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ABSTRACT 

 

Fibre-reinforced polymer (FRP) plates have been used successfully to enhance the 

structural performance of glue-laminated (glulam) timber beams. Unreinforced glulams 

usually fail in tension in a brittle fashion. The addition of reinforcement to the tension 

zone can result in plastic compression behaviour in the timber at failure. This paper 

examines the feasibility of further improving the flexural strength, ductility and stiffness 

of glulams by pre-tensioning the FRP prior to bonding. In practice, an additional timber 

board, referred to as a bumper laminate, is often bonded below the FRP to improve fire 

performance and aesthetics. 

 

An analytical model to predict the load-deflection behaviour and moment capacity of 

prestressed FRP reinforced glulams is outlined in this paper. The model incorporates the 

elastic-plastic compression behaviour of timber, the effect of the bumper laminate and 

the possible failure modes depending on the ratio of tension to compression strength. 

Plastic deflections are determined by applying the principle of virtual work to strain 

energy theory. 

 

The performance of FRP-prestressed glulams in comparison with unreinforced and non-

prestressed FRP reinforced glulams is predicted. The FRP-prestressed glulams obtained 

a higher theoretical ultimate moment and deflection in comparison with the non-

prestressed reinforced beams and an unreinforced control. The experimental programme 

to validate the results of the analytical model is ongoing. As a result, preliminary 

validation of the model is carried out using theoretical and experimental results for non-

prestressed and prestressed FRP reinforced glulams reported in existing literature. 

Excellent agreement was found between the theoretical results. The model yields 

conservative values of moment capacity in comparison with the experimental results. 

 

 

INTRODUCTION 

 

Glue-laminated (glulam) timber beams consist of several layers of small section timber 

laminates bonded together on their wide faces to form large cross-section structural 

members. Unreinforced glulam beams generally fail in tension at the bottom laminate in 

a brittle fashion. The bonding of an FRP plate in the tension zone of a glulam beam 

enhances the tensile properties of the timber. If sufficient reinforcement is provided, the 

compression fibres of the beam undergo wrinkling and the mode of failure changes 

from that of brittle tension to a more predictable ductile mode. 

 

In the USA, the commercialisation of non-prestressed FRP reinforced glulam beams, 

manufactured from relatively high grade timber laminates, has taken place [1]. Sitka 
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spruce, the most abundantly grown softwood species in Ireland, is processed mostly to 

grade C16 and so is unsuitable for glulam manufacture. Limited research on the use of 

cost effective glass FRP plates to reinforce glulams made from this low-grade timber is 

available [2]. The FRP plates were bonded directly onto the tension face of the beams. 

In practice, an additional timber laminate, referred to in this paper as a bumper laminate, 

is often bonded below the FRP to improve fire performance and aesthetics. The effect of 

this timber facing on load-deflection response is of critical importance. 

 

This paper examines the feasibility of further improving the structural performance of 

low-grade glulams by pre-tensioning the FRP prior to bonding. By applying a prestress, 

the FRP material may be more efficiently used, since a greater percentage of its tension 

capacity is employed. As a result, the FRP thickness and associated cost is reduced. 

Prestressing effectively increases flexural strength and ductility by inducing initial 

compressive stresses that counteract part of the tensile stresses produced by applied 

loads. Eccentric prestressing causes the beam to bend upwards. This pre-camber will 

offset deflection due to applied loads and effectively increase the stiffness. 

 

There have been relatively few studies on the reinforcement of timber beams with 

prestressed FRP. Triantafillou and Deskovic [3] carried out analytical and experimental 

research on the flexural performance of a defect-free solid timber beam prestressed with 

a carbon FRP sheet. Increases in strength (40%), stiffness and ductility were attained. 

Medium-grade glulams have been reinforced with 0.2% prestressed carbon FRP plates 

bonded directly onto the beam soffit with no bumper laminate [4]. The ultimate moment 

of the control beams was increased by 34% when reinforced with prestressed FRP in 

comparison with 22% when the same FRP is not tensioned. As far as the authors are 

aware, there has only been one study that considered prestressed glass FRP 

reinforcement of low-grade glulams manufactured with a bumper laminate [5]. An 

increase in flexural strength of about 43% was achieved. 

