
 

Flexural Behaviour of Post-tensioned Timber Beams  

 

 

 By 

Hanan W H Al-hayek 

 

 

 

A Thesis Submitted to the Faculty of Graduate Studies of 

The University of Manitoba 

in Partial Fulfillment of the Requirements for the Degree of 

 

 Doctor of Philosophy 

 

 

 
Department of Civil Engineering 

 

University of Manitoba 

 

Winnipeg 

 

 

Copyright © 2014 by Hanan Alhayek 



Abstract 
 

An experimental program was carried out to investigate the effect of post-tensioning on timber 

beams and the performance of timber bridge decks with post-tensioned stringers. The 

experimental program contains three phases. As part of the first phase, twenty shear tests were 

performed to determine the ultimate capacity of lag screws that could be used in the post-

tensioning process. Results showed that six lag screws with a diameter of 12.7 mm were 

adequate for the anchorage system.  

 

The second phase included testing 22 full scale timber beams. Six beams were control without 

any reinforcement. The remaining sixteen beams were post-tensioned with either draped or 

straight carbon fiber reinforced polymer (CFRP) tendons (Groups CD and C) or steel cables 

(Groups SD with draped cables and S with straight cables).The results revealed that the strength 

and the stiffness for Group CD were increased on average by 70% and 10%, respectively, while 

the strength for Group C was increased on average by 56%. In contrast, the strength and the 

stiffness for Group SD were increased on average by 45% and 4%, respectively, while the 

strength for Group S was increased on average by 49%. The bending strength of the post-

tensioned timber beams was predicted using analytical model. 

 

The third phase of the research included the construction of four timber bridge decks: control 

deck (BD-CO), deck with stringers post-tensioned with draped CFRP tendons (BD-DC), deck 

with stringers post-tensioned with draped steel tendons (BD-DS), and a deck with stringers 

strengthened with near-surface mounted glass fibre-reinforced polymer bars (NSM-GFRP) 

referred to as BD-G. Post-tensioning the stringers of BD-DS and the stringers of BD-DC 



 

iii 

increased the apparent stiffness on average by 2% and 3%, respectively. In contrast, the apparent 

stiffness for the stringers of BD-G increased on average by 29%. SECAN program was used to 

analyze the four timber bridge decks. It was found that SECAN can predict the behaviour of the 

timber bridge deck based on the experimental stiffness of the individual tests. Cost analysis was 

done for the three strengthening techniques. It was found that post-tensioning stringers with 

draped steel cables can be cost effective. 
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1.1 General 

A large number of old timber bridges in Canada are dilapidated and need to be either totally 

replaced or rehabilitated in the near future due to increased traffic loads that they were not 

originally designed for, and existing weathering damage that they experienced during their 

service lives [Svecova and Eden (2004)]. Most of the existing research on timber bridges was 

done by reinforcing timber beams using different types of fibre reinforced polymers (FRP) such 

as bars or sheets [Gilfillan et al. (2003), Borri et al. (2004), Brunner and Schnueriger (2005) and 

Yusof and Saleh (2010)]. Limited studies were done on post-tensioning timber beams. The 

search for new techniques to strengthen and stiffen old timber beams is needed to maintain and 

enhance the design life of timber bridges currently in service. This chapter provides the reader 

with a full description of the problem that needs to be addressed. It also summarizes the research 

objectives and the methodology used in the research. 

 

1.2 Problem Definition 

Many timber bridges in Manitoba had been damaged by flooding. Repairing and rehabilitating 

these bridges was found to be preferable to having them entirely replaced. As well, the 

replacement cost of a bridge is higher than having it repaired, which makes rehabilitation a much 

more viable economic solution. Since the design life and durability of an aged timber bridge was 

proven to be increased by strengthening for both flexure and shear using FRP bars or sheets 

[Wegner and Gasmo (2000), Gentile et al. (2002)] the question yet to be answered was how the 

stiffness of these existing timber bridges could be increased. This research focused on 
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developing a practical and permanent system to be used for post-tensioning timber beams for 

strengthening and stiffening of existing aged timber stringers. 

1.3 Objectives 

This research was conducted to study the effect of post-tensioning timber beams on their flexural 

strength and apparent stiffness. More specifically, the objectives of this research were as listed 

below: 

 To design, test and develop new post-tensioning mechanism and anchorage system for 

timber beams; 

 To study the enhancement in strength and stiffness of the post-tensioned timber beams; 

 To study the effect of post-tensioning the stringers of full scale timber bridge decks with 

either steel cables or carbon fibre reinforced polymer (CFRP) tendons on its deflection. 

 To study the effect of strengthening stringers of full scale bridge deck with glass glass 

fibre reinforced polymer (GFRP) bars on its deflection; 

 To study the effect of stringer strengthening scheme on the load sharing and stiffness of  

the bridge decks; and; 

 To perform cost comparison of the rehabilitation techniques for the stringers of the 

timber bridge decks. 

1.4 Research Contributions from This Work 

 Development of post-tensioning mechanism for timber beams that can be used with ease 

in the field. 

 A model to predict the bending strength of post-tensioned timber beams. 
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2.1 Introduction 

Timber is a natural material that is strong in compression parallel to the grain, and weaker in 

bending. Its strength can be successfully increased by strengthening for both flexure and shear 

using fibre reinforced polymers (FRP)[ Svecova and Eden (2004), Buell and Saadatmanesh 

(2005)]. FRPs are a light weight, high strength and non-corrosive material that is excellent for 

the rehabilitation of timber. Previous research demonstrates that strengthening timber beams with 

FRPs improved its flexural and shear strength. [Dagher and Lindyberg (2003), Jankowski et al. 

(2009) and Silva-Henriquez et al. (2010)]. Limited literature was found on the subject of post-

tensioning timber beams [Bohannan (1964), Triantafillou and Deskovic (1992), Dolan et al. 

(1997)]. This chapter contains a review of the work carried out by previous researchers related to 

the strengthening of timber beams. 

2.2 Theoretical Models to Predict Structural Behavior of Timber Beams 

A relationship between tension, compression, and bending strengths for clear wood was studied 

by Bazan (1980). He proposed an idealized stress-strain relationship for wood with a bilinear 

relationship to represent the compression behaviour as shown in Figure 2.1. This relationship 

was later modified by Buchanan (1990) and it was used to predict the bending strength of 

commercial timber. The stress-strain relationship used by Buchanan is shown in Figure 2.2. A bi-

linear relationship is assumed for the compression behaviour, with a linear part up to maximum 

compression strength cuf , and a corresponding strain y. The slope of the descending branch is a 

fraction, m, of the modulus of elasticity of the timber, wE , as shown in Figure 2.2. Bazan 

assumed that m varied with the depth of the neutral axis, while Buchanan assumed that m is a 

constant.  
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Figure 2.1 Stress Distribution Proposed by Bazan (1980) 

 

  

Figure  2.2 Bilinear Stress-Strain Relationship with Falling Branch [Buchanan (1990)] 

Gentile et al. (2002) tested twenty-two half-scale beams, and four full-scale beams. The beams 

were simply supported on rollers and tested under four-point bending with a load span of 600 

mm and a support span of 4.0 m. A bending strength model developed by Buchanan (1990) was 
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calibrated using the results of the half-scale unreinforced timber beam tests. The strength of the 

control beams was calculated using Equation (2.1) developed by Buchanan (1990). 
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where:  

fm  is the bending strength 

k3 is stress distribution parameter 

c is ratio of the depth of the neutral axis to the overall depth  

ftu is  the axial tensile  strength 

 Based on the half-scale reinforced beam test results, the bending strength model was modified to 

account for the effect of the FRP reinforcement using equation 2.2.  
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           (2.2) 

Where: 

fm : is the bending strength of the reinforced timber beams 

k3 : stress distribution parameter 

c: ratio of the depth of the neutral axis to the overall depth  

ftu : the axial tensile strength   

αm: adjustment factor for the FRP reinforcement. 

The proposed bending strength model was used to examine the effect of varying the FRP 

reinforcement ratio. It was found that increasing the failure stress ftu by the factor αmwith a 

value of 1.30 for the reinforced beams is a good calibration with the experimental results for 

Douglas Fir timber beams. 
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In this research program the model was used to predict the bending strength of post-tensioned 

timber beams. 

 

2.3 Strengthening Timber Beams with FRP in Flexure 

FRPs are manufactured in different forms such as bars, plates and sheets. Each of these has 

unique applications in the rehabilitation of timber as discussed in the subsequent sections. The 

majority of the previous research had studied the structural response of timber beams 

strengthened in flexure using FRP reinforcement  [Kuilen (1991), Gentile et al. (2002), Svecova 

and Eden (2004), Amy and Svecova (2004), Buell and Saadatmanesh (2005), Micelli et al. 

(2005), Gomez and Svecova (2008),Yang et al. (2008), Yusof and Saleh (2010),  Yahyaei-

Moayyed and Taheri (2011)].  

 

Kuilen (1991) reported that the strength and the stiffness increased by 24% and 17% respectively 

in beams that were reinforced with 4 mm sheets, by 49% and 27% when reinforced with 8 mm 

sheet, by 58% and 32% with double 4 mm sheets and by 84% and 54% with double 8 mm sheets. 

Gentile et al. (2002) reported a strength increase of 30% and a stiffness increase for the full scale 

beams of 5 to 7%.  Buell and Saadatmanesh (2005) reported that the strength of timber beams 

reinforced with CFRP laminates increased by 40-53% and its stiffness increased by 7-27%. 
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Triantafillou and Deskovic (1992) tested three 800 mm long and 45 mm wide specimens in three 

point bending. Two specimens had a depth of 60 mm while the third specimen had a depth of 80 

mm. One beam was reinforced with pre-stressed CFRP sheet consisting of unidirectional carbon 

fibres at a volume fraction of about 60% bonded together with an epoxy matrix. The second 

beam was reinforced with non-prestressed CFRP sheet as shown in Figure 2.3. The last beam 

was control beam without any reinforcement. The CFRP sheets were 30 mm wide and 1 mm 

thick. It was found that the CFRP sheets increased the strength, stiffness and ductility 

characteristics of the wood. Also, the experimental results were verified with accurate analytical 

models. 

 

Figure 2.3 Wood Beam Prestressed with Epoxy-Bonded Fiber Reinforced Plastic Sheet 

[Triantafillou and Deskovic (1992)] 

 

Galloway et al. (1996) tested 28 glue-laminated beams in three point bending until failure. The 

beams were 90 mm wide, 314 mm deep and 5 490 mm long. The beams were divided into five 

groups. The first group contained six beams of Grade 2 with no reinforcement while the second 

group contained four beams that were constructed from Grade 1 and Grade 2 with no 

reinforcement. The third group contained four beams that were reinforced with one layer of 

Kevlar fibre sheets (Aramid) (R1/T0). The fourth group contained ten beams that were 
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reinforced with one layer of pre-stressed Kevlar sheets. Seven beams out of the ten were Pine 

wood with Grade 2 (P1/T0) while the remaining three beams were constructed from seven 

laminations of Grade 2 pine and two laminations of Grade 1 (P1/T2). The last group contained 

four beams that were reinforced with two layers of pre-stressed Kevlar sheets (P2/T0). Cross 

section details for all the groups are shown in Figure 2.4. The pre-stressing force ranged from 40 

to 47 kN for beams with one layer of pre-stressed reinforcement and from 67 to 79 kN for beams 

with two layers of pre-stressed reinforcement. The experimental results showed that the strength 

increased by 1.3% for P1/T0, 16.3% for P2/T0, 22.3% for R1/T0 and 24.3% for P1/T2. The 

authors mentioned that small increase in flexural strength could be due to the influence of the 

knots. 

 

Figure 2.4 Test Matrix of Reinforced, Prestressed and Control Beams [Galloway et al. 

(1996)] 
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Dolan et al. (1997) tested ten glulam beams in four point bending to failure. Six out of the ten 

were small scale beams with cross-sectional dimensions of 38 mm x 38 mm, and the length 

ranged between 1 000 mm and 1 200 mm. Two pre-stressed layers of Kevlar sheets were used to 

reinforce these beams. The bottom layer of the Kevlar sheet was placed between the bottom two 

laminates of the wood beam. The top layer was placed between the second and the third 

laminates from the bottom of the beam. The pre-stress force for the Kevlar sheet was about 50% 

of the strain capacity (18.2 kN). The results for these six beams showed that the strength was 

increased by 33%. The remaining four beams had cross-sectional dimensions of 90 mm x 

230 mm and 2340 mm length. One beam out of the four beams was a control beam with no 

reinforcement. Two beams out of the four were pre-tensioned with two Kevlar sheets and the 

third one was pre-tensioned with E glass sheets. The reinforcement ratio of Kevlar and E glass 

was 0.07 % and 0.13%, respectively. The results for the four beams showed that the bending 

stiffness and the tensile strength were increased by 25% for the Kevlar reinforcement and 70% 

and 110% for the E glass reinforcement, respectively.  

 

Dagher and Lindyberg (2003) tested 112 glulam beams in four point bending to produce the 

design parameters for the AASHTO code. The span length of the beams was 10 793 mm (36 ft) 

and 15 240 mm (50 ft). The beams were reinforced with GFRP plates on the tension side. The 

FRP reinforcement ratio ranged from 1% to 2.5%. The results showed that the strength and the 

stiffness of glulam beams reinforced with tension GFRP were increased by over 100% and 10-

20%, respectively. 
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Gilfillan et al. (2003) tested 20 beams in four point bending. The beams were manufactured with 

laminates bonded with resorcinol-based adhesive. The width of the beams ranged from 43 mm to 

70 mm, the depth ranged from 120 mm to 300 mm and the span length ranged from 2 000 mm to 

6 000 mm. All beams were tested elastically in four point bending configuration. The loads were 

applied at the third span positions. All the beams were divided into five groups. Group A had 

five beams reinforced with FRP strips on the tension side only. Six beams in Group B were 

reinforced with CFRP strips with a thickness of 1.2 mm. Three beams in Group B were 

reinforced with GFRP strips with a thickness of 3.1 mm. The remaining two beams in Group B 

were reinforced with GFRP strips with a thickness of 1.2 mm. Group C had only one beam 

reinforced with CFRP strips on both the tension and the compression sides with a thickness of 

1.2 mm. Group D had two beams reinforced with CFRP strips on both the tension and 

compression side with a thickness of 1.2 mm. Two vertical slots were cut out on the top edge of 

the timber to insert the CFRP strips for the compression side of Group D. Group E had only one 

beam reinforced with one steel bar on the tension side with a diameter of 20 mm. Cross section 

details for all groups are shown in Figure 2.5. The reinforcement ratio ranged from 0.4% to 3%. 

