress,
the FRP material may be more efficiently used, since a greater portion of its tensile strength is
engaged. As a result, the quantity of fibres requlred and costs are reduced. Prestressing effectively
increases flexural strength by introducing an initial compressive stress into the timber fibres that in
service are under tension. The application of prestress via an eccentric tendon causes the beam to
bend upwards along its length. This pre-camber will offset deflection under loading and effectively
increase stiffhess.

Initial efforts at prestressing timber considered readily available steel as reinforcement [2]. The ratio
of the ultimate strain of FRP to that of steel is approximately 2.5 - 3.5 to 1. This means that FRP will
stretch more than steel if both are prestressed to the same percentage of their ultimate tension
strength (UTS). Therefore, prestress loss, due to elastic shortening and creep of the timber, when
using FRP will be less than that associated with steel.

Limited research on timber beams reinforced with bonded prestressed FRP laminates has been
reported. Analytical and experimental studies on the flexural behaviour of prestressed carbon FRP
reinforced defect-free beams demonstrate their superior performance [3]. The benefit of prestressing
low strength, inexpensive timber with relatively cheap glass FRP has undergone very little
investigation. Rodd et. al. (2003) [4] is the only study known to the author that considered
prestressed glass FRP reinforcement of low quality UK softwood. An increase in bending strength of
439% was reported.



With the exception of Rodd et. al. (2003) [4], all the investigations referred to above, considered
timber beams reinforced with a FRP laminate bonded directly onto the tension soffit. In practice, an
additional timber laminate, referred to in this paper as a bumper, is often bonded below the FRP to
improve fire performance and aesthetics. The effect of this timber facing on load-deflection
behaviour of non-prestressed glulams was examined by Romani et. al. (2001) [5] who found that the
load-carrying capacity dropped sharply after the initial failure of the bumper laminate. However, the
load capacity then increased until a subsequent global failure of the glulam above the FRP occurred.

This paper describes analytical models developed to predict the stiffness and ultimate flexural
strength of prestressed FRP reinforced glulams containing a bumper laminate. The behaviour of
FRP-prestressed glulams in comparison with unreinforced and non-prestressed FRP reinforced
beams is examined. The models incorporate the initial failure of the bumper and the global failure of
the glulam above the FRP. The plastic compression behaviour of timber and different failure modes,
depending on the ratio of tension and compression strength, are taken into account.

2. Theoretical Basis of Models
2.1 Stiffness Model

The initial location of the neutral axis from the tension face, y g wq and the stiffness, Ex I are
calculated using a series of transformed section analyses (TSA), according to the theory of a
composite section in a linear-elastic state. The TSA is carried out with and without a bumper
laminate to take into account the shift in the neutral axis after the bumper fails in a linear-elastic
state. The location of the neutral axis, y g mqx 1S calculated from Equation 1.
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where A, ; = transformed cross-sectional area of each constituent laminate, i.
¥, = distance from the tension face to the centroidal axis of each constituent, i.

The second moment of area, 7 of a FRP reinforced glulam beam is determined by applying the
parallel axis theorem to the transformed cross-section using Equation 2.

IE :2(1[+Aeq,[yEg,[2) (2)
where I; =second moment of area of each constituent part, i of the composite beam.
Veg i = distance from the neutral axis of the transformed section to the centroidal axis of

each constituent part, i (i.€.) |V ax — V| -

The stiffness, Ex Iz of the composite glulam is then calculated by multiplying 7z by the modulus of
elasticity (MOE) of the laminate to which all the constituent parts were transformed.

2.2 Flexural Strength Model

The flexural strength model estimates the moment capacity (M,), modulus of rupture (MOR), and
the ultimate bending strength (UBS / f',,,) of unreinforced glulams and non-prestressed and
prestressed FRP reinforced glulams, based on the uniaxial compression and tension strengths of the
timber, f 7., and f 7,,. The variation in strain and stress through the depth of the cross-section and
load-deflection curves can be plotted. The model is based on the stress-strain relationship and modes
of failure of unreinforced timber proposed by Buchanan (1990) [6]. The fact that the tensile stress at
failure in bending, 1., is greater than that at failure in uniaxial tension, f 7, is taken into account by
calibration with unreinforced bending tests. The tension strength, f 7, will effectively be increased
with the addition of FRP. The model is modified to account for this effect and calibrated with
bending tests on FRP reinforced beams.