 

This paper describes an analytical model to predict the moment capacity and load-

deflection behaviour of FRP-prestressed glulams. The development of an elastic-plastic 

stress state in a prestressed glulam is illustrated. Various failure modes, which depend 

on the ratio of timber tension to compression strength and the reinforcement percentage, 

are considered. The effect of the bumper laminate on the flexural behaviour is 

incorporated. The improved performance of FRP-prestressed glulams in comparison 

with unreinforced and non-prestressed FRP reinforced glulams is evaluated. The 

experimental programme to validate the results of the model is still in progress. 

Therefore, preliminary verification of the model is performed using theoretical and 

experimental results reported in Rodd and Pope [5] and Romani and Blaß [6] for 

prestressed and non-prestressed FRP reinforced glulams, respectively. 

 

 

ANALYTICAL MODELS 

 

Stiffness Model 

 

The initial position of the neutral axis of an FRP reinforced glulam relative to the 

tension face yEt max and the stiffness EE.IE are calculated using a series of transformed 

section analyses (TSA), according to the theory of a composite section in a linear-elastic 

state. The second moment of area IE of a FRP reinforced glulam beam is determined by 
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applying the parallel axis theorem to the transformed cross-section. The stiffness EE.IE 

of the composite beam is calculated by multiplying IE by the mean modulus of elasticity 

(MOE) ET of the timber laminates that make up the glulam. All the constituent parts of 

the composite beam are transformed relative to this mean MOE. 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. 

 

Flexural Strength Model 

 

The flexural strength model predicts the moment capacity Mu and the ultimate bending 

strength (UBS) fmu of unreinforced glulams and non-prestressed and prestressed FRP 

reinforced glulams, based on the uniaxial compression and tension strengths of the 

timber fTcu and fTtu. Load-deflection curves can also be plotted. As described in the 

introduction, FRP reinforced glulams exhibit significant plasticity when compression 

yielding occurs. This non-linear compressive stress-strain behaviour must be taken into 

account in order to determine realistic estimates of the structural capacity of FRP 

reinforced glulams. The model is based on the uniaxial stress-strain relationship and 

modes of failure of unreinforced timber proposed by Buchanan [7]. Buchanan’s stress 

distribution effect, which accounts for the tensile stress at failure in bending fmu being 

greater than that at failure in uniaxial tension fTtu, is taken into account. The tension 

strength of the timber fTtu will effectively be increased with the addition of the FRP. 

Buchanan’s UBS equation is modified to account for this strength enhancement effect 

[8]. 

 

Stress-Strain Relationships 

 

The idealised uniaxial stress-strain relationship for timber, parallel to the grain, used in 

the model is illustrated in Buchanan [7]. The timber is assumed to display a bi-linear 

elastic-plastic stress-strain response in compression. The behaviour is linear-elastic until 

the ultimate compression stress fTcu, with a corresponding yield strain εTcy, is reached. 

Thereafter, stress decreases linearly with increasing strain. The slope of this falling 

branch of the stress-strain relationship is a constant ratio m of the MOE of the timber 

ET. In tension, the response is assumed to be linear-elastic to failure. The MOE of the 

timber is assumed to be the same in tension and compression. In addition, the MOE of 

the timber laminates that make up the glulam beam are assumed to be constant and 

equal to their mean value. The FRP is assumed to be linear-elastic to failure with a 

MOE value EF and ultimate tension strength (UTS) fFu. The contribution of the adhesive 

is neglected. 