The results showed that the ultimate load of all the reinforced beams was significantly higher 

than those of the unreinforced beams. The flexural stiffness was increased by 10 – 55%. It was 

found that the flexural stiffness and the ultimate load increased as the reinforcement ratios 
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increased.

 

Figure 2.5 Reinforcement Arrangements for the Five Groups [Gilfillan et al. (2003)] 

 

Borri et al. (2004) tested 20 timber beams with cross-sectional dimensions of 200 mm x 200 mm 

and 4 000 mm length in four point bending to failure. Various schemes were used for the 

reinforcing: eight beams were reinforced with CFRP sheets with a reinforcement ratio of ρ=

0.082% and ρ= 0.123%, four beams were post-tensioned with CFRP sheets with the same 

reinforcementratioofρ=0.082%andρ=0.123%,fivebeamswerereinforcedwithCFRPbars

with a reinforcement ratio of ρ= 0.11% and ρ =0.22%, and three beams were unreinforced. 

Results showed that CFRP sheets increased the strength and the stiffness by 60% and 29%forρ=

0.123% and 49% and 27% for ρ= 0.082%, respectively. Post-tensioning with CFRP sheets 

increased the strength and the stiffness by 52% and 28%forρ=0.123%andby44% and 25% for 

ρ= 0.082%, respectively. Timber beams reinforced with CFRP bars provided an increase in 

strength and stiffness by 47% and 28% for ρ= 0.22% and by 29% and 22% for ρ= 0.11%,

respectively. 

 

Brunner and Schnueriger (2005) tested three glulam beams in four point bending to failure. The 

beams were 140 mm wide x 200 mm deep x 4 000 mm long. One beam was a control beam 
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without reinforcement. The second beam was reinforced in tension with carbon laminate with a 

width of 50 mm and 1.14 mm thickness. The last beam was reinforced with pre-stressed carbon 

laminate along the bottom tension side of the member.  The pre-stressing process was done using 

the gradiented anchoring system developed by EMPA (Swiss Federal Materials Testing Institute) 

as shown in Figure 2.6. The applied initial pre-stressing force was 60 kN. The adhesive used was 

specially designed for this anchoring system. It was observed from testing that there were no 

signs of delamination or creep. Also, it was found that the strength and the stiffness of the 

strengthened beams with pre-stressed carbon laminate were increased by 32% and 22%, 

respectively compared to 21 % and 19%, respectively, with non-pre-stressed laminate. 

 

 

Figure 2.6 EMPA Prestressing Device With Gradiented Anchoring System [Brunner and 

Schnueriger (2005)] 

 

Akbiyik et al. (2007) repaired six salvaged sawn timber beams with end horizontal splits. The 

beams were 200 mm wide x 400 mm deep x 4600mm long. They used lag screws, GFRP plates 

and plywood to increase the shear strength of the beams. All six beams were tested in four point 

bending to failure. One of these beams was repaired by installing hex bolts vertically through 
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holes from the top to the bottom at the center of the beam. Another two beams were repaired by 

installing lag screws in the same way as the hex bolts. The diameter of the lag screws used was 

13 mm (0.5ʺ) with length of 76 mm (3ʺ), 406 mm (16ʺ) and 610 mm (24ʺ). One beam was 

repaired using a plywood side plate, and two beams were repaired using GFRP plates on the 

sides of the beam (see figure 2.3). The dimensions of the 1829 mm long GFRP plate were width 

of 406 mm and thickness of 6.4 mm. The results showed that the residual load capacity was 

increased on average by 62%. Repaired beams with GFRP plates showed a strength increase of 

85.5% over the residual capacity. In addition, it showed that the stiffness of the un-split beams 

was larger than the stiffness of the repaired ones. 

 

 

Jankowski et al. (2010) tested 18 Pine beams in four point bending to failure. The beams were 

220 mm wide x 120 mm deep x 4 000 mm long. Three beams out of 18 were control beams with 

no reinforcement, and the other 15 beams were grouped into five groups with three beams in 

each group. Group B was reinforced with one CFRP strip glued in vertically along the full length 

of the beam. Cracking along the full length was simulated by 4 mm wide and 25 mm deep 

asymmetric notches. Group C, D and E were reinforced with two CFRP strips glued in vertically 

along the full length of the beam. Non-uniform wood fibre alignment for Group D was simulated 

by 3 mm wide and 20 mm deep notches cut in both sides. Grain slopes for Group E were 

simulated by three, 3 mm wide and 20 mm deep notches cut non-parallel to the longitudinal edge 

of the beam. Group F was reinforced for flexure with three CFRP strips with width of 400 mm 

and 600 mm length. The weakness of the tension zone of Group F was simulated with a 25 mm 

diameter hole. The experimental results showed that the strength of the beams was increased by 
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42.4% for Group B, 70.9% for Group C, 79.3% for Group D, 59.1% for Group E and 21.0% for 

Group F.  

 

Silva-Henriquez et al. (2010) tested 45 glulam beams in four point bending to failure. The beams 

were 130 mm wide x 305 mm deep x 6 700 mm long. A total of 15 beams were reinforced with 

pre-stressed GFRP laminate (121 mm wide x 3 mm thick) on the tension side. Another 15 beams 

were reinforced with GFRP laminate on the tension side. The remaining 15 beams were control 

beams without any reinforcement. The results showed that the strength of the pre-stressed glulam 

beams was increased by 38% compared with the reinforced GFRP glulam beam, and it was 

increased by 95% compared with the control beams. Also the stiffness for both the pre-stressed 

beams and the reinforced beams with GFRP was increased by 8% compared with the control 

beams. 

 

Alhayek and Svecova (2012) tested 20 Douglas-Fir timber beams in three point bending to 

failure. The beams were 130 mm wide x 330 mm deep x 4 500 mm long. Ten beams out of 20 

were reinforced with two GFRP laminates on the tension side of the beams (Group T), and the 

other ten beams were reinforced with two GFRP laminates on the tension side as Group T and 

two GFRP laminates on the compression side of the beams (Group TC).The dimensions of the 

GFRP laminate were 50 mm x 5 mm. The results showed that the strength and the stiffness of the 

beams increased on average by 36% and 3% for Group T and by 31% and 3.5% for Group TC, 

respectively. 
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2.4 Pre-stressed Timber Beams 

Bohannan (1964) tested 50 laminated Douglas-Fir beams in three point bending. The beams were 

127 mm (5ʺ) wide x 271.5 mm (10-11/16ʺ) deep x 5 182 mm (17ʹ) long. Twenty-five were 

control beams with no reinforcement. The rest of the beams were pre-stressed using two, 9.54 

mm (3/8ʺ) diameter high strength 7-wire strands with anchors attached to bearing plates. The 

strands were located 31.75 mm (1.25ʺ) from each edge of the beam. The steel strands were 

stressed one at a time with a hollow-core 150 kN hydraulic jack and hand pump to apply the 

initial pre-stressing force as shown in Figure 2.7. The results showed that the strength of the pre-

stressed beams was increased on average by 31%. Also, the results showed no increase in the 

stiffness since the steel strands were not bonded to the laminated beams. 

 

 

Figure 2.7 Hollow-Core Hydraulic Jack and Hand Pump [Bohannan (1964)] 
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2.5 Wood Bridge Decks 

Davalos et al. (1993) tested three stress laminated beams in three point loading. The beams were 

305 mm x 190 mm x 3660 mm. The beams were stressed transversely with high strength steel 

rods. The tests were performed on three pre-stressed levels of 0 kPa, 172 kPa, and 414 kPa. It 

was found that the longitudinal bending stiffness is independent of the transverse applied 

pressure. 

 

Bakht et al. (1996) used new logs to build a full scale model of a stressed log bridge (SLB). Logs 

were trimmed to two parallel flat faces. The logs had a nominal diameter of 260 mm with an 

actual diameter that ranged between 241 mm and 279 mm. The span length of the deck was 6 m 

with a width of 1.57 m. The deck width contained eight full-width logs and two half-width logs 

as shown in Figure 2.8.The logs were then stacked together against their flat surfaces. The log 

bridge was post-tensioned with aramid fibre using a suitable post-tensioning system. The deck 

was tested under single concentrated load to calculate various design parameters. The results 

showed that the transverse shear was not a concern in the design of a SLB. Also, it was found 

that the transverse distribution of loads was close to being uniform under central concentrated 

loads; and it was not affected significantly by the pre-stress level. 

 

Figure 2.8 Cross Section of Full Scale  Stressed Log Bridge [Bakht et al. (1996)] 
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Dagher et al. (1996) compared the effect of post-tensioning a wood laminated deck with GFRP 

and steel on the pre-stress losses of each deck. The solid-sawn laminated deck was post-

tensioned with GFRP tendons transverse to traffic. The bridge deck section was 2 794 mm wide 

x 4 928 mm long.  One end of the GFRP tendons was transitioned to steel threaded bar to reduce 

the initial difference in anchor set between GFRP and steel. The results showed that the GFRP 

system could reduce significantly the pre-stress losses compared with the steel threaded bar 

system.  Also, it was found that it could be possible to avoid or reduce the re-stressing in service. 

 

Vandergriend (2000) post-tensioned timber decks manufactured from tee and box beams. It was 

fabricated from parallel stand lumber (PSL) material. The cross section of the tee beams was 178 

mm wide flange and stem and up to 965 mm deep. The cross section of the box beams was 

varied in order to adjust for any bridge width by adding or subtracting tee beams. Strength rods 

were inserted into the deck with a spacing of 762 mm. These rods were pre-stressed up to 89 kN 

using a hydraulic jack. The field performance studies showed that it was difficult to maintain the 

stress levels on the rods. Pre-stressed losses up to 60% were reported in solid sawn timber decks 

over two years due to stress relaxation and material shrinkage. 

 

Dagher and Bragdon (2001) post-tensioned stress laminated timber deck with transverse draped 

GFRP tendons. The cross section of the timber deck was 7.6 m wide x 4.9 m long. It was pre-

stressed with 12 draped seven wire strand GFRP tendons with a diameter of 12.7 mm. The GFRP 

bars were pre-stressed to a load of 48.9 kN using a hydraulic jack. The pre-stress losses of this 

laminated timber deck were compared with another post-tensioned laminated timber deck with 

steel threaded bars. The field reports showed that the total pre-stressed loss in the post-tensioned 
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stress laminated deck with draped GFRP tendons was 14% over 2.5 years; 12% in the first three 

months and 2% and in the following 26 month. In contrast, the post-tensioned laminated timber 

deck with steel threaded bars was re-stressed twice during the first 2 months of service and the 

pre-stress loss was 67 % in the following 27 month of the second re-stressing. 

 

Dagher and Altimore (2005) constructed timber bridge deck stressed transversely with GFRP 

tendons. The cross section of the deck was 7.75 m wide x 4.88 m long. The GFRP tendon has 

seven wire strands with a diameter of 12.7 mm. Two anchor types were used; the first one for the 

dead end and the other one for the live end.  For each tendon, the dead end was reinforced with a 

metallic-epoxy composite wrap. The GFRP tendon was bonded into a tubular steel coupling to 

form the live end anchor. A threaded steel rod was inserted into the end of the coupling. Then, 

the live end was anchored with a bearing plate. The tendons were stressed to an initial force of 

48.9 kN (42% of ultimate tensile strength). It was found after monitoring the bridge deck for 

4.25 years, that the pre-stress loss in the GFRP tendons was 10.5% due to relaxation of the wood 

and reduction in the moisture content. The pre-stress level was adequate and there was no need 

to re-stress the GFRP tendons. 

 

Newcombe et al. (2010) tested the structural frames of a two story timber building post-

tensioned with steel tendons. The cross section of the beams and the columns was 254 mm x 400 

mm. The beams and the columns were connected by 4-12.7 mm post-tensioned tendons. The 

experimental tests showed that the stiffness of the frames increased by 15%. 
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The literature review presented in this chapter summarized the existing available research in the 

area of FRP strengthening of timber beams and stressing laminated timber deck. Due to very 

limited research found in the area of post-tensioning system for large scale aged timber beams, 

the present investigation will be aimed to fill in this gap.  



 

 

 

 

 

 

 

 

 

 

 

3 EXPERIMENTAL PROGRAM 
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3.1 General 

This chapter describes the major components of the experimental program of this thesis. The first 

component was the development of the anchorage system for the prestressing tendons. It was the 

intent of this study to develop a system that would be easy to use on site, and that would remain 

permanently attached to the stringers. The beams were post-tensioned using an external system 

with turnbuckles to induce stress in the bars. The bars were attached to the beam using anchorage 

plates. The shear connection between the timber samples and the steel anchorage plate was tested 

to determine the capacity and number of lag screws required since the published capacity of 

these bolts is very small compared to their measured capacity. Therefore, twenty shear tests were 

performed with different configurations of lag screws.  

 

The second major component was testing a total of 22 timber beams. Six of them were control 

beams without any reinforcement while the other 16 were post tensioned using CFRP tendons or 

steel cables. These beams were tested initially to a load of 45kN to determine their original 

stiffness and ultimately tested to failure. The third component of the testing program consisted of 

constructing four full scale timber bridge decks. One of them was control deck with stringers that 

had no strengthening while another two were constructed using stringers that were post-

tensioned using CFRP tendons or steel cables and the last one had stringers reinforced. using 

GFRP near surface mounted (NSM) bars.  