2.2.1 Timber Stress-Strain Relationship

stress, o (H/mm) The idealised uniaxial stress-strain (¢ - €)

’ relationship of timber used in the model is
shown in Figure 1. Compression behaviour
is assumed to be bi-linear elastic-plastic.
£ m.E- Once the ultimate compression stress, f 7.,
: \%ég with a corresponding yield strain, € ), is

i reached, it is not retained, but decreases
. linearly, with increasing strains, to a certain
E; ! ratio, » of f .. The slope of the falling
Eru = T branch is a constant ratio, m of the MOE of
m m the timber, E7. In tension, the behaviour is
assumed to be linear-elastic to brittle
failure.
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E: The FRP is assumed to be linear-elastic to
failure with a MOE value, Er and ultimate
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Fig. I Idealised bi-linear elastic-plastic uniaxial
stress-strain relationship at failure

2.2.2 Modes of Failure

The UBS of a FRP reinforced glulam depends on the mode of failure. In general, four distinct failure
modes are possible in defect-free wood, depending on the ratio of the ultimate tension and
compression strengths [6]. In this paper, these modes are referred to as pure tension, partial tension,
partial compression and pure compression failure. For timber that is weaker in tension than in
compression, pure tension fracture occurs when the stress in the extreme timber fibres in tension, f 7,
reaches the UBS, f,,,, while the cross-section is in a linear-elastic stress state. Ductile yielding of the

outermost compression fibres begins when the stress in these fibres, f 7., reaches the ultimate
compression strength, f 7, and an elastic-plastic stress distribution develops. Partial tension failure
occurs when minimal compression yielding has taken place and occurs in clear wood or FRP
reinforced timber which is slightly stronger in tension than in compression. For material that is
considerably stronger in tension than in compression, significant compression yielding occurs and the
failure is classified as partial compression. For material that is extremely strong in tension compared
to compression, pure compression failure occurs if the compressive stress, f 7, reaches the UBS, f ..
This is unlikely to occur in low-grade timber and so is not considered further.

Previous testing indicates that, after failure of the bumper laminate, the load carrying capacity will
increase until a subsequent global failure of the glulam above the FRP occurs [5]. Six failure modes
of FRP reinforced beams, including a bumper laminate, are incorporated into the model. The six
modes are considered in pairs depending on whether or not the bumper laminate is intact.

(a) & (b) Pure tension fracture of the bumper laminate or the laminate above the FRP.
(c) & (d) Partial tension fracture of the bumper laminate or the laminate above the FRP.

(e) & (f) Partial compression failure, with significant compression yielding, of the top laminate,
before or after the bumper laminate has failed.

To determine the ultimate moment and UBS, it is necessary to locate the neutral axis for each failure
mode. Elementary linear-elastic theory applies to failure modes (a) and (b). In order to locate the
position of the neutral axis, y g nq for the elastic-plastic stress distribution, before and after the
bumper laminate fails, a quadratic equation was derived that defines its position in terms of the
maximum tensile stress induced in bending. Before the model equations are presented, the
parameters used to describe the elastic-plastic stress profile are defined. The moment capacity, M, is
calculated by taking moments of the internal forces about the neutral axis.



2.2.3 Elastic-Plastic Stress Profile Parameters

The idealised strain and stress distributions

€ rex f o (l-f)fm:

be ey fro=cla 2mfm in a FRP reinforced glulam of total height,
@ compresson 7 Fool h 4 and width, b , when subjected to
© A e e [ ‘4% ahs  loading sufficient to cause ductile yielding,
5 e — el acs . ¢ are shown in Figure 2. The tension stresses
ol 4. 10 the laminate above the FRP and the
h . @ ' bumper laminate are f 7, and f 73,
hifgeess=oclznoon=cfoo-ooo-nJo--c-a- respectively, and are expressed as ratios n
® and p of the yield compression stress, f 7.
o Ercnfe fomf o LR chilg The falling branch of the stress distribution
A Erg ; y Fio PN results in a stress in the extreme
b o e A0 N e, compression fibres, f 7. that is less than the
| ‘ ultimate stress, f z,, by a ratio, . The FRP
go=pfrm  fre=pfu stress distribution is simplified to a
Er . rectangular block with an average stress,
(a) CROSS - SECTION (b) STRAIN, £ (ug)  (c) STRESS, o (N/mm’)

o r. The modular ratio, » 7 is a ratio of the

MOE of the FRP to that of the ti .
Fig. 2 (a) FRP reinforced glulam cross-section OF of the 0 that of the timber