 

Prestressing Theory 

 

A glulam can be prestressed by adhesively bonding a pre-tensioned FRP plate to the 

bottom of the beam where tensile stresses are anticipated. The application of prestress 

induces compressive stresses 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 and subsequently tension stress is induced. These different stages of flexural 

response are examined in the strength model using the four-phase analyses described 

below and illustrated in Figure 1. Compression and tension stresses or strains are 

defined as positive and negative respectively. 
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1.  Prestress transfer 

A FRP plate, located at an eccentricity e and pre-tensioned to a force Pi, produces the 

stress distribution illustrated in Figure 1(a) in the timber, on prestress release and 

transfer. The application of this eccentric force in the FRP is equivalent to applying an 

axial compressive force Pi and a hogging moment Mp to the timber section. The hogging 

moment is the product of the prestress force and the eccentricity. The axial compressive 

force component creates a constant axial stress distribution of magnitude pTi. The 

hogging moment causes the beam to deflect upwards or pre-camber along its length, 

resulting in tension σtpm on the top face and compression σcpm on the bottom. Assuming 

linear-elastic conditions, the total stresses due to eccentric prestress in the top (tension) 

fibres σtp and the bottom (compression) fibres σcp are determined using Equations 1 and 

2, respectively. The pseudo-stress in the timber at the FRP level is denoted as σFcp. 

 

pi
tp Ti tpm

G B Tt

MP
p

A A Z
 = − = −

+
        (1) 

 

pi
cp Ti cpm

G B Tb

MP
p

A A Z
 = + = +

+
        (2) 

 

where AG, AB = cross-sectional area of the glulam and the bumper, respectively. 

ZTt, ZTb = elastic section moduli of the gross timber cross-section only relative to 

the top and bottom faces, respectively.   

 

2.  Decompression 

As shown in Figure 1(b), to develop zero stress in the bottom of the beam, an external 

decompression moment Md must be applied. Combining the resulting decompression 

tension σtd and compression σcd stresses with the pre-tension stresses at transfer, the net 

stress levels, at the end of the decompression stage, in the bottom of the bumper fTtB and 

in top of the beam fTcx are: 

 

0d
TtB cp td cp

Eb

M
f

Z
  = − = − =                                     (3) 

 

Tcx tp cdf  = − +          (4) 

 

where ZEb = elastic section modulus of the transformed section relative to the bottom. 

 

3.  Applied loading after decompression – linear-elastic 

Increasing the applied moment after decompression results initially in a linear-elastic 

stress distribution (Figure 1(c)). The net stresses at the bottom (tension) of the bumper 

fTtB and at the top (compression) of the beam fTcx are: 

 

TtB cp taBf  = −                                                   (5) 

 

Tcx tp caf  = − +          (6) 

 

where σtaB, σca = tension and compression stresses due to the applied moment, M. 
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4.  Applied loading after decompression – elastic-plastic 

If the compressive stress in the top of the beam fTcx reaches the compression strength    

fTcu, yielding occurs, an elastic-plastic distribution develops and the neutral axis shifts 

downwards (Figure 1(d)). The falling branch of the stress-strain relationship results in a 

stress in the extreme compression fibres that is a factor r times the ultimate stress. The 

net stresses at the bottom fTtB and top fTcx of the beam for the elastic-plastic case are: 

 

TtB cp taBf  = −                                                   (7) 

 

  .Tcx Tcuf r f=                                                        (8) 

 

 

 

  

                 

       

 

Figure 1. Four-phase prestress analyses 
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Figure 1. Four-phase prestress analyses (continued) 

 

 

Elastic-Plastic Stress Profile Parameters 

 

The idealised elastic-plastic strain and stress distributions in a prestressed FRP 

reinforced glulam are shown in Figure 1(d). The tension stresses in the timber directly 

above the FRP and at the bottom of the bumper are fTtx and fTtB, respectively, and are 

expressed as ratios n and p of the yield compression stress fTcu. The modular ratio nT is a 

ratio of the MOE of the FRP to that of the timber. The parameters a, b, c, d and e are 

ratios of certain heights of the stress distribution relative to the total effective height of 

the cross-section hA. The ratio (d + e) is expressed as a constant depth ratio A. The 

parameter f is the ratio of the FRP plate width bF to the beam width bG. 

 

The total tension stress in the FRP σFt during phase 3 or 4 is determined by Equation 9. 

 

Ft i Fap = +                                                      (9) 

 

where pi    = initial pre-tension stress applied to the FRP (i.e.) Pi /AF. 