3.2 Anchorage System 

A steel plate was designed and used as a connection between the bar and the timber beam. The 

system was tested on small scale timber samples to investigate the feasibility of the arrangement. 
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3.2.1 Steel Plate Design 

The steel plate was designed to carry a tension force of 58 kN since the planned initial 

prestressing force for CFRP bar with a diameter of 9 mm was 40% of the ultimate tensile 

strength which is 54 kN. The Wood Design Manual (2005) was used to design the dimensions of 

the steel plate. The steel plate was connected to the timber using lag screws. The lateral strength 

resistance of lag screws was calculated using Equation 3.1 given in Wood Design Manual 

(2005). 

'' Knnpp RFerr           (3.1)
 

                         (3.2) 

Where 

  
 : is a unit factored lateral resistance given in the lag screw selection tables (Wood 

Design Manual, Table 1S). 

   : number of effective fasteners per row given in Table 7.18 of Wood Design 

Manual 

   : number of rows of fasteners 

  : is a modification factor 

  : load factor  for dead load plus wind load (taken as 1.15) 

   : load factor for dry service conditions and the moisture content   15% prior to 

fabrication (taken as 1.0) 

  : 1.0 when the wood is not treated with a fire retardant or other strength-reducing 

chemical.  
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A detailed calculation of the design steps of steel plate with 4 mm thickness is shown in 

Appendix A 

 

As given in Wood Design Manual, the minimum edge distance, e, between the center of the bolt 

and the edge of the plate in the unloading direction was assigned to be the greater of 1.5 times 

lag screw diameter or half of the actual spacing between rows. The calculated value of the edge 

distance was 19 mm. For conservative design, the edge distance was assumed 35 mm.  The 

minimum distance between the centers of the bolts in the tension direction, S, given in Wood 

Design Manual (2005) was 51 mm. For design, the value of S was taken as 55 mm. The length of 

steel plate was found to be 300 mm and the width was 210 mm. Hence the dimension of the post-

tensioning bracket is 300 mm x 210 mm with a thickness of 4 mm. In addition, the steel plate 

was fitted with a hook to facilitate the post-tensioing of the bars. A hole with a diameter of 25.4 

mm (1ʺ) was cut out from the edge of the plate to pull the plate during the shear test. A schematic 

drawing of the proposed steel anchor plate can be seen in Figure 3.1. A photo of the 

manufactured steel plate used in shear test is shown in Figure 3.2. 
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Figure 3.1 Schematic Drawing of the Steel Plate 
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Figure 3.2 A Photo of the Anchor Plate 

3.2.2 Experimental Capacity of Lag Screws 

Twenty shear tests for the connection between the timber sample and the lag screws were 

performed to determine their strength and calculate the required number of bolts for this 

connection. Based on the Wood Design Manual (2005), the design required a total of 14-12.7 

mm diameter and 101.6 mm length bolts.  

 

Two timber beams were cut into 20 pieces; each was 130 mm wide x 330 mm deep x 400 mm 

long. Twelve holes with a diameter of 9.5 mm (3/8ʺ) each and a depth of 76.2 mm (3ʺ) were 

drilled on one end of the samples to attach the steel plate to the sample with different number of 

lag screws. Another three holes with a diameter of 25.4 mm (1ʺ) were drilled on the other end of 

the timber sample to secure the timber sample in the machine during the shear test as shown in 

Figure 3.4. All of the drilled holes were cleaned up with an air to ensure that no debris was left in 

the holes. 

 

The steel anchor plate was manufactured to have a hook to simulate the loading in real full scale 

beam and to apply the force through it as shown in Figure 3.2. Lag screws were used to attach 
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the anchor plate to the timber samples. The diameter of the lag screws was12.7mm(1/2ʺ)witha

total lengthof76.2mm(3ʺ)and101.6mm(4ʺ). The test setup for shear test can be found in 

Figures 3.3 and 3.4. Photographs depicting the test sample and the apparatus are shown in 

Figures 3.5 and 3.6. Connection test details are summarized in Table 3.1. 
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Figure 3.3 Schematic Drawing for Shear Test Set Up (North View) 
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Figure 3.4 Schematic Drawing for Shear Test Set Up (South View) 
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Figure 3.5 Shear Test Set-up (North View) 

 

Figure 3.6 Shear Test Setup (South View) 

Alignment Support 

Pulling Plate 
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Table 3.1 Shear Tests Details 

 

 

3.2.3 Anchorage System Development 

Based on the results obtained from the shear tests, a steel plate with 6- 12.7 mm lag screws with 

a total length of 101mm was found appropriate to sustain an axial load of 54 kN needed to post-

tension the CFRP bars and the steel cables. The dimensions of the steel plate were 140 mm x 220 

mm x 6.35 mm.  More details on the shear tests are given in detail in Chapter 4.  A schematic 

drawing of the steel plate is shown in Figure 3.7. The hook was placed in the center of the 

bottom end of the steel plate to maximize the eccentricity during the post-tensioning of full scale 

# of 

Bolts
Bolt Position

Bolt 

Length 

[inch]

Plate 

Thickness 

[inch]

Load 

Application

# Of 

Samples

1 3 0.16 Direct tension 4

1 4 0.16 Direct tension 4

10
Top, middle & 

bottom rows
3 0.16 Direct tension 1

6 3 0.75 Direct tension 2

6 4 0.75 Direct tension 2

6 4 0.75 Eccentric load 2

8 4 0.75 Direct tension 3

8 4 0.75 Eccentric load 2

20

Top or bottom 

row

Top & middle

Total Samples
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timber beams, which also increases the camber. A total of thirty-two plates were manufactured 

for post-tensioning the full scale timber beams. 

 

 

Figure 3.7 A Schematic Drawing of the Steel Plate 

 

The diameter of the lag screw used for this research was 12.7 mm (1/2ʺ) with a total length of 

101.6 mm (4ʺ). These bolts were used to mount the anchorage plate to the ends of the timber 

beam. The turnbuckle in this study was a 15.9 mm (5/8ʺ) – 304.8 mm (12ʺ) long jaw–jaw. It was 

used to apply the stressing force on the CFRP bar and the steel cable. The assembly of the CFRP 
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cable and the steel cable are shown in Figures 3.8 and 3.9. The pin diameter of the turnbuckle 

was 12.7 mm (1/2ʺ). It had a breaking load of 77.8 kN. 

 

 

Figure 3.8  CFRP Cable Assembly 

 

 

Figure 3.9 Steel Cable Assembly 
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3.3 Phase 2: Post-Tensioned Timber Beams  

The aim of the beam testing component was to investigate the flexural strength and the stiffness 

of post-tensioned timber beams using CFRP tendons and steel cables. A total of 22 creosote-

treated Douglas-Fir beams with dimensions of 130 mm x 330 mm x 4500 mm were tested to 

failure.  Six beams out of 22 were tested as control beams with no reinforcement (Group CO). 

The remaining 16 out of the 22 beams were strengthened using GFRP dowels to avoid shear 

failure in the beams after the flexural capacity increase due to flexural strengthening. These 

timber beams were initially tested up to a load of 45 kN before post-tensioning took place to 

determine their initial stiffness. These beams were post-tensioned and tested under static loading 

conditions until failure to determine their flexural strength and stiffness. These beams were 

divided into four groups. Four beams were post-tensioned with draped CFRP tendons (Group 

CD); another four were post-tensioned with straight CFRP tendons (Group C); four beams were 

post-tensioned with draped steel cables (Group SD); and the remaining four beams were post-

tensioned with straight steel cables (Group S). The beams were reinforced and labelled as listed 

in Table 3.2.  

3.3.1 Materials for Testing the Individual Timber Beams  

The Ontario Department of Transportation provided a total of 22 creosote-treated Douglas-Fir 

beams (130 mm x 330 mm x 4500 mm) for this research. These beams were graded as Utility. 

GFRP bars were used as dowels for shear strengthening. The diameter of the dowels was 10 mm 

and the length of the dowels was 300 mm. The GFRP material had a tensile elastic modulus of 

40.8 GPa and a tensile strength of 760 MPa. 
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Table 3.2 Type of Timber Beams Reinforcements 

 

 

Aslan 200 Carbon Fiber Reinforced Polymer (CFRP) bars were used to post-tension the timber 

beams. The rebar was manufactured by Hughes Brothers with swage anchors for the stressing 

process as shown in Figure 3.10. The diameter of the CFRP bars was 9 mm (#3). Steel cable 

EHSwithadiameterof7.9mm(5/16ʺ)wasusedforpost-tensioning the timber beams. The steel 

# of Beam Reinforcement
Number of 

Samples

CO8

CO10

CO8

CO10

CO11

CO17

CD14

CD15

CD46

CD47

C9

C44

C45

C50

SD18

SD28

SD43

SD48

S7

S23

S27

S41

4

4

4

4

Control without 

reinforcement 

(Group CO)

6

Straight Steel 

Group (S)

Steel Draped 

Group (SD)

CFRP Draped 

(Group CD)

Straight CFRP 

Group (C)
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cable had a tensile strength of 965 MPa and was manufactured from 7 wires with a 2.64 mm wire 

diameter and a total cross sectional area of 38.3 mm
2
. The breaking strength of the steel cable is 

49.82 kN. The manufacturer specified mechanical properties are provided in Table 3.3. 

 

 

Figure 3.10 Swage Anchors of CFRP Rebar 

 

Table 3.3 Mechanical Properties of Bars and Cables 

Material 

Type 

Diameter 

(mm) 

Cross 

Sectional 

Area (mm
2
) 

Nominal 

Diameter 

(mm) 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus of 

Elasticity 

(GPa) 

Ultimate 

Strain  

CFRP 

Bar 

9 65.2 9 2068 124 0.017 

Steel 

Cable 

7.9 38.3 7.9 1305 200 0.007 

GFRP 10 71.26 10 760 40.8 0.019 
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3.3.2 Individual Timber Beams Test Set-Up and Instrumentation 

Twenty two timber beams were tested at the W.R. McQuade Structures Laboratory at the 

University of Manitoba. All the beams were tested in accordance with ASTM Standard D198 

(ASTM 2008). The beams were simply supported on rollers with a span of 4 500 mm and were 

tested in three point bending. A monotonic static load was applied by a servo-hydraulic testing 

machine with a displacement rate of 3 mm/minute. A 500 mm long bearing plate was used to 

distribute the applied load. Lateral support was provided at both ends of the beams. Schematic 

drawing of the beam test set up is shown in Figure 3.11. A photo of the test set-up can be seen in 

Figure 3.12. 

 

The timber beams were instrumented with four linear variable displacement transducers 

(LVDTs) to measure the vertical displacement. Two LVDTs were placed at mid-span (one on 

each side of the beam) and two LVDTs were placed  at quarter-span of the beam. Three 200 mm 

pi-gauges were used to measure the strains in the beam at mid-span at various heights. One pi-

gauge was placed at a distance of 30 mm from the top of the beam. The other two pi-gauges were 

placed symmetrically at 45 mm from the mid-height of the beam as shown in Figures 3.13 and 

3.14. A single 6 mm strain gauge was installed at the center of each CFRP bar and steel cable. 

All readings from the LVDTs, pi-gauges, strain gauges, machine load and the stroke were 

recorded using a data acquisition system with sampling rate of 100 samples/second. 
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Figure 3.11 Test Beam Configuration  

 

 

Figure 3.12 Full Scale Timber Beam Test Setup 



 

61 

 

Figure 3.13   Schematic Drawing of Beam Instrumentation  

 

 

Figure 3.14 Typical Timber Beam Instrumentation 

 

3.3.3 Individual Timber Beam Test Specimens 

Sixteen timber beams out of the 22 were post-tensioned either with steel cable or with CFRP 

bars. These beams were strengthened with a total of 10- 10 mm diameter GFRP dowels to 
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prevent shear failure of the beams. A schematic drawing of the dowel layout is shown in 

Figure 3.15. The dowels were spaced at 300 mm within the shear span of 1 200 mm from the 

support. The beams were turned upside down to ease drilling. The dowel holes were drilled at 

90° to the longitudinal axis of the beam with 12.7 mm (1/2ʺ) drill bit to a depth of 300 mm from 

the bottom to the top of the beam as shown in Figure 3.16. The holes were cleaned up with an air 

hose to ensure all debris was removed prior to application of epoxy. GFRP dowels were inserted 

into the holes and the epoxy resin was injected as shown in Figures 3.16. 

 

Figure 3.15 Shear Dowel Layout 

          

              (A) Installing Dowels                    (B) Injecting Epoxy Resin into the Holes  

Figure 3.16 GFRP Dowel Installation 
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For installation of the post-tensioning system, six holes with a diameter of 9.5 mm (3/8ʺ) and a 

depth of 89 mm (3.5ʺ) were drilled at each end of the beams using an electric drill. All holes 

were vacuumed following drilling to ensure all debris was removed. The anchor plate was 

attached to the timber beam with six lag screws with a diameter of 12.7 mm (1/2ʺ) and a length 

of 101.6 mm (4ʺ) at each end of the beam, and both sides. The anchor plates were staggered on 

the beam ends. A schematic drawing of the post-tensioned timber beam is shown in Figure 3.17. 

 

 

Figure 3.17 Schematic Drawing of Post-tensioned Timber Beam 
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3.3.4 Post-Tensioning Systems 

3.3.4.1 Straight CFRP Bars and Straight Steel Cables 

The live end of the CFRP bar was connected to the turnbuckle with a 177.8 mm (7ʺ) long 

threaded rod with a diameter of 15.9 mm (5/8ʺ). The turnbuckle was connected to the plate 

through a hook from one side of the beam. The other swage dead side was connected to the 

removed jaw part of the turnbuckle, and connected to the anchor plate on the dead end of the 

beam through a hook as shown in Figure 3.18. The steel guy cable was cut from the steel cable 

rollatalengthof4445mm(175ʺ).Thesteelcablewaswoundfrombothendsatadistanceof

304.8mm(12ʺ)aroundathimbleandclippedwith two clips on each end using a torque wrench. 

The live end of the steel cable was connected to the turnbuckle via thimble and the dead end of 

the steel cable was connected to the anchor plate through a shackle as shown in Figure 3.19. 

 

The CFRP bars for two beams and the steel cables for three beams were placed inside a plastic 

pipe for  safety to prevent injury in case a bar rupture occurred during stressing and testing.  