(b) & (c) ldealised strain and stress distributions

The parameters a, b, ¢, d and e are ratios of certain heights of the stress distribution relative to the
total height of the cross-section, 4 4. The ratio, (d + e) is expressed as a constant depth ratio, 4.

2.2.4 Quadratic Equation to locate the Neutral Axis for Failure Modes (c¢) and (e)

Using the notation shown in Figure 2(c), the total internal tension and compression forces are:

2 2 :
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For axial force equilibrium, the sum of the total tension and compression forces must be equal to
zero. This yields the following quadratic equation used to determine the neutral axis depth ratio, c.

2mA
c’ [—p—l—2—ﬂ—2m—mpj+c[—2nTpd—2pe+%+2—ﬂ—4A+2m+2mp—l—4mA—2mApj
P P p P P

2
—n,pd* — pe(2d +e)— A’ [%+2J+2A—m(p—ZA—ZAp+A?+2A2+A2pJ=O (3)

2.2.5 Quadratic Equation to locate the Neutral Axis for Failure Modes (d) and (f)

Similarly, a quadratic equation, in terms of the stress ratio, n, can be obtained to determine the depth
ratio, c after the bumper laminate fails.

c (—n—l—2—m—2m—mnj+c(—2nrnd+2—2d+2m(n+1)(1—d)) —n,nd’ —m(n—Zdn+d2n) =0

(6)



2.3 Prestressed FRP Model

In prestressing a glulam, the FRP laminate is stretched and anchored at both ends. The top glulam
section and the bumper laminate are then bonded to the FRP. Upon gradual release of the tension
load, the prestress is transferred to the timber by the cured adhesive layer. The application of
prestress induces compression stress in the bottom of the beam. On the other hand, applied load
results in tension stresses in the bottom. As the applied load is increased, the compressive stress in
the bottom face of the beam due to prestress gradually reduces to zero. These different stages of
flexural response are examined in the strength model using a three-phase analysis [7], as illustrated in
Figure 3. The computer model developed for the strength computations determines the stress
distribution by incrementally increasing the tension stress in the bottom of the bumper laminate due
to the applied loading and finding the corresponding neutral axis position. Therefore, it is essential to
determine the applied tension stress required to offset the initial compression stress induced in the
bumper due to prestress.

2.3.1 Stage 1 - Prestress Transfer

‘Cross—section‘ ‘Stress, o (N/mml)‘ The introduction of a pI'CStI"eSSCd FRP
Iy laminate, located at an eccentricity, e
Own=7Z% Go=p. -Cuwm (=¥ tmax — N — hr/2) below the neutral
= O compression axis, pre-tensioned to a force, P; (= p;.Ar),
§ O o creates the stress distribution illustrated in
—%—= ©* _centoidal axis F1guUre 3(a) in the timber, upon prestress
1 —newralaxis  release and transfer. The application of this
eccentric force in the FRP is equivalent to
O applying an axial compressive force, P; and
a hogging moment, M, at any given section
of the timber. The moment due to the
prestress is a product of the pre-tension
(a) Stage 1 - Prestress Transfer force and eccentricity (i.e.) M, = P,.e. The
. axial compressive force component creates
O O« =0wy . frn=0w-0w» aconstant axial stress distribution of
— ‘ ‘ magnitude, p;. The hogging moment causes
§ i/ ;& the beam to deflect upwards or pre-camber
N along its length, resulting in tension on the
— top face and compression on the bottom.
" ; Therefore, the bending component creates
Qlp +om & : a linear stress distribution with tension and
compression Stresses, o ,m & o ¢ at the
Cw  Cw=-0u FrocCuw-Tw=0 extreme fibres. It is important to note that
the bending stresses induced in the timber
(b) Stage 2 - Decompression due to the prestress are calculated relative
to the elastic section moduli of the gross
frocGu-Cp Ow=00 5 T frm=0w-0.+0. timber cross-section only, Z . On the other
A— e ———— hand, the stresses induced in the timber due

—
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Fig. 3 Three-phase prestress analyses



P M M y max
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where Z1,, Z 1, = elastic section moduli of timber relative to the top and bottom fibres.