            AF   = cross-sectional area of the FRP plate. 

σFa = tension stress induced in the FRP due to applied moment M. 

 

Modes of Failure 

 

The moment capacity and UBS of an FRP reinforced glulam depends on the mode of 

failure in bending. Previous experimental studies have shown that failure of reinforced 

beams usually occurs by tension fracture of the timber without complete plastification 

of the compression zone [2]. The degree of compression yielding which takes place 

depends on a number of factors including the relative tension and compression strengths 

of the timber and the quantity of reinforcement. In general, four distinct failure modes 

are possible in defect-free wood, depending on the ratio of the ultimate tension and 

compression strengths [7]. Mode four occurs if the compressive stress in the top of the 

beam fTcx reaches the UBS fmu. This is unlikely to occur in low-grade timber and so is 

not considered further. 
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Romani and Blaβ [6] found that the load-carrying capacity dropped sharply after the 

initial failure of the bumper laminate. However, as the FRP plate appeared to remain 

undamaged, the load capacity increased again until a subsequent failure of the glulam 

above the FRP occurred. Six failure modes of FRP reinforced beams, including a 

bumper, are incorporated into the model: 

 

(a) Tension fracture of the bumper laminate with no compression yielding. 

(b) Tension fracture of the glulam above the FRP with no compression yielding. 

(c) Tension fracture of the bumper laminate with limited compression yielding. 

(d) Tension fracture of the glulam above the FRP with limited compression yielding. 

(e) Compression failure of the top laminate due to significant compression yielding, 

before the bumper laminate has failed. 

(f) Compression failure of the top laminate due to significant compression yielding, 

after the bumper has failed, with a subsequent failure of the glulam above the FRP. 

 

Quadratic Equations to Locate the Neutral Axis 

 

In order to determine the ultimate moment and UBS, it is necessary to locate the 

position of the neutral axis yEt max for each failure mode. Elementary linear-elastic theory 

applies to failure modes (a) and (b). For the elastic-plastic stress distribution developed 

in failure modes (c) to (f), a quadratic equation was derived, by internal force 

equilibrium, which expresses the position of the neutral axis in terms of the maximum 

tensile stress induced in bending. 

 

For failure modes (c) and (e), the bumper laminate is intact. Using the notation shown in 

Figure 2(c), equating the total internal tension and compression forces yields the 

following quadratic expression from which the depth ratio c of the neutral axis can be 

determined: 

 

2 1 2 4 2
2 2 2 2 2 4 2 2 4 2T

m A A mA
c p m mp c n pdf pe A m mp mA mAp

p p p p p

  
− − − − − − + − − + + − − + + − − − −  
  

  ( )  2 22 1 1
2 2 2 1i T Fcp F T i T Fcp F

G A Tcu G A Tcu

P n A n pd f pe d e A A P n A
b h f p b h f

 
   

+ − − + − + + − + −   
   

   ( )2 2 22 2 2 0m p A Ap A p A A p− − + + + =                                       (10) 

 

Similarly, for failure modes (d) and (f), internal force equilibrium is used to derive a 

quadratic expression to determine the depth ratio c, after the bumper laminate has failed: 

 

( )( )2 1 2
2 2 2 2 2 2 1 1 i

T T Fcp F

G A Tcu p

Pm
c n m mn c n ndf d m n d n A

n n b h f c


    
− − − − − − + − + − + + − − +          

   ( )2 22 0Tn nd f m n dn d n− − − + =                                                (11) 

 

The FRP-prestressed glulam strength model was developed to take into account the 

effect of the initial failure of the bumper laminate. When the bumper fails, it is deemed 

that a portion of the prestress dissipates, quantified by the experimentally determined 

calibration constant cp. For the time-being, it is assumed that the bumper completely 
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separates from the intact FRP-glulam section along the FRP-bumper bond interface over 

the entire length of the beam. Therefore, half the prestress dissipates and a cp value of 2 

is assumed. In reality, the bumper is unlikely to completely delaminate over the entire 

length of the beam and so this assumption is conservative. When the bumper fails, the 

total effective height hA of the cross-section is reduced by the depth of the bumper and 

the neutral plane moves upwards. The tension strain in the timber directly above the 

FRP is maintained and the analysis is continued until failure mode (b), (d) or (f) occurs.  