 The post-tensioning process was performed manually. One strain gauge was placed on the mid-

span of the CFRP bar and the steel cable to monitor the strain and determine the force on the bar.  
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Figure 3.18 Anchorage System for Timber Beams Post-tensioned with CFRP Bar 

 

 

Figure 3.19Anchorage System for Steel Guy Cables 

 

 

Live end 

Dead end 

Live end 
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3.3.4.2 Draped CFRP Bars and Draped Steel Cables 

The bars and the cables were draped using deviator brackets with large radius as shown in Figure 

3.20. Nine holes with a diameter of 6.4 mm (2/8ʺ) and a depth of 50.8 mm (2ʺ) were drilled at the 

bottom center span of the beam on both sides. One deviator bracket was bolted around the 

bottom center span of the beam on both sides using nine lag screws with a diamter of 9.5 mm 

(3/8ʺ) and a depth of 50.8 mm(2ʺ). The deviator bracket was used to hold the bar and the cable 

at the bottom tension side of the beam during loading in order to increase its effectiveness in 

enhancing the strength of the beams. 

 

Figure 3.20A Photo of Deviator Bracket 

 

Either the CFRP bar or the steel cable was placed on the bracket.  A curved plastic piece 

manufactured from ultra-high molecular weight composite was used on the contact surface of the 

bracket to prevent the CFRP bar and the steel cable from slipping and to prevent direct contact 

with the bracket. The end anchor plates were positioned up to a distance of 65 mm from the 

bottom edge of the beam. The center of the hook which connected to either the CFRP bar or the 

steel cable was 75 mm higher than the middle of either the CFRP bar or the steel cable under the 

deviator bracket as shown in Figure 3.21. 
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Figure 3.21 A Schematic Drawing of Draping the CFRP Bar and the Steel Cable 

 

The anchorage system for the timber beam post-tensioned with draped CFRP bar is shown in 

Figure 3.22. Typical timber beam post-tensioned with draped CFRP bars is shown in 

Figure 3.23. 
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Figure 3.22 Anchorage System for Draped CFRP Bar 

 

 

Figure 3.23 Timber Beam Post-Tensioned with Draped CFRP Bar 
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The stressing of all CFRP bars and the steel cables was done manually by turning each 

turnbuckle six complete turns after tightening the turnbuckle for the CFRP bars and four 

complete turns after tightening the turnbuckle for the steel cables. The camber was measured 

using LVDT in the center of each beam during stressing the bars and the cables. The force 

applied to all CFRP bars and steel cables and the associated camber of the beams are listed in 

Tables 3.4 and 3.5. Each of the CFRP bars and the steel cables was instrumented using 6 mm 

strain gauge in order to record strain reading during post-tensioning and during test. Later, the 

stressed load was calculated using Hooke’sLaw.  

The loads were not the same in all beams because the load was applied manually and it was very 

hard to apply more force by turning the turnbuckle more turns. 

 

Table 3.4 Stressed Load for Groups CD and Group C 

 

 

 

First Bar Second Bar

CD14 34 33 4.2

CD15 29 30 3.9

CD46 36 35 2.4

CD47 35 35 3.9

C9 35 34 5.6

C44 39 39 3.1

C45 29 28 4.8

C50 32 33 3.1

Beam # Camber [mm]
Stressed Load [kN]

Curved Plastic Piece 
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Table 3.5 Stress Loads for Group SD and Group S 

 

 

3.4 Phase 3: Full Scale Timber Bridge Decks 

The third major component of the experimental program was to build and test four full scale 

timber bridge decks. The objective was to study the effect of stringer strengthening schemes on 

the load sharing and stiffness of the timber bridge decks. Manitoba Infrastructure and 

Transportation donated 18 full scale timber beams taken from an old bridge in Manitoba to 

conduct this research. The dimensions of these beams were 140 mm x 420-500 mm x 6 300 mm. 

They also donated a total of eight creosote treated timber cap beams with dimensions of 300 mm 

x 300 mm x 5 000 mm. 

 

From these beams, four full scale bridge decks were constructed using seven, 6.3 m long timber 

stringers. These stringers had a wooden decking. The decking was typically similar to the current 

First Cable Second Cable

SD18 34 35 4.7

SD28 34 34 5.1

SD43 34 34 3.0

SD48 35 35 2.9

S7 23 23 2.7

S23 35 35 3.0

S27 35 35 1.9

S41 34 34 3.3

Beam #
Stressed Load [kN]

Camber [mm]
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construction practices in Manitoba.  Drawing details are shown in Appendix B. One bridge deck 

was retained as a control sample without any strengthening (BD-CO); another three bridge decks 

had various strengthening schemes applied to the stringers: one was post-tensioned using draped 

CFRP bars (BD-DC), one was post-tensioned using draped steel guy cables (BD-DS), and one 

bridge deck had its stringers strengthened using near surface mounted (NSM) GFRP 

reinforcement (BD-G).  

 

Strengthening timber stringers using NSM GFRP bars is a common practice in Manitoba. The 

fourth bridge deck was tested to provide reference for behaviour of timber decks currently in use 

in Manitoba. 

 

The beams were re-used and classified as utility grade. All of the bridge beams were 

strengthened using GFRP dowels to avoid shear failure. The beams were tested individually up 

to a load of 50 kN before using them to build the four timber bridge decks. This was done to 

determine the stiffness of each beam. The summary of the four tested timber bridge decks are 

listed in Table 3.6. Each one of the stringers for these bridge decks was named based on its 

location with reference to the North and South direction as shown in Figure 3.24. The symbols 

used in Figure 3.24 are described below: 

CB: is the center beam; 

FNB: is the first north beam; 

FSB: is first south beam; 

SNB: is the second north beam; 

SSB: is the second south beam; 
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TNB: is the third north beam; 

TSB: is the third south beam. 

 

Figure 3.24 Timber Bridge Deck Side View 

 

Table 3.6 Summary of All Tested Timber Bridge Decks 

 

 

 

 

 

Beam # Depth [mm] Beam # Depth [mm] Beam # Depth [mm] Beam # Depth [mm]

CB B3 500 B9 500 B18 490 B4 480

FNB B1 440 B11 500 B17 490 B12 480

FSB B8 440 B14 490 B7 450 B5 485

SNB B5 485 B16 500 B16 500 B13 480

SSB B4 480 B15 480 B15 480 B2 440

TNB B6 440 B17 490 B11 500 B8 440

TSB B2 440 B10 500 B10 500 B1 440

Beam 

Position

BD-CO BD-DS BD-DC BD-G
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3.4.1 Material for Timber Bridge Decks 

3.4.1.1  Timber Stringers for Decks 

All timber stringers were creosote treated. The depth of the creosote penetration averaged 20 mm 

along the perimeter of the beams. These stringers were re-used between the bridge decks since 

the edge stringers did not fail during testing. The 18 stringers ranged in depth from 420-500 mm.  

Therefore the bridge decks were built using stringers of different depth. There was an adjustment 

made at the supports to have the top level of the deck at the same height throughout the width of 

the deck. 

3.4.1.2 Reinforcement 

Four types of reinforcement were used in the decks; GFRP dowels, CFRP tendons, steel cables 

and GFRP bars for NSM. The length of the dowels was 400 mm. The total length of the CFRP 

bar was 5207mm(205ʺ). The mechanical properties of the reinforcement are listed in Table 3.3.  

 

3.4.2 Shear Strengthening of the Stringers 

All stringers were strengthened with 10-10 mm diameter GFRP dowels to prevent shear failure 

of the beams. A schematic drawing of the dowel arrangement is shown in Figure 3.25. The 

dowels were spaced at 500 mm within the shear span of 2 000 mm from the support. The beams 

were turned upside down to ease drilling. The dowel holes were drilled at 90° with 12.7 mm 

(1/2ʺ)drillbittoadepthof400mmfromthebottomsurfacetothetopsurfaceofthebeam.The

holes were cleaned up using air hose to ensure all debris was removed from the holes prior to  
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dowel installation. GFRP dowels were inserted into the holes and the epoxy resin was injected as 

shown in Figure 3.26.  

  

Figure 3.25 Shear Dowels in Shear Span with 500 mm Spacing 

 

 

 

Figure 3.26  GFRP Dowel Installation for the Stringers 
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3.4.3 Timber Bridge Deck Test Set-Up and Instrumentation 

Testing of the four full-scale timber bridges was carried out at the W.R. McQuade Structures 

Laboratory at the University of Manitoba. All bridge decks were tested in accordance with 

ASTM Standard D198 (ASTM 2008). The Douglas-Fir timber beams obtained from Manitoba 

Infrastructure and Transportation (MIT) were cut to a length of 6.3 m. The two ends of each 

beam were dapped using a threaded chain saw; the cut out piece taken from each end was 300 

mm by 50 mm. The dapped end of one of the timber beams is shown in Figure 3.27. It is a 

practice in Manitoba to use timber beams with dapped ends. Since the bridge cap beams obtained 

from MIT were varied in length, these cap beams were also cut to 4 000 mm in length. The cross 

section of the cap beams used in the construction of the full-scale bridge test was 300 x 300 mm. 

Three steel plates of 25.4 mm thickness were cut and then bolted using 19 mm threaded rod to 

the wooden cap beams. Another three HSS beams were also cut and were welded to these steel 

plates. The assembly of the cap beams which includes the steel plate and the HSS beams is 

shown in Figure 3.28. 

 

 

Figure 3.27 The Dapped End of One Timber Beam 
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Figure 3.28 The Assembly of the Cap Beams 

 

A total of six concrete blocks were post-tensioned to the strong floor of the laboratory. Each one 

of these concrete blocks was stressed up to 3 kN to the concrete floor using a total of 4 large 

threaded rods. The concrete blocks were arranged on the floor to the specified dimensions of the 

timber bridge deck section. Three were placed in the west bound of the bridge section while the 

other three were placed to the east bound of the bridge section. The cap beam assembly was 

placed on top of the concrete blocks. The HSS beams were welded to the concrete blocks. The 

assembly of the abutments of the bridge is shown in Figure 3.29. The details of the timber bridge 

section and the connections were designed to be similar to the actual bridge building practices in 

Manitoba.   
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The stringers were distributed on top of the cap beams as shown in Figure 3.30. The spacing 

betweenthesebeamswas610mm(24ʺ)fromcentertocenter.Thestringerswereconnectedto

thecapbeamsusingdriftboltswithadiameterof25.4mm(1ʺ).One19mmholewasdrilled at 

each end of the stringers using a 500 mm long drill bit. Then, the drift bolts were driven through 

using impact gun to connect these stringers to the cap beams as shown in Figure 3.31. 

 

 

Figure 3.29 The Assembly of the Abutments of the Bridge 
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Figure 3.30 The Distribution of the Stringers on the Bridge Cap Beams 

 

 

Figure 3.31 Stringers Connected to the Cap Beams with Drift Bolts 

 

A wooden spruce pine laminate of 2ʺ by 6ʺ was nailed along the cross section of the bridge 

starting from the center. Each piece was nailed using a hydraulic nail gun and was aligned in a 
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vertical position using a level. The deck of the bridge section was fully covered using spruce 

pine wood planks nailed using nail gun. The orientation angle and the number of the nails 

inserted to connect the spruce pine to the stringers were according to the current construction 

practices in Manitoba. Three nails per foot were used to connect the wood to the stringers with 

45° angle.  After the full assembly of the timber deck, the load actuator was installed. The load 

actuator was laterally supported by four steel chains that were connected to large wide steel 

flanges of the load frame. The load actuator was placed in the center of the bridge. A photo of 

the bridge deck before testing is shown in Figure 3.32. 

 

 

Figure 3.32Timber Bridge Deck Section 

  

The center stringer CB was instrumented using 4 linear variable displacement transducers 

(LVDTs) while the other six stringers were instrumented using 2-LVDTs; each to measure the 
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vertical displacement at mid-span and at quarter-span of the beam as shown in Figure 3.33. Two 

200 mm pi-gauges were used to measure the strain in each stringer at mid-span at various 

heights. The two pi-gauges were placed at a distance of 50 mm and 300 mm from the top of the 

beam as shown in Figure 3.34. One 6 mm strain gauge was installed at the center of each CFRP 

bar and steel cable. All readings from the LVDTs, pi-gauges, strain gauges, machine load and the 

stroke were recorded using a data acquisition system. 

 

 

Figure 3.33 Schematic Drawing of the LVDTs Locations 
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Figure 3.34 A Photo of the Pi-gauges at Mid Span  

 

3.4.4 Timber Bridge Decks 

Four bridge decks with a cross section of 3.7 m x 6.3 m were constructed from seven stringers 

each. The dimensions of the stringers of the BD-DS were 140 mm x 480 – 500 mm x 6300 mm. 

The stringers of BD-DS were post-tensioned with 7.9mm(5/16ʺ)diameterdrapedsteelcables. 

The post-tensioning arrangement was the same as in the individual timber beams testing phase. 

The anchorage system for a draped steel cable is shown in Figures 3.35 and 3.36. The 

dimensions of the stringers of the BD-DC were 140 mm x 450 – 500 mm x 6300 mm. The 

stringers of BD-DC were post-tensioned using draped CFRP tendons. The anchorage system for 

a draped CFRP bar is shown in Figures 3.37 and 3.38. The post-tensioning process was also 

performed manually. A typical post-tensioned stringer with draped CFRP bar is shown in Figure 

3.39. 
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Figure 3.35 Anchorage System for A Stringer Post-Tensioned with Draped Steel Guy Cable 

 

The stressing of the steel cables and the CFRP bars was performed manually by turning the 

turnbuckles more than eight complete turns after they were completely tightened. The stressed 

load of all steel cables and the CFRP bars and its associated camber are listed in Tables 3.7 and 

3.8. The loads were not the same in all stringers because it was very difficult to turn the 

turnbuckle manually and there was not enough room between the stringers. This will need to be 

considered for in-situ applications in the future. 