2.3.2 Stage 2 - Decompression

In order to reach the load level at which zero stress and strain exists in the bottom of the bumper
laminate, an external decompression moment, M,, defined by Equation 9, must be applied. The
application of M, induces the applied decompression tension stress, g ., in the bottom of the bumper
laminate and the corresponding compression stress, o .4 in the top of the glulam:

M M ¢ max
o-td = . = ! yEt, = _o-cp (9)
ZEb IE
O-cd :ch'm (10)
yEt,max

Combining these incremental decompression stresses with the pre-tension stresses at transfer, the
overall stress levels, at the end of the decompression stage, in the bottom and top of the glulam are:

thB zo-td _O-cp :0 (11)
chx zo-cd _O-tp (12)

The definition of the stress, and corresponding strain, distribution at the end of the decompression
phase is an important intermediate step in the prestressing analyses because it enables the distribution
at other load levels to be easily established in the flexural strength model.

2.3.3 Stage 3 - Applied Loading after Decompression

The effect of increased moment after decompression on the stress distribution is shown in Figure
3(c). The final stresses in the bottom, f 7,5 and top, f 7. of the glulam for the linear-elastic case are:

thB =0, =€&p-Er (13)

chx =0,—-0,%t0, (14)
where o0, = incremental tension stress due to applied moment, M.

0. = incremental compression stress due to applied moment, M (i.e.) o, ( Viemax /| yEl,max) :
The total tension stress in the FRP, ¢ 5 at any time during stage 3 is determined by Equation 15:
Op =Pit0p 0y (15)
where p, = initial pre-tension stress applied to the FRP (i.e.) P/ A4, .

o ra = stress induced in the FRP due to the applied decompression moment, M,.

o ra = stress induced in the FRP due to applied moments, M after decompression.



3. Results and Discussion

The features of the model were demonstrated using four different glulam configurations, modelled in
four-point bending over a span of 3960mm. These consisted of 1 unreinforced control beam (C), 1
non-prestressed FRP reinforced glulam (R), and 2 prestressed FRP reinforced beams (P1, P2). The
FRPs bonded to beams P1 and P2 were pre-tensioned to 25% and 50% of their UTS, respectively.
The top glulam section was 195mm deep and 96mm wide. A 25mm deep bumper laminate and a
3.6mm thick FRP laminate of the same width were bonded to this top section to form a reinforced
beam of total height, 4,4 equal to 223.6mm, as shown in Figure 2(a). The input values of timber
ultimate tension, f 7, and compression, f 7, strength used in the models were 27.1 and 30.6 N/mm’,
respectively, as reported by Patrick (2004) [8] for C16 grade Irish Sitka spruce. Patrick (2004) [8]
also established that the slope of the plastic portion of the compressive 6 - € relationship is a ratio, m
equal to 0.149 of the MOE of the timber. Machine grading was used to determine a mean MOE
value of 7873 N/mm’ for Irish Sitka spruce, The UTS and MOE of the FRP laminate applied in the
model were 1000 N/mm® and 39000 N/mm’, respectively, as reported by Patrick (2004) [8] for a
glass fibre/polyurethane resin FRP. Model predlctlons for stiffness, load-deflection and ultimate
capacity at initial failure of the bumper laminate and global failure ‘of the laminate above the FRP are
summarised in Table 1.