 

A computer programme was developed that incrementally increases the strain on the 

tension face until the maximum tensile stress reaches the UBS. At each increment of 

strain, having located the position of the neutral axis, the stress distribution is known. 

The model calculates the bending moment M by taking moments of the internal forces 

about the neutral axis of the stress distribution. 

 

Pre-camber and Plastic Deflection 

 

Eccentric prestress induces a constant bending moment Mp along the span of the beam 

at prestress transfer. The resulting midspan pre-camber deflection δp is determined using 

Equation 12. 

 
2

8

p e

p

T T

M l

E I
 =         (12) 

 

where le = effective beam span. 

IT = second moment of area of the gross timber cross-section. 

 

Plastic midspan deflections δc due to the applied load are calculated by applying a unit 

load virtual work method to the strain energy equation as shown in Equation 13. The net 

midspan deflection δnet for a prestressed beam is δc - δp. 

 

( )'

0

el

c x xM dx =                                             (13) 

 

where κx   = curvature of the beam at a particular location x from a support. 

M’x  = virtual moment magnitude at x caused by a unit load at midspan. 

 

 

RESULTS AND DISCUSSION 

 

The theoretical results generated by the model must be validated with the results of full-

scale tests. The authors’ experimental programme for glass FRP plate reinforced low-

grade glulam beams is currently in progress. In the meantime, preliminary validation of 

the model is performed using theoretical and experimental results reported in Romani 

and Blaβ [6] for non-prestressed FRP reinforced glulams and Rodd and Pope’s [5] 

experimental results for FRP-prestressed glulams. 
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Non-prestressed FRP Reinforced Glulam Model Validation 

 

Romani and Blaβ [6] carried out bending tests on non-prestressed FRP plate reinforced 

glulams including a bumper laminate. The mean moment capacity of one of the test 

series (Tr-3) is given in Table 1. Three of the beams in the tests reached their ultimate 

moment when the bumper failed by mode (c) and two attained their ultimate moment 

when the glulam failed by mode (d). The beams were reinforced with 0.39% carbon 

FRP having a mean MOE of 173kN/mm2 and a mean UTS 3050N/mm2. 

 

Romani and Blaβ [6] also developed an analytical model to predict the moment capacity 

of non-prestressed FRP reinforced glulam beams. The model used a linear-elastic 

perfectly-plastic stress-strain relationship for the timber. Characteristic timber 

properties, in accordance with glulam strength class GL24h, are applied in the model. 

The input values for the tension and compression strength and the MOE of the timber 

used were 24N/mm2, 24N/mm2 and 11500N/mm2, respectively. The tension strength is 

taken to be equal to the characteristic bending strength. 

 

 

Table 1. Non-prestressed FRP reinforced glulam model validation 

Failure Mode Authors' Model Mu Exp

(Number) Exp Theor Theor Mu Theor

(c) Bumper (3) 43.0 43.0 1.35

(d) Glulam (2) 37.2 37.2 1.56

Ultimate Moment, M u  (kNm)

Tr-3 58.10

Test Series
Romani & Blaβ [6]

 
 

 

Validation of the authors’ model predictions is executed by setting the prestress 

magnitude to zero and comparing with Romani and Blaβ’s theoretical and experimental 

results. As shown in Table 1, the model estimates of ultimate moment for a mode (c) 

and (d) failure are identical to the theoretical results determined by Romani and Blaβ 

[6]. Both model’s predictions are very conservative in comparison with the mean 

experimental moment capacity, being lower by 35% and 56% for a mode (c) and (d) 

failure, respectively. Most of the test beams obtained a higher load capacity after failure 

of the bumper laminate. This was primarily due to effective reinforcement even after 

failure of the glulam above the FRP. Experimental calibration is required to quantify 

this FRP strength enhancement effect. Therefore, the model predictions for the mode (d) 

failures in particular are under-estimated. This is the most likely reason for the poor 

congruence between the experimental and theoretical results. 