 

Live End 
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Figure 3.36 Dead End of Draped Steel Guy Cables 

 

 

Figure 3.37 Live End of Draped CFRP Bar 

Dead End 
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Figure 3.38 Dead End of Draped CFRP Bar 

 

 

Figure 3.39 A Stringer Post-Tensioned with Draped CFRP Bar 

 

Dead End 
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Table 3.7 Stressed Loads for Stringers of BD-DS 

 

 

Table 3.8 Stressed Loads for Stringers of BD-DC 

 

North side South side

CB 35 36 3.62

FNB 35 36 3.86

FSB 35 36 3.94

SNB 35 37 3.82

SSB 35 34 2.80

TNB 34 35 3.91

TSB 36 35 3.13

Pre-Stressd Force [kN]

Camber [mm]Beam #

North side South side

CB 30 33 6.41

FNB 32 33 6.65

FSB 32 33 6.79

SNB 33 34 7.53

SSB 33 36 5.93

TNB 34 34 8.46

TSB 33 34 4.84

Beam #

Pre-Stressed Force [kN]

Camber [mm]
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The dimensions of the stringers of the BD-G deck were 140 mm x 440 – 485 mm x 6300 mm. 

The deck BD-G was included in the experimental program in order to evaluate the flexural 

strength of the bridge deck using stringers with NSM GFRP bars. There are number of reasons 

why this type of bridge was of interest in this program. The use of NSM GFRP bars for 

strengthening timber as developed at the University of Manitoba has been used in Manitoba for 

more thanadecade.Themethod increases the strengthof the stringers, but didn’t change the

stiffness of the deck substantially. It was used in this program for comparison purposes, since 

number of bridges in Manitoba employ this type of strengthening. It was essential to compare the 

behavior of the new technique with the existing one.    

 

The stringers of BD-G were grooved and reinforced with two NSM GFRP bars. The stringers 

were strengthened at the McQuade Structures Laboratory at the University of Manitoba by 

Vector Construction Ltd. The cross section of the reinforced stringers is shown in Figure 3.40. 

Two grooves were routed along the bottom tension side of the beams and cleaned with a brush 

and vacuum to allow a satisfactory bond between the timber and the epoxy (see Figure 3.41).The 

seven stringers were reinforced with two GFRP bars each, with a diameter of 9 mm. The grooves 

had a width of 14 mm and a depth of 17 mm. Epoxy brand of KEMKO-038 was used to bond the 

GFRP bars to the timber. The strengthening method can be summarized as follows: 

 The epoxy was pressure injected using a hydraulic pump into the grooves to cover about 

2/3 of the groove then the GFRP bars were gently inserted inside.  

 The grooves were then filled fully with epoxy.  

 Any excess epoxy was removed using a foam roller to give a soft finish to the specimen. 

 The stringers were allowed to cure for at least seven days.  
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The reinforced stringers of BD-G are shown in Figure 3.42 

.  

Figure 3.40 Cross Section of Reinforced Stringers with NSM GFRP bars 

 

 

Figure 3.41 Underside of the Stringer with Grooves Shown 
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Figure 3.42 Reinforced Stringers of Deck BD-G 
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4 EXPERIMENTAL RESULTS AND ANALYSIS 
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4.1 Introduction 

This chapter presents test results obtained from the experimental program. It provides detailed 

information on shear test results obtained using 4 mm and 19 mm thick steel anchor plates. The 

types of failure in both the small timber test specimens and the lag screws are also discussed. It 

includes the experimental data obtained from testing a total of 22 individual timber beams. The 

analysis of variance performed on the beams is also included. Finally, the experimental results of 

testing four full scale timber bridge decks are presented. Deflected profiles and load sharing 

factors for the stringers of the four timber bridge decks are discussed. Strain in the timber, steel 

cables and CFPR bars as well as the pre-stress losses are discussed. The analysis of variance of 

the four bridges is also covered in this chapter. 

 

4.2 Steel Plate-Timber Connection Results 

The failure loads and types obtained from testing the connection between the timber samples and 

the steel plate with a thickness of 4 mm are listed in Table 4.1. During shear test #9 which had 

ten bolts, the steel plate yielded in the area around the pulling hole at a load of 71.7 kN. The 

yielded steel plate is shown in Figure 4.1. As a consequence, another steel plate was designed in 

order to carry a load up to 200 kN. The steel plate was manufactured having the same 

dimensionsexceptthethicknesswasincreasedto19mm(3/4ʺ).Theexperimentalresultsforthe

shear test with a 19 mm thick steel plate are listed in Table 4.2. The load was applied through the 

hook of the anchor plate for two shear tests using six bolts and two tests using eight bolts to 

confirm the hook strength capability needed for post-tensioning the full scale timber beams. 

Using the hook, moment was applied to the bolts as well as shear in the same manner as in the 
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stringers. This tested the pull-out capacity of the mechanism on one side of the connection. 

Consequently, another steel C-section with two holes connected to the hole of the hook was 

welded to the bottom steel base of the UTM machine and was connected to the hook of the tested 

steel plate using a steel bar as shown in Figure 4.2. 

 

Table 4.1 Shear Tests Results Obtained Using 4 mm Thick Steel Plate 

 

 

Test #
# of 

Bolts
Bolt Position Bolt Length [mm]

Failure 

Load [kN]
Failure Type

Applied Load 

Method

1 1 Top row 76.2 22.9
Combination of bolt bending 

and shear in wood

2 1 Top row 76.2 22.6 Bolt bending

3 1 Bottom row 76.2 9.2 Shear in wood

4 1 Bottom row 76.2 13.2 Shear in wood

5 1 Top row 101.6 23.9
Combination of bolt bending 

and shear in wood

6 1 Top row 101.6 25.4
Combination of bolt bending 

and shear in wood

7 1 Bottom row 101.6 17.0
Combination of bolt bending 

and shear in wood

8 1 Bottom row 101.6 12.9 Shear in wood

18.4

6.1

9 10
Top, middle & 

bottom rows
76.2 71.7 Steel plate yeilded

Direct tension

Average for one bolt

Standard Deviation
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The failure mode for the eight tests was a combination between bolt bending and shear in timber. 

Ten timber samples failed in shear as shown in Figures 4.3 and 4.4 and one test failed with bolt 

bending. A photo of the lag screw bending is shown in Figure 4.5. 

 

According to the Wood Design Manual (2005), the capacity of a lag screw with a diameter of 

12.7 mm and a penetration length of 101.6 mm is 4 kN. In contrast, the experimental average 

capacity of the lag screw with the same diameter and the same penetration length is 20 kN. The 

calculated theoretical load capacity of six lag screws in two rows, three bolts in each row, 

according to the Wood Design Manual is 25 kN. In contrast, the experimental load capacity of 

the six lag screws s in the same orientation is 91 kN. 

 

 

Figure 4.1 Steel Plate for the First Set of Tests 

Yielded Hole 
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Figure 4.2 Assembly Showing Load Applied Through the Hook of the Steel Plate 
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Table 4.2 Shear Test Results Obtained Using 19 mm Thick Steel Plate 

 

 

 

Test #
# of 

Bolts
Bolt Position Bolt Length [mm]

Failure 

Load [kN]
Failure Type

Applied Load 

Method

10 6 76.2 72.4
Combination of bolt bending 

and shear in wood
Direct tension

11 6 76.2 76.0
Combination of bolt bending 

and shear in wood
Direct tension

74.2

2.5

12 6 101.6 92.0
Combination of bolt bending 

and shear in wood
Direct tension

13 6 101.6 89.6
Combination of bolt bending 

and shear in wood
Direct tension

14 6 101.6 90.2 Shear in wood
Load through 

the hook

15 6 101.6 91.4 Shear in wood
Load through 

the hook

90.8

1.1

16 8 101.6 125.0 Shear in wood Direct tension

17 8 101.6 108.0 Shear in wood Direct tension

18 8 101.6 118.2 Shear in wood Direct tension

19 8 101.6 133.8 Shear in wood
Load through 

the hook

20 8 101.6 120.5 Shear in wood
Load through 

the hook

121.1

8.4

Average 

Average 

Average 

Standard Deviation

Top & middle

Top & middle

Top & middle

Standard Deviation

Standard Deviation
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Figure 4.3 Typical Timber Sample Failed in Shear 

 

 

Figure 4.4 Shear Failure in Timber  
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Figure 4.5 Lag Bolt Bending Failure 

 

Based on the steel plate –timber connection results, six lag screws with a diameter of 12.7 mm 

(1/2ʺ) and a penetration length of 101.6 mm (4ʺ) will be used to attach the steel plate to the full 

scale timber beams. The steel plate had a dimension of 140mm x 220 mm x 6 mm. The 

experimental average capacity of these six lag screws is 91 kN. 

 

4.3 Experimental Testing Results for Individual Timber Beams 

4.3.1 Moisture Content 

The moisture content of each beam was measured before each test using the J-2000 moisture 

meter (manufactured by Delmhorst Instruments), which utilized the principle of electrical 

resistance. Two pins capable of conducting electricity were driven into the beam parallel to the 

grain. The degree of the conductivity depends upon the moisture content of the wood. The J-

2000 moisture meter allows the user to set the species of wood and the temperature of the room 

to accurately read values between 6% and 40%. Three moisture content readings were taken for 

each one of the beams at different locations. These values were averaged to obtain an accurate 

reading of the moisture content.  
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 The moisture content of each beam was measured before testing; the beams moisture contents 

are listed in Tables 4.3, 4.4 and 4.5. The average measured moisture content for the control 

beams was 13%. The average measured value of moisture content before post-tensioning for 

Groups CD and C and for Groups SD and S was 13% while the average moisture of content for 

Groups CD and C and for Groups SD and S after post-tensioning was found to be 11% and 12%, 

respectively. The moisture content in all tested beams ranged from 10% to 16%. The acceptable 

level of moisture content for Douglas-fir timber beams is 19% or less according to the Wood 

Design Manual (2005). 

 

Table 4.3 Moisture Content for Control Beams 

  

 

 

 

 

Beam # Moisture content [%]

CO8 13

CO10 15

CO11 12

CO17 13

CO21 13

CO49 12

Average 13

Standard Deviation 1
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Table 4.4 Moisture Content for Group CD and Group C 

  

Table 4.5 Moisture Content for Group SD and Group S 

  

Before post-tensioning After post-tensioning

CD14 12 10

CD15 12 12

CD46 14 12

CD47 14 10

C9 12 10

C44 12 11

C45 14 11

C50 12 12

Average 13 11

Standard Deviation 1 1

Beam #
Moisture content [%]

Before post-tensioning After post-tensioning

SD18 13 12

SD28 13 12

SD43 13 13

SD48 15 10

S7 12 13

S23 12 11

S27 14 13

S41 13 12

Average 13 12

Standard Deviation 1 1

Beam #
Moisture content [%]
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4.3.2 Failure Mode of Timber Beams 

The common mode of beam failure was tension parallel to the grain. Four beams from Group CO 

failed in shear; one beam failed in tension; and the last beam failed in a combination of tension 

and shear. All post-tensioned timber beams failed in tension. The cracks originated parallel to 

grain on the tension side of the beam. The cracks propagated to a point where the slope of grain 

have changed just before failure took place.  Typical beam at failure is shown in Figure 4.6. The 

modes of failure for the beams are shown in Figures 4.7 to 4.10. None of the CFRP bars or the 

steel guy cables was ruptured during stressing or testing to failure. 

 

 

Figure 4.6 Typical Timber Beam at Failure 
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Figure 4.7 Tension-Flexural Failure Mode of Beam CD14 

 

 

Figure 4.8 Tension-Flexural Failure Mode of Beam C9 
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Figure 4.9 Tension-Flexural Failure Mode of Beam SD18 

 

 

Figure 4.10 Tension-Flexural Failure Mode of Beam S23 
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4.3.3 Load–Deflection Behavior 

4.3.3.1 Control Timber Beams 

A total of six control timber beams with no reinforcement were tested in three-point bending 

until failure. Load deflection curves for these beams are shown in Figure 4.11. All of these 

beams were utility grade because of the existence of splits and long cracks on the beams. The 

slope of the load deflection curve was linear within 94% of the ultimate load until the timber 

starts to crack in the tension zone. Deflection continued to increase with a minor increase in load 

causing a rapid drop in the load. All beams behaved in the same manner. It was shown that all 

beams except beams CO11 and CO21 behaved linearly until failure. The two beams, CO11 and 

CO21, by contrast showed somewhat non-linearity in their response before failure as a result of 

the long cracks and the splits on the beams. The average failure load of control beams was 56 

kN. All the control beams except beam CO11were salvaged from earlier experimental program, 

and reused in this experiment, because there was no obvious damage to any of them. They had 

splits on both ends of the beam. Therefore, there is a large difference in the ultimate load 

between beam CO11 and the rest of the beams. Figure 4.11 shows the beams CO17 and CO21 

are weaker than the rest of the beams in the same control group by 28% and 37% respectively 

due to the presence of the large splits on both ends. These splits were 500 mm long and on the 

mid height of the beam depth. The failure loads and the associated mode of failure of beams for 

Group CO are listed in Table 4.6. 
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Figure 4.11 Experimental Load Deflection Curves for Beams in Group CO 

Table 4.6 Experimental Ultimate Load and Failure Modes for Group CO 

 

# of Beam
Ultimate Load 

[kN]
Failure Mode

CO8 52.61 Tension

CO10 57.90 Shear

CO11 85.37 Combination of Tension and Shear

CO17 45.22 Shear

CO21 39.50 Shear

CO49 55.78 Shear

Average

Standard 

Deviation

56.06

15.91
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4.3.3.2 Post-tensioned Timber Beams 

A total of 16 beams were tested prior to post-tensioning up to a load of 45 kN in order to 

determine the initial stiffness for each beam. Initial load deflection curves for Groups CD and C 

and for Groups SD and S are shown in Figures 4.12 and 4.13, respectively.  