Table 1 Analytical model stiffness and ultimate capacity results

Stiffness Load - Deflection Ultimate Capacity
Beam No. Beam Type Beam Lay - Up Egplg Failure Mode W 0. M, S mu
(Gd) o (@) (Nmm *x 10 ) © (kN) mm) || (Nm) | N/mm?)
. With Bumper 0.674 .
C Unreinforced Control Without Bumpér 0432 (c) Bumper Laminate 39.80 68.3 26.27 34.15
x| NonPrestiessed FRP | With Bumper_| __ 0777__ | (o) Bumper Laminate__| 5562 | 061 | 3671 | 4475
pi=0% FRP UTS Without Bumper 0.589 (d) Laminate Above FRP 48.79 122.3 32.20 45.10
P2 Prestressed FRP |  With Bumper | 0777 __ || _(c)BumperLaminate |l 7899 | 946 J 5213 | 4498
pi=50% FRP UTS Without Bumper 0.589 (d) Laminate Above FRP 70.00 102.3 46.20 45.30
Pl Prestressed FRP | With Bumper _ | __0.777 __f _ (c)BumperLaminatc || 9686 | 1025 JI 6393 [ 4630
pi=25% FRP UTS Without Bumper 0.589 (d) Laminate Above FRP 86.67 114.6 57.20 46.64

The FRP reinforced beams show an increase of 15% in stiffness with the addition of only 1.64%
reinforcement. The upward pre-camber deflection also effectively increases the stiffness of the
prestressed glulams. The moment capacity, M, of the control beam, before the bumper laminate fails,
is increased by 98% and 143% when reinforced with a FRP laminate prestressed to 25% and 50% of
its UTS, respectively, in comparison with 40% when the same FRP is not pre-tensioned.

- — -~ Unreinforced Control (C) The tension stress in the bumper laminate
0 Prestressed FRP ® at failure in bending, f ,,, for beam P1 and
P2 P2 increases by 32% and 36%,
004 Prostiossod FRP (1) - ":/A respectively, in comparison with 31% for
I Prestessed P P2 T i beam R. This increase due to the presence
= 6 of the FRP is briefly discussed in Section
< - 2.2.
H 2 =X The predicted midspan deflection, J. due
2 é 40 R to two symmetrical applied loads, W,,/2
- , for all the beams is illustrated in Figure 4.
z 201, The behaviour of the unreinforced beam
(C) 1s essentially linear, representing a
: — * * * * * * ' near pure tension fracture. The
40__--<20 20 40 60 & 100 120 140 relationship for the non-prestressed and
-20 - » —umpertaiore prestressed FRP reinforced beams is

Midspan Deflection, & . (mm)

(due to 2 symmetrical applied loads) «— cobarmiure  SIMilar and can be considered to consist of

a number of distinct regions: the linear-
elastic phase, the elastic-plastic phase
before the bumper fails, bumper failure
and the post bumper failure phase.

Fig. 4 Theoretical load, W,, versus deflection, J,



For the non-prestressed FRP reinforced case, after the initial linear-elastic phase, the effect of plastic
yielding of the timber compression face, as the ultimate load, W, of the bumper is approached, is
illustrated. The load carrying capacity then decreases rapidly when the bumper laminate fails. As the
FRP laminate is assumed to remain undamaged, during the post bumper failure phase, the load
capacity increases again until global failure of the glulam above the FRP occurs. For the prestressed
beams, the negative pre-camber deflection, due to a constant hogging moment, M,, is plotted. The
early portion of the positive deflection response represents the decompression stage. The ultimate
load of the prestressed beams, P1 and P2 is 98% and 143% greater than that of the unreinforced
beam (C), whereas the non-prestressed beam (R) shows a 40% increase. In addition, beams R, P1
and P2 are more ductile than the control beam, deflecting 80%, 50% and 68%, respectively, more at
failure of the laminate above the FRP. This indicates that prestressed beams have a higher load
capacity but are less ductile than the non-prestressed FRP reinforced glulam.

4. Conclusions

The analytical models presented in this paper suggest that the bonding of pre-tensioned FRP
laminates in the tension zone of low-grade glulam beams can significantly improve their flexural
strength and ductility. Eccentric prestressing also effectively increases the stiffness by introducing an
upward pre-camber to offset deflection under loading. The models developed take into account the
plastic behaviour of timber in compression and different failure modes of FRP reinforced beams,
incorporating a bumper laminate, are considered.

In the next phase of the research, the models will be validated and calibrated with the results of full-
scale tests. In addition, further research is necessary to investigate the effect of short-term elastic
shortening and long-term creep of the timber on prestress loss.
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