 

Prestressed FRP Reinforced Glulam Model Validation 

 

Rodd and Pope [5] prestressed a low-grade glulam, manufactured with a bumper 

laminate, using a glass FRP plate. The FRP had a nominal MOE and UTS of 25kN/mm2 

and 400N/mm2, respectively. The reinforcement represented 0.74% of the beam cross-

section. The unreinforced glulam beam was classified under strength class GL28h. 

Therefore, the authors’ model used the characteristic bending and compression strength 

values of 28N/mm2 and 26.5N/mm2, respectively. The stress distribution effect is 

allowed for by using the characteristic bending strength as the input tension strength. 

Rodd & Pope [5] determined the MOE of the unreinforced glulam by three methods. An 

average MOE value of approximately 10800N/mm2 is used in the authors’ model. 
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The occurrence of compression yielding is visible in the load-deflection behaviour 

illustrated in Rodd and Pope [5]. The authors’ model predicts that the composite beam 

fails initially by mode (c). As given in Table 2, the predicted ultimate moment is very 

close to the experimental value being conservative by 5%. 

 

 

Table 2. Prestressed FRP reinforced glulam model validation 

Beam Type Rodd & Pope [5] Authors' Model Mu Exp

Experimental Theoretical Mu TheorGlass FRP-

Prestressed 

Glulam

Ultimate Moment, M u  (kNm)

49.5 1.0552.0

Failure Mode

(c) Bumper
 

 

 

Glass FRP Reinforced Irish Sitka Spruce Model Predictions 

 

The model is used to evaluate the enhancements in performance of FRP-prestressed 

glulams in comparison with unreinforced glulams and non-prestressed FRP reinforced 

glulams. Application of the model to glulams manufactured from C16 Irish Sitka 

spruce, reinforced with cost-effective glass FRP plates, is examined. Five different 

glulam configurations, modelled in four-point bending over a span of 3.96m, are 

considered. These consist of 1 unreinforced control glulam (C), 2 non-prestressed FRP 

reinforced glulams (R1) and (R2), and 2 FRP-prestressed glulams (P1) and (P2). The 

top glulam section is 195mm deep and 96mm wide. A 96 x 3.6mm thick FRP plate and 

a 25mm thick bumper laminate are bonded to the glulam section to form reinforced 

Beams R1 and P1. A parametric study is carried out to evaluate the effect of FRP 

thickness on behaviour. Beams R2 and P2 are reinforced with a 1.2mm thick FRP plate. 

The FRPs bonded to Beams P1 and P2 are prestressed to 50% of their UTS. 

 

The input values of the mean tension and compression strength of the timber used in the 

model are 27.1N/mm2 and 30.6N/mm2, respectively, as reported for C16 Irish Sitka 

spruce. It was also established that the slope of the plastic portion of the stress-strain 

relationship is a ratio m equal to 0.149 of the timber MOE [2]. Machine grading was 

carried out by the authors to obtain a mean shear-free MOE value of 7873N/mm2 for 

C16 Irish Sitka spruce. The UTS and MOE of the FRP considered in the model are 

1000N/mm2 and 39kN/mm2, respectively, as reported for a glass fibre/polyurethane 

resin FRP [2]. 

 

Model predictions for the stiffness, ultimate moment and midspan deflection at failure 

of the bumper laminate are given Table 3. The deflections reported for the prestressed 

beams do not include pre-camber deflection. The degree of compression yielding which 

occurs is quantified by the depth of the plastic zone of the stress distribution ahA. 