 

The experimental load-deflection curves for the post-tensioned timber beams in Groups CD and 

C and for Groups SD and S are shown in Figures 4.14 and 4.15, respectively. Most of the beams 

behaved in a non-linear manner before reaching failure point. As shown in Figure 4.14, Beam C9 

has the lowest slope in Groups CD and C. It might have occurred due to a big knot in the bottom 

center where a crack originated around the knot and a long split on the beam. Figure 4.15 

showed that beam S27 has the largest failure load of 150 kN and the highest slope of  

3.12 kN/mm in Groups SD and S. The camber of this beam was 1.9 mm that is 1.4 mm less than 

the average camber of the beams. The high stiffness would make it more difficult to induce 

larger camber to the beam, even though the post-tensioning force was 35 kN.  
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Figure 4.12 Initial Load Deflection Curves for Group CD and Group C 

 

Figure 4.13 Initial Load Deflection Curves for Group SD and Group S 
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Figure 4.14 Experimental Load Deflection Curves for Groups CD and C after Post-

tensioning  

 

Figure 4.15 Load Failure Deflection Curves for Groups SD and S after Post-tensioning 
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The average failure load of post–tensioned timber beams for Group CD using draped CFRP bars 

was 95 kN with a standard deviation of 15 kN while the average failure load of post–tensioned 

timber beams for Group C using straight CFRP bars was 88 kN with a standard deviation of 22 

kN. Beam S7 was excluded from the results since the applied load for the steel cables was 23.09 

kN. This load was the smallest load to be applied among the beams because it was very hard to 

apply additional force manually. The average failure load of post-tensioned timber beams for 

Group SD with draped steel guy cables was 81kN with a standard deviation of 17 kN while the 

average failure load of post-tensioned timber beams for Group S with straight steel guy cables 

was 92 kN with a standard deviation of 50 kN. The experimental load deflection curves for each 

beam before and after post-tensioning are included in Appendix A. The failure loads and the 

types of failure mode for all beams are listed in Tables 4.7 and 4.8. 
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Table 4.7 Experimental Failure Loads and Modes for Groups CD and C 

 

 

 

 

 

 

 

 

# of Beam Reinforcement Ultimate Load [kN] Increase in Strength [%] Failure Mode

CD14 100.88
79.94%

CD15 74.63
33.12%

CD46 95.71
70.72%

CD47 109.03
94.48%

95.06
69.56%

14.68
26.19%

C9 58.38
4.13%

C44 93.18
66.20%

C45 88.61
58.05%

C50 110.41
96.94%

87.65
56.33%

21.65 38.62%

Standard Deviation

Standard Deviation

CFRP

Average

Tension

Tension

CFRP Draped

Average
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Table 4.8 Experimental Failure Loads and Modes for Groups SD and S 

 

 

The ultimate strength of Group CD was increased on average by 70%, while for Group C the 

strength was increased on average by 56%. The strength for both Groups SD and S were 

increased on average by 45% and 49%, respectively. It was also observed during the testing that 

as the beam deflected, the cable stayed at the same location while only the beam was moving 

down so as the beam deflected, the effective depth of the cable reduced, and therefore there was 

no effect on the strength, since we need the largest effective depth of the cable to increase 

moment capacity of any beam. The strength of Group SD was expected to be larger than the 

# of Beam Reinforcement Ultimate load [kN] Increase in Strength [%] Failure Mode

SD18 88.93 58.62%

SD28 56.18 0.21%

SD43 93.39 66.58%

SD48 86.48 54.25%

81.25 44.92%

16.95 30.24%

S7 56.79 1.30%

S23 58.46 4.27%

S27 150.05 167.64%

S41 68.45 22.09%

92.32 48.83%

50.24 79.74%

Tension Steel Draped

Steel

Average

Average

Standard Deviation

Standard Deviation

Tension 



 

110 

strength of Group S in this experimental program since the draped steel increased the moment 

carrying capacity of the beam. However, the average strength increase of Group SD was smaller 

by 14% than the average strength increase of Group S because there was no strength increase for 

beam SD28 since it had large splits along the beam. The results clearly showed the importance of 

the strengthening technique used to increase the service life of existing old timbers. 

 

4.3.4 Strain Distribution in Timber 

The longitudinal strain in the timber beams was monitored at three locations at mid-span using 

200 mm pi-gauges. All strains were measured during testing, but a continued record of strains 

was not always possible. This was because either due to failure of strain gauges or the cracking 

that occurred in beams at specific locations caused the pi-gauges to detach from the surface of 

the beam and prevented further measurement of strains. The load versus deflection and the load 

versus strain relationship for Beam DC14 are shown in Figures 4.16 and 4.17, respectively. The 

load-strain curve was linear up to the initiation of the cracks in the tension zone. Cracking was 

reflected by the drops in the load-deflection curve as shown in Figure 4.17. The strain profile for 

beam DC14 at three different load levels is shown in Figure 4.18, the strain profile was linear at 

all load levels. 
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Figure 4.16  Load-Deflection Curve for Beam CD14 before and after Post-tensioning 

  

Figure 4.17 Load versus Strain Curve for Beam CD14 
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Figure 4.18 Strain Profile for Beam CD14 at Mid-Span 

 

4.3.5  Strain in CFRP Tendons and Steel Cable 

The 16 beams tested to failure were instrumented with a strain gauge in the middle of CFRP bar 

and steel guy cable. The load strain plot for the draped CFRP bars for beam CD14 and the 

straight CFRP bars for beam C44 are shown in Figures 4.19 and 4.20, respectively. The strain 

plot for the bars and the steel cables originate at the strain that the bars and the cables were 

stressed to initially. Beam CD14 was stressed to 39 kN, and had initial strain in the draped CFRP 

cables equal to 4200 μƐ.Thestrain in thedraped CFRP bars in this beam is plotted in Figure 

4.19. The load strain plot for the draped steel cables for beam SD48 and the straight steel cables 

for beam S23 s are shown in Figures 4.21 and 4.22, respectively. Beam SD48 was stressed to 35 

kN, and had initial strain in the draped steel cables equal to 4600 μƐ.Thestrain in thedraped
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steel cables in this beam is plotted in Figure 4.21. Beam S7 was stressed to 23 kN, and had initial 

strain in the steel cables equal to 3200μƐ.This beam was the first beam to be stressed and there 

was difficulty in turning the turnbuckle at the start of the cable post-tensioning. The strains were 

linear in all of the CFRP bars and all of the steel cables until the beams started to crack which 

caused the strains to increase rapidly. Unfortunately, the ultimate strains could not be recorded 

for one steel cable in Beam SD43 since the strain gauge failed during the testing operation. 

 

Figure 4.19 Load Strain Curve for Draped CFRP Bars for Beam CD14 

 

The average amount of strain gained due to loading in both straight CFRP bars and steel cables 

was 491 μƐ while it was 1068 μƐ for the draped ones. This translates to average force on both the 

straight CFRP bars and the steel cables due to loading of 3.9 kN while it was 8.4 kN for the 
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draped ones. Increasing the drape would make the strengthening system more effective because 

it will increase the moment carrying capacity of the beam. 

 

 

Figure 4.20 Load Strain Curve for CFRP Bars for Beam C44 
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Figure 4.21 Load Strain Curve for Draped Steel Cables for Beam SD48 

 

Figure 4.22 Load Strain Curve for Straight Steel Cables for Beam S23 
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4.3.6 Calculation of Beam Stiffness  

Sixteen beams were tested in bending to a load of 45 kN prior to post-tensioning to evaluate the 

effect of post-tensioning on bending stiffness. The apparent stiffness, EI, was calculated from the 

initial linear-elastic behavior of each beam using the following equation [Beer et al. (2011)] 

48

3PL
EI            (4.1) 

Where: 

P: the applied load 

L: span length 

δ: deflection  

E: modulus of elasticity 

I: moment of inertia 

The numerical apparent stiffness values for timber beams in Groups CD, C, SD and S are 

summarized in Tables 4.9 and 4.10, respectively. The results showed that post-tensioning 

technique using draped CFRP bars increased the apparent stiffness of the beams on average by 

10%, while it showed no significant increase in apparent stiffness for Group C, which 

represented post-tensioned timber beams with straight CFRP bars. The effectiveness of the post-

tensioning force on the draped CFRP bars was higher compared to the straight bars, because 

these bars were attached to the beam at mid-span.  
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Table 4.9Post-tensioned Timber Beam Results for Group CD and Group C 

 

 

 

 

 

 

 

 

# of Beam Reinforcement
Ultimate 

Load [kN]

EI Initial 

[N.mm
2
]

EI Final 

[N.mm
2
]

Increase in 

Stiffness [%]

CD14 100.88 4.50E+12 4.97E+12 10.55%

CD15 74.63 4.04E+12 4.36E+12 7.88%

CD46 95.71 5.45E+12 6.10E+12 11.87%

CD47 109.03 4.77E+12 5.17E+12 8.29%

95.06 4.69E+12 5.15E+12 9.65%

14.68 5.92E+11 7.23E+11 1.89%

C9 58.38 2.92E+12 2.92E+12 -0.06%

C44 93.18 5.27E+12 5.28E+12 0.19%

C45 88.61 4.90E+12 4.91E+12 0.29%

C50 110.41 4.78E+12 4.89E+12 2.31%

87.65 4.47E+12 4.50E+12 0.68%

21.65 1.05E+12 1.07E+12 1.09%

Standard Deviation

Average

CFRP Draped

CFRP

Average

Standard Deviation
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Table 4.10 Post-tensioned Timber Beam Results for Group SD and Group S 

 

 

Stiffness increase results for beams in Group CD ranged from 8% to 12% compared to beams in 

Group C that ranged from 0 to 2%. The results indicate that the draped CFRP technique is better 

than the straight bars or cables in the rehabilitation of timber beams because it increases the 

moment carrying capacity of the post-tensioned timber beam. The apparent stiffness value 

obtained from the experimental results for beam C9 was determined to be 2.92 x 10
12

 N.mm
2
. 

This value was the smallest value obtained in both Groups CD and C. This was due to the large 

# of Beam Reinforcement
Ultimate 

Load [kN]

EI Initial 

[N.mm
2
]

EI Final 

[N.mm
2
]

Increase in 

Stiffness [%]

SD18 88.93 4.16E+12 4.69E+12 12.87%

SD28 56.18 1.93E+12 1.96E+12 1.60%

SD43 93.39 5.03E+12 4.99E+12 -0.85%

SD48 86.48 3.89E+12 3.96E+12 1.69%

81.25 3.75E+12 3.90E+12 3.83%

16.95 1.31E+12 1.36E+12 6.14%

S7 56.79 3.74E+12 3.08E+12 -17.67%

S23 58.46 3.44E+12 3.54E+12 2.77%

S27 150.05 5.90E+12 5.92E+12 0.31%

S41 68.45 4.23E+12 4.57E+12 8.03%

92.32 4.53E+12 4.68E+12 3.70%

50.24 1.26E+12 1.19E+12 3.95%

Steel Draped

Standard Deviation

Standard Deviation

Average

Steel

Average



 

119 

splits that were located on both ends of the beam as well as the checks along the beam. These 

splits were on the mid height of the beam depth. The effectiveness of the straight cables could be 

improved, if they are attached to the beam at several locations. 

 

The apparent stiffness was increased for beams SD18 and S41 by 13% and 8%, respectively. 

These values were relatively high compared to the values of the other beams in Group SD and 

Group S, which ranged from -1 % to 3%. The justification for the divergence may not only be 

due to the high variability in the strength of the individual timber beams, but also because these 

beams had visible defects such as splits and checks in the original beams. There was an obvious 

decrease in stiffness for beams SD43 and S7 by 2% and 18% respectively. During initial testing 

for Beam S7, the beam cracked and the applied load dropped from 43 kN to 32 kN. The test was 

stopped in error before re-loading and registering new stiffness, therefore, did not record the new 

decreased slope that was shown in Figure 4.23. In addition, the applied load for the steel cables 

in Beam S7 was 23.09 kN. This load was the smallest load to be applied among the beams 

because it was very hard to apply additional force manually. These two reasons justify the 

decrease in stiffness for Beam S7. As a consequence, the results for Beam S7 were not included 

when calculating the average of the stiffness increase. The stiffness for Groups S and SD was 

increased on average by 4%. 
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Figure 4.23 Initial Load Deflection Curve for Beam S7 

 

4.3.7 Analysis of Variance 

Analysis of variance (ANOVA) was used to evaluate if there was a significant difference 

between means of stiffness for the timber beams. The analysis of variance was performed using 

21 beams divided into 3 groups. The first group consisted of 6 control beams with no 

reinforcement. The second group consisted of 7 beams post-tensioned with either straight or 

draped steel cables. The last group consisted of 8 beams post-tensioned with either straight or 

draped CFRP bars. The tested hypothesis was that post-tensioning with either CFRP bars or steel 

cables has an effect on the stiffness of the beams. P-value obtained from ANOVA lower than 

0.05 to 0.01 indicated that means for groups being compared are significantly different and 

therefore there is stiffness improvement. It can be seen from Figure 4.24 that there was no 
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significant stiffness improvement due to post-tensioning since a p-value of 0.1707 was obtained 

from the analysis. 

 

Another analysis of variance was performed using 15 beams divided into 2 groups. The first 

group consisted of 8 beams post-tensioned with either straight CFRP bars or straight steel cables. 

The second group consisted of 7 beams post-tensioned with either draped CFRP bars or draped 

steel cables. The tested hypothesis was that post-tensioning with either straight or draped 

technique has an effect on the stiffness of the beams. It can be seen from Figure 4.25 that there 

was no significant stiffness improvement due to post-tensioning using straight or draped CFRP 

bars and steel cables since a p-value of 0.8173 was obtained from the analysis. 

 

 

Figure 4.24 Multiple Comparison of Stiffness for Timber Beams 



 

122 

 

 

Figure 4.25 Multiple Comparison of Stiffness for Straight and Draped Techniques 

 

4.4 Experimental Analysis of Full Scale Bridge Decks  

All of the 18 beams were tested individually to 50 kN before bridge assembly to determine the 

modulus of elasticity for each beam. Each timber bridge consisted of seven stringers. The first 

timber bridge deck was built from control stringers without any reinforcement (BD-CO).The 

second timber bridge deck was built from stringers post-tensioned with draped steel cables (BD-

DS). The third timber bridge was built from stringers post-tensioned with draped CFRP bars 

(BD-DC). The fourth timber bridge deck was built from stringers reinforced with NSM GFRP 

bars (BD-G).  Before post-tensioning the stringers of BD-DS and BD-DC, the decks were tested 

initially up to a load of 90 kN which is slightly higher than the maximum wheel load of CL-625 



 

123 

of 87.5kN to determine the initial stiffness of each bridge deck. The stringer positions of each 

timber bridge deck are shown in Figure 3.30. 

4.4.1 Moisture Content 

Before testing the timber bridge decks, the moisture content of each stringer was measured. 

Moisture content of all the stringers of the four timber bridge decks are listed in Table 4.11. The 

average measured moisture content for most stringers was 15%, while the average moisture 

content for the stringers of BD-DC was 14%.  

 

Table 4.11 Moisture Content of the Stringers of the Four Timber Decks 

 

 

BD-CO BD-DS BD-DC BD-G

CB 14 16 14 16

FNB 15 17 16 16

FSB 15 16 14 17

SNB 16 15 12 14

SSB 17 16 14 16

TNB 14 16 14 14

TSB 16 13 11 14

Average 15 15 14 15

Standard Deviation 1 1 2 1

Moisture Content [%]

Stringer Position
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4.4.2 Modulus of Elasticity and Stiffness Estimation  

Timber is a unique engineering material because it is a defect-filled natural composite. A 

difference must be made between timber and wood. Madsen (1992) defines timber as a useful 

construction material produced from logs of trees and wood as defect-free wood. Failure in clear 

wood beams in bending is initiated by wrinkles in the compression zone. Failure in timber is 

initiated by cracking in the tension zone. The modulus of elasticity of timber is affected by 

different factors such as timber quality, specimen length and natural defects as knots, splits and 

cracks [Madsen 1992]. It is one of the properties used in the strength classification of timber. 

 

Eighteen timber beams were tested in bending to a load of 50 kN prior to the construction of the 

four timber bridge deck sections to determine the modulus of elasticity of each beam. The 

modulus of elasticity, E, was calculated from the initial linear-elastic behavior of each beam 

using the following equation [Beer et al. (2011)]: 

I

PL
E

48

3

           (4.2) 

Where: 

E: modulus of elasticity 

P: applied load 

L: span length 

δ: deflection  

I: moment of inertia 
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The numerical modulus of elasticity values for all the stringers of the four bridge decks are 

summarized in Table 4.12. The average E for all the 18 timber beams was 11 135 MPa with 

standard deviation of 2 575 MPa.  

 

Table 4.12 Modulus of Elasticity of the Stringers of the Four Bridge Decks 

 

 

Four timber bridge deck sections were constructed from seven stringers each and tested till 

failure. Both deck BD-DS and deck BD-DC were tested initially to a load of 90 kN prior to post-

tensioning the stringers with either steel cables or CFRP bars to evaluate the effect of post-

tensioning on bending stiffness. The apparent stiffness, EI, was calculated from the initial linear-

elastic behavior of each stringer in each bridge deck using the following equation. It was 

Beam # Ew [MPa] Beam # Ew [MPa] Beam # Ew [MPa] Beam # Ew [MPa]

CB B3 9011 B9 7689 B18 9367 B4 16106

FNB B1 11475 B11 7755 B17 13007 B12 14351

FSB B8 15565 B14 10071 B7 11954 B5 11096

SNB B5 11096 B16 7646 B16 7646 B13 9912

SSB B4 16106 B15 13598 B15 13598 B2 9881

TNB B6 11397 B17 13007 B11 7755 B8 15565

TSB B2 9881 B10 10552 B10 10552 B1 11475

Average

Standard 

Deviation
5625 2523 2413 2655

10045 10554 1262712076

Beam 

Position

BD-CO BD-DS BD-DC BD-G
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calculated using the apparent experimental slope (P/δ) of the load deflection curve for each 

stringer. 

48

3PL
EI            (4.3) 

Where: 

P: applied load 

L: span length 

δ: deflection  

E: modulus of elasticity 

I: moment of inertia 

The numerical stiffness values for the deck BD-CO stringers and deck BD-G stringers are 

summarized in Table 4.13. The results showed that strengthening with NSM GFRP bars 

increased the stiffness of the stringers on average by 29%. Most stringers of deck BD-CO were 

reused after testing and were reinforced with NSM GFRP bars. Therefore, the stiffness of the 

strengthened stringers with NSM GFRP bars and the control ones were compared in table 4.13.  
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Table 4.13 Stringer Results of the BD-CO and the BD-G 

 

  

The numerical stiffness values for the post-tensioned stringers with steel cables of deck BD-DS 

and the post-tensioned stringers with CFRP bars of BD-DC are summarized in Tables 4.14 and 

4.15. The results showed that post-tensioning with draped steel cables increased the stiffness of 

the stringers on average by 2% based on the initial test of these stringers. In contrast, the post-

tensioning with draped CFRP bars increased the stiffness of the stringers on average by 3% 

based on the initial test of these stringers.  

 

 

 

# of Beam
EI Control 

[N.mm
2
]

EI GFRP 

[N.mm
2
]

Increase in 

Stiffness [%]

CB 3.40E+13 4.47E+13 31.43%

FNB 4.71E+13 6.25E+13 32.68%

FSB 4.91E+13 5.55E+13 12.93%

SNB 7.48E+13 1.14E+14 51.76%

SSB 8.88E+13 9.17E+13 3.20%

TNB 1.18E+14 2.05E+14 73.84%

TSB 1.56E+14 1.56E+14 0.18%

Average 8.11E+13 1.04E+14 29.43%

Standard 

Deviation
4.37E+13 5.89E+13 26.77%
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Table 4.14 Stiffness of BD-DS Stringers 

 

   

In Table 4.13, the stiffness increase results for the stringers reinforced with NSM GFRP bars 

ranged from 13% to 74% excluding the two stringers SSB and TSB. The justification for the 

large increase in stiffness is that the GFRP bars were inserted into the grooves in the bottom side 

of the stringers and then were injected with the epoxy which was absorbed by any existing cracks 

or splits within the bottom tension side of the stringer. 

 

 

 

 

Beam Position
EI Control 

[N.mm
2
]

EI Initial 

[N.mm
2
]

EI Final 

[N.mm
2
]

Increase in 

Stiffness [%]

CB 3.40E+13 3.40E+13 3.47E+13 2.02%

FNB 4.71E+13 4.79E+13 4.89E+13 1.96%

FSB 4.91E+13 5.56E+13 5.68E+13 2.16%

SNB 7.48E+13 7.20E+13 7.27E+13 1.06%

SSB 8.88E+13 8.09E+13 8.22E+13 1.63%

TNB 1.18E+14 1.50E+14 1.53E+14 1.81%

TSB 1.56E+14 1.79E+14 1.82E+14 1.73%

Average 8.11E+13 8.86E+13 9.01E+13 1.77%

Standard 

Deviation
4.37E+13 5.49E+13 5.58E+13 0.36%
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Table 4.15 Stiffness of BD-DC Stringers 

 

  

Stiffness was increased for the post-tensioned stringers SNB and SSB and TSB of deck BD-DC 

with draped CFRP bars by 16%, 6.1% and 4.3% respectively, compared with the same stringers 

of deck BD-DS that was post-tensioned with steel cables. The justification for the largest 

stiffness increase for the stringer SNB is that the modulus of elasticity of SNB was smaller than 

the modulus of elasticity of the other two stringers. The increase in stiffness for the steel post-

tensioned stringer was smaller than the increase for the CFRP post-tensioned stringers due to the 

smaller initial camber of the stringer post-tensioned with steel cables.  

 

Beam Position
EI Initial 

[N.mm
2
]

EI Final 

[N.mm
2
]

Increase in 

Stiffness [%]

CB 5.26E+13 5.35E+13 1.76%

FNB 5.99E+13 6.11E+13 1.97%

FSB 5.45E+13 5.58E+13 2.37%

SNB 8.13E+13 8.44E+13 3.81%

SSB 8.48E+13 8.72E+13 2.88%

TNB 1.02E+14 1.04E+14 2.79%

TSB 1.85E+14 1.90E+14 2.85%

Average 8.85E+13 9.09E+13 2.63%

Standard 

Deviation
4.62E+13 4.76E+13 0.68%
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4.4.3 Analysis of Variance 

Analysis of variance (ANOVA) was used to evaluate if there was a significant difference 

between means of stiffness for the stringers of the four timber bridge decks. The analysis of 

variance was performed using 28 stringers divided into 4 groups consisting of 7 stringers as 

shown in Table 4.16. The four groups were as follows: control stringers, steel post-tensioned 

stringers, CFRP post-tensioned stringers and GFRP NSM strengthened stringers. The tested 

hypothesis was that strengthening technique has an effect on the stiffness of the stringer. P-value 

obtained from ANOVA lower than 0.05 to 0.01 indicates that means of groups being compared 

are significantly different and therefore there is stiffness improvement. It can be seen from 

Figure 4.26 that the means of the stiffness for the stringers of each bridge deck is almost the 

same, or in other words there was no stiffness improvement due to strengthening since a p-value 

of 0.871 was obtained from the analysis. 

 

Table 4.16 Groups of Data Used for ANOVA in Figure 4.82 

 

Group Number Description Number of Stringers

1 Control Stringers with no reinforcement 7

2 Stringers post-tensioned with Steel Cables 7

3 Stringers post-tensioned with CFRP bars 7

4 Reinforced stringers with GFRP bars 7
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Figure 4.26Multiple Comparison of Stiffness for Stringers of the Four Timber Decks 

 

4.4.4 Pre-Stress Losses of Steel Cables and CFRP Bars 

The steel guy cables were stressed to 72% of their guaranteed breaking strength, which is 50 kN 

and corresponds to a jacking strain of approximately 4700 μƐ. Post-tensioning losses for the 

draped steel cables were monitored for 19 hours after post-tensioning. Figures 4.27 – 4.29 show 

the pre-stress losses for steel cables for the middle three stringers of deck BD-DS. The maximum 

pre-stress loss was 16% for only the north steel cable of the stringer FNB of the BD-DS. For the 

rest of the steel cables, the maximum pre-stress loss was 12% over 19 hours.  
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The CFRP bars were stressed to 26% of their guaranteed tensile strength, which corresponds to a 

jacking strainof approximately4500μƐ. The pre-stress level was very small because the pre-

stressing process was performed manually by turning the turnbuckle eight complete turns. Pre-

stress losses for the draped CFRP bars were monitored for 19 hours after post-tensioning three 

stringers of deck BD-DC. Figures 4.30 – 4.32 show the pre-stress losses for these CFRP bars. 

The maximum pre-stress loss was 11% over 19 hours. The average increase of 4% in pre-stress 

loss was recorded at the first hour after stressing the steel cables and the CFRP bars due to 

relaxation of wood and settlement in the anchorage system. 

 

Figure 4.27Pre-Stress Losses for Draped Steel Cables for the Stringer CB  
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Figure 4.28 Pre-Stress Losses for Draped Steel Cables for the Stringer FNB  

 

Figure 4.29 Pre-Stress Losses for Draped Steel Cables for the Stringer FSB  
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 Figure 4.30 Pre-Stress Losses for Draped CFRP Bars for the Stringer SNB  

 

Figure 4.31 Pre-stress Losses for Draped CFRP Bars for the Stringer TNB  
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Figure 4.32 Pre-stress Losses for Draped CFRP Bars for the Stringer TSB  

4.4.5 Flexural Behaviour of Bridge Decks 

The 18 stringers were tested to load of 50 kN prior to the construction of the four timber bridge 

decks in order to determine the initial stiffness for each stringer. The initial test setup for these 18 

beams is shown in Figure 4.33. Experimental load-deflection curves from these tests can be 

found in appendix A.  
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Figure 4.33 Individual Timber Beam Being Tested In Three Point Bending 

 

The stringer positions are shown in Figure 3.24. The stringer numbers and its associated depth 

are summarized in Table 3.6. Bridge deck BD-CO was a control sample and it was built from 

seven stringers with no reinforcement. The experimental load-deflection curves for the stringers 

of BD-CO at mid span and quarter span are shown in Figures 4.34 and 4.35. It was shown that 

the beams labeled as SNB, SSB, TNB and TSB behaved linearly until ultimate load of the deck 

was reached. The three beams closest to the centre, CB, FNB, FSB, by contrast showed non-

linearity in their response before failure as a result of the long cracks and the splits on the beams. 

At ultimate these stringers carried on average 80% of the total applied load. The BD-CO failure 

load was 340 kN.  
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Figure 4.34 Experimental Load Deflection Curves for BD-CO Stringers at Mid Span 

 

Figure 4.35 Experimental Load Deflection Curves for BD-CO Stringers at Quarter Span 
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The decks BD-DS and BD-DC were tested prior to post-tensioning the stringers up to a load of 

90 kN in order to determine the initial stiffness for each stringer. Initial load deflection curves for 

the stringers of deck BD-DS are shown in Figure 4.36.  The experimental load-deflection curves 

for the post-tensioned stringers of BD-DS at mid span and quarter span are shown in Figures 

4.37 and 4.38, respectively. It was shown that the beams SNB, SSB, TNB and TSB behaved 

linearlyuntil ultimate load was reached. The three beams, CB, FNB and FSB, by contrast showed 

non-linearity in their response before failure due to the existence of the long cracks and splits on 

the beams.  These stringers, CB, FNB and FSB, carried on average 77% of the total applied load. 

The failure load of the deck BD-DS was 294 kN. The performance of BD-DS deck stringers was 

expected to be stronger than the performance of the control stringers due the presence of the 

initial camber. The poor quality of BD-DS stringers and the lower stiffness were two major 

factors in the weaker performance of this deck compared to the control one.  

 

Figure 4.36 Initial Load Deflection Curves for BD-DS Stringers at Mid-span 
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Figure 4.37 Experimental Load Deflection Curves for BD-DS Stringers at Mid Span 

 

Figure 4.38 Experimental Load Deflection Curves for BD-DS Stringers at Quarter Span 
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Initial load deflection curves for the BD-DC stringers are shown in Figure 4.39. The 

experimental load-deflection curves for the post-tensioned stringers of the BD-DC deck at mid 

span and quarter span are shown in Figures 4.40 and 4.41, respectively. It was shown that all the 

beams except the beam CB behaved linearly until the ultimate load was reached. The center 

beam, CB, by contrast showed non-linearity in its response before failure since this beam is 

carrying the majority of the applied load. The failure load of the deck BD-DC was 321 kN.  