Failure is assumed to occur when the extreme fibre tension stress fTtB reaches the timber 

tension strength fTtu. These theoretical results are conservative as strength enhancement 

effects are not included. 
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Table 3. Model predictions for glass FRP reinforced Irish Sitka Spruce 

Beam Beam Failure E E. I E M u δ c ah A

No. Type Mode (Nmm
2
 x 10 

12
) (kNm) (mm) (mm)

Unreinforced

Control

R1

3.6mm

P1 Prestressed FRP

3.6mm p i = 50%

R2

1.2mm

P2 Prestressed FRP

1.2mm p i = 50%

0.674 52.3

53.9

0

0

0.780

0.780

113.8

Non-Prestressed FRP 

p i = 0%

C

22.37

(a)

(a)

(c) 

20.99

25.07

44.05

Non-Prestressed FRP 

p i = 0%
(a)

(c) 

52.8

29.720.710 70.6

0.710

77

0

12
 

 

 

The FRP reinforced beams show an increase in stiffness of 16% and 5% with the 

addition of 1.64% and 0.55% reinforcement, respectively. The apparent stiffness of the 

prestressed beams is calculated using the net deflection. The pre-camber deflections of 

Beams P1 and P2 are 43mm and 14mm, respectively. When subject to an applied load 

of 52kN, the net deflection of Beam P1 is 71mm. This will effectively increase the 

apparent stiffness by an additional 159%.  For an applied load of 41kN on Beam P2, the 

net deflection is 56mm giving an additional 30% increase in apparent stiffness. 

 

The moment capacity of the control beam is increased by 110% when reinforced with a 

3.6mm thick FRP plate prestressed to 50% of its UTS, in comparison with 19% when 

the same FRP is not pre-tensioned. The ultimate moment of Beam C is increased by a 

mere 7% with the addition of 1.2mm thick reinforcement. The increase in ultimate 

could be raised to 42% if the same FRP is prestressed to 50% of its UTS. Comparing 

the ultimate moment of Beams R1 and P2, it can be seen that a prestressed FRP plate of 

given thickness can be more efficient in enhancing the flexural performance of a glulam 

than a thicker, non-prestressed plate. 

 

No compression yielding occurred in the unreinforced and non-prestressed FRP 

reinforced glulams. 77% and 12% of the glulam cross-section of Beams P1 and P2, 

respectively, exhibited plasticity. This resulted in a 38mm and 12mm shift in the neutral 

axis in Beams P1 and P2, respectively, in comparison with that determined from linear-

elastic TSA. 

 

The predicted midspan deflection δc due to two loads Wm/2 applied at the third points of 

the beam is illustrated in Figure 2. The relationships for the control beam and the non-

prestressed FRP reinforced beams are essentially linear. In reality, the FRP enhances the 

timber bending strength and yielding would take place. The load-deflection curves for 

the FRP-prestressed glulams are initially linear but a non-linear response is produced 

when yielding occurs. Very little non-linear behaviour can be seen in P2. Beams R1 and 

P1 deflect 3% and 118% more than the control beam at failure, respectively. Similarly, 

the ultimate deflection of Beams R2 and P2 are 1% and 35% more than Beam C, 

respectively. This indicates that, for the initial failure of the bumper laminate, 

prestressed beams have a higher load capacity than non-prestressed FRP reinforced 

glulams and are more ductile if sufficient reinforcement is provided. 
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Figure 2. Applied load versus midspan deflection for 4-point bending 

 

 

CONCLUSIONS 

 

In this paper, analytical models were presented to predict the load-deflection response 

and moment capacity of prestressed FRP reinforced glulam beams. The non-linear 

plastic behaviour of timber in compression is taken into account. Different failure 

modes of FRP reinforced glulam beams, incorporating a bumper laminate, are 

considered. 

 

The theoretical results suggest that the bonding of pre-tensioned glass FRP plates in the 

tension zone of low-grade glulam beams can significantly improve their ultimate 

moment and ductility. Eccentric prestressing effectively increases the stiffness of the 

beams by introducing a pre-camber. The reinforcement quantity and prestress level 

should be chosen so that the beams undergo yielding first, followed by tensile fracture. 

 

The FRP-prestressed glulam strength model will be validated and calibrated on the 

completion of a full-scale test programme. Future research will investigate the effect of 

elastic shortening and creep of the timber and relaxation and creep of the FRP on 

prestress loss. 
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