 

Load deflection response of the BD-DC deck stringers was less than that of BD-DS deck 

stringers because the initial camber of these stringers was larger than the initial camber of the 

BD-DS stringers. Moreover, the modulus of elasticity of BD-DS stringers was smaller than the 

modulus of elasticity of the BD-DC stringers and this led to the weaker performance in 

comparison. Also, the performance of the BD-DC stringers was better than the performance of 

the BD-CO stringers due the presence of the initial camber. 
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Figure 4.39 Initial Load Deflection Curves for the BD-DC Stringers at Mid Span 

 

Figure 4.40 Experimental Load Deflection Curves for BD-DC Stringers at Mid Span 

 

Figure 4.41 Experimental Load Deflection Curves for BD-DC Stringers at Quarter Span 
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The BD-G deck was built from seven stringers reinforced with two NSM GFRP bars. The two 

GFRP bars were inserted into the bottom tension side along the stringer. The experimental load-

deflection curves for the reinforced stringers of the BD-G deck at mid span and quarter span are 

shown in Figures 4.42 and 4.43, respectively. It was shown that all beams except CB beam 

behaved linearly until the ultimate load was reached. The CB beam by contrast, showed non-

linearity in its response before failure because it carried 100 % of the total applied load at 

ultimate load. The failure load of deck BD-G was 367 kN. 

 

Figure 4.42 Experimental Load Deflection Curves for BD-G Stringers at Mid Span 
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Figure 4.43 Experimental Load Deflection Curves for BD-G Stringers at Quarter Span 

 

Load deflection response of the BD-G deck stringers was found stronger than that of BD-CO 

deck stringers due to the presence of the reinforcement, and epoxy.  The cracks, the splits and the 

grooves along the bottom side of the stringers were filled with epoxy while the stringers were 

strengthened in flexure. 

 

Overall, the performance of the BD-G deck stringers was found to be the best compared to the 

performance of the stringers of the other three timber bridge decks. This was mainly due to the 

high stiffness of the stringers that were used to assemble the deck BD-G. 

 

 



 

144 

4.4.6 Failure Mode 

After the load reached 85% of the ultimate load of each bridge deck, it was noticed that the 

interface between the wood panels and the stringers was damaged; this was due to the shear 

failure in the nails. As a consequence, the load applied on the deck was indeed no longer 

distributed over the whole deck. At this stage of loading, the entire load was carried out by the 

middle stringer located immediately under the load which may also explain the non-linear 

behavior in the center stringer. The failure mode was recognized to be punching of the deck.  All 

the four tested bridge decks failed in similar fashion. 

 

The common modes of beam failure were tension parallel to the grain. All the center stringers of 

the four decks failed in tension. The FSB stringer of the second timber bridge deck failed in 

shear. The modes of failure for the stringers and the decks are shown in Figures 4.44 to 4.51. 

None of the CFRP bars or the steel guy cables or the GFRP bars was ruptured during stressing or 

testing to failure as anticipated. 
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Figure 4.44 Tension Failure of the Stringer CB of Deck BD-CO  

 

Figure 4.45 Punching Failure of Deck BD-CO  
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Figure 4.46 Tension Failure of the Stringer CB of Deck BD-DS  

 

 

Figure 4.47 Punching Failure of Deck BD-DS (Photo A) 
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Figure 4.48 Punching Failure of Deck BD-DS (Photo B) 

 

 

Figure 4.49 Punching Failure of Deck BD-DC  
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Figure 4.50 Punching Failure of Deck BD-DC (from underneath) 

 

 

Figure 4.51 Punching Failure of Deck BD-G (from underneath) 
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4.4.7 Deflected Profiles of Timber Bridge Decks 

The deflected profiles at mid span are plotted for stringers for each timber bridge deck. The 

deflected profile for the BD-CO deck stringers is plotted at a load of 90 kN (27% of ultimate 

load), 170 kN (50% of ultimate load) and 255 kN (75% of ultimate load) as shown in Figure 

4.52. The deflected profile for the stringers of the deck BD-DS is plotted at a load of 90 kN 

before and after post-tensioning with draped steel cables as shown in Figure 4.53. Also, the 

deflected profile for deck BD-DS stringers is plotted at 90 kN (31% of ultimate load), 147 kN 

(50% of ultimate load) and 220 kN (75% of ultimate load) as shown in Figure 4.54. As shown in 

Figure 4.54, the effect of post-tensioning decreased the deflection of the stringers by 4 mm or on 

average by 39% at load of 90 kN. 

 

Figure 4.52 Deflected Profile for Deck BD-CO  
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Figure 4.53 Deflected Profile for BD-DS Deck Stringers at 90 kN (31%of Ultimate load) 

 

Figure 4.54 Deflected Profile for BD-DS Stringers  
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The deflected profile for the stringers of the deck BD-DC is plotted at a load of 90 kN before and 

after post-tensioning with draped CFRP bars as shown in Figure 4.55. Also, the deflected profile 

for the BD-DC stringers is plotted at 90 kN (28% of ultimate load), 147 kN (50% of ultimate 

load) and 220 kN (75% of ultimate load) as shown in Figure 4.56. The effect of post-tensioning 

reduces the deflection of the stringers by 6 mm or 70 % at load of 90 kN as shown in Figure 

4.55. The deflected profile for BD-G deck stringers is plotted at a load of 90 kN (25% of ultimate 

load), 184 kN (50% of ultimate load) and 276 kN (75% of ultimate load) as shown in Figure 

4.57. 

 

 

 

Figure 4.55 Deflected Profile for BD-DC Stringers at 90 kN(28% of Ultimate load)  
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Figure 4.56 Deflected Profile for BD-DC Stringers  

 

Figure 4.57 Deflected Profile for BD-G Stringers 
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The deflection for the stringers of the north half width of deck BD-G was less than the deflection 

of deck BD-CO stringers of the same half width as shown in Figure 4.58. The deflection of BD-

DC deck stringers was less that the deflection of deck BD-DS stringers since the post-tensioning 

with CFRP bars decreased the deflection by 4 mm as shown in Figure 4.59. The initial camber of 

BD-DC deck stringers was larger than the initial camber of BD-DS deck stringers post-tensioned 

with steel cables.  

 

 

Figure 4.58 Deflected Profile for BD-CO Stringers and BD-G Stringers at 90 kN 
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Figure 4.59 Deflected Profile for BD-DS and BD-DC Stringers at 90 kN 

 

Overall, the deflection of the strengthened stringers at 75% of the ultimate load was smaller than 

the deflection of the control ones. The deflection of BD-G deck stringers at ultimate load was 

found the smallest among the stringers of the four timber bridge decks as shown in Figure 4.60. 

These stringers had splits and cracks along their bottom, tension side. While the grooves were 

injected with epoxy to reinforce the stringers with the GFRP bars, the epoxy penetrated through 

the bottom cracks of the beam, making the beam stiffer. The deflection of BD-DS deck stringers 

at ultimate load was the largest among the stringers of the four timber bridge decks as shown in 

Figure 4.60 due to the poor quality of these stringers. 
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Figure 4.60 Comparison of All Tested Bridge Decks at Ultimate Load 

 

4.4.8 Load Sharing Factor  

Load sharing factor is the load percentage carried by each stringer from the total applied load. It 

was calculated by dividing the deflection of each stringer by the deflection of the center stringer. 

It is used in the design process of structural wood components. The spacing between the stringers 

was 609 mm (24ʺ).  The load sharing factor between the stringers of each timber deck at 25-31% 

of ultimate load (90 kN) and 75% of ultimate load is listed in Table 4.17. Figures 4.61- 4.64 

show the load sharing factor for the stringers of all timber bridge decks. It was found that as the 
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decreased as shown in Figures 4.61 and 4.63. The load sharing factor between the stringers of 

BD-G deck was the poorest since it was the same as the load was applied as shown in Figure 

4.64. Overall, it was found that the load sharing factor between the stringers of BD-DC is the 

best compared with the other three bridge decks.  

 

Table 4.17 Load Sharing Factor For timber bridge Decks 

 

Ultimate Load Percentage 27% 75% 31% 75% 28% 75% 25% 75%

TNB 41.18% 36.72% 29.37% 23.91% 44.81% 35.77% 26.54% 24.42%

SNB 62.53% 55.87% 52.46% 45.51% 70.32% 52.29% 48.97% 45.10%

FNB 78.32% 73.57% 78.27% 77.02% 87.23% 73.34% 76.38% 75.71%

CB 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%

FSB 77.24% 73.76% 62.21% 63.56% 89.72% 77.36% 83.32% 83.45%

SSB 52.43% 47.56% 37.30% 39.10% 55.54% 46.98% 54.84% 53.92%

TSB 26.46% 25.31% 14.76% 17.21% 21.87% 19.62% 30.57% 30.53%

BD-DC BD-GBD-CO BD-DS

Load Sharing Factor
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Figure 4.61 Load Sharing Factors of the Stringers of the BD-CO 

 

 

Figure 4.62 Load Sharing Factors for the Stringers of the BD-DS 
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Figure 4.63 Load Sharing Factors for the Stringers of the BD-DC 

 

 

Figure 4.64 Load Sharing Factors for the Stringers of the BD-G 
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4.4.9 Strain Distribution 

4.4.9.1 Strain in Stringers  

The longitudinal strain in timber stringers was monitored at two locations at mid-span using 200 

mm pi-gauges for half width of the bridge deck. Strains were measured during testing, but a 

continued record of strains was not always possible. This was because the cracking of the beams 

may have caused the pi-gauges to detach from the surface of the beam which prevented further 

measurement of the strains. One stringer of the seven stringers of each bridge deck was chosen to 

describe the strain in timber. The load-deflection and load-strain relationship for the stringer 

FNB of the first bridge deck are shown in Figures 4.65 and 4.66, respectively. The load-strain 

curves obtained from the strain gauge at a depth of 50 mm and 300 mm from the top of the 

stringer were linear up to the initiation of the cracks in the tension zone. The strain profile for the 

stringer FNB at three different load levels is shown in Figure 4.67, wherein the strain profile was 

linear at all load levels. The neutral axis of the control stringer FNB is shifting upwards as the 

stringer is subject to increasing load. 
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Figure 4.65 Load-Deflection Curve for Stringer FNB of the BD-CO 

 

 

Figure 4.66 Load-Strain Curve for Stringer FNB of the BD-CO 
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Figure 4.67 Strain Profile for Stringer FNB of the BD-CO at Mid-Span 

 

The load-deflection and load-strain relationship for the center stringer CB of deck BD-DS are 

shown in Figures 4.68 and 4.69, respectively. The load-strain curve was linear up to the initiation 

of the cracks in the tension zone. The effect of post-tensioning on the initial strain in the stringers 

is shown in Figure 4.69. The initial prestressing strain was 63 microstrain, as shown in Figure 

4.69. The bottom section of the post-tensioned stringer was not affected by the initial camber 

since the strain gauge at a depth of 300 mm started from 440 microstrain and it was under 

tension. The post-tensioned stringer with draped steel cables was under tension from the top of 

the stringer up to a load of 21 kN due to initial camber. The strain profile for the post-tensioned 

stringer CB with draped steel cables at three different load levels is shown in Figure 4.70, the 

strain profile was linear at all load levels. The neutral axis of the post-tensioned stringer CB is 

shifting downwards as the stringer is subject to increasing load.  
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Figure 4.68 Load-Deflection Curve for Stringer CB of the BD-DS 

 

 

Figure 4.69 Load-Strain Curve for the Post-tensioned Stringer CB with Draped Steel Cable  
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Figure 4.70 Strain Profile for the Post-tensioned Stringer CB with Draped Steel Cables  

 

The load-deflection and load-strain relationship for the center stringer CB of deck BD-DC are 

shown in Figures 4.71 and 4.72, respectively. The load-strain curve was linear up to the initiation 

of the cracks in the tension zone. The effect of post-tensioning on the initial strain in the stringers 

is shown in Figure 4.72.The initial prestressing strain was 110 microstrain at a depth of 50 mm 

from the top of the stringer and 7 microstrain at a depth of 300 mm from the top of the stringer. 

The post-tensioned stringer with draped CFRP bars was under tension from the top of the 

stringer and under compression from the bottom of the stringer up to a load of 44 kN due to the 

initial camber. The strain profile for the post-tensioned stringer CB with draped CFRP bars at 

three different load levels is shown in Figure 4.73, the strain profile was linear at all load levels. 

The neutral axis of the post-tensioned stringer CB is shifting downwards as the stringer is 

subjected to increasing load. 
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Figure 4.71 Load-Deflection Curve for Stringer CB of the BD-DC 

 

Figure 4.72 Load-Strain Curve for Stringer CB of the BD-DC with at Mid-Span 
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Figure 4.73 Strain Profile for the Post-tensioned Stringer CB with Draped CFRP Bars  

 

The load-deflection and load-strain relationship for the first south stringer (FSB) of deck BD-G 

are shown in Figures 4.74 and 4.75, respectively. The load-strain curves were linear up to the 

initiation of the cracks in the tension zone. Cracking is reflected by the drops in the load-

deflection curve as shown in Figure 4.75. The strain profile for the stringer FSB at three different 

load levels is shown in Figure 4.76, the strain profile was linear at all load levels. The neutral 

axis of the reinforced stringer SNB is located at 270 mm from the top of the stringer. 
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Figure 4.74 Load-Deflection Curve for the Reinforced Stringer SNB with GFRP Bars  

 

The neutral axis of the BD-CO stringers shifts upwards during loading while it shifted 

downwards for both BD-DS and BD-DC. The neutral axis of the BD-G remained at the same 

height during loading. It is also interesting to point out that the location on the neutral axis was 

approximately the same for stringers in decks BD-CO and BD-DS between 350-400 mm. 

However the neutral axis shifted down for stringers in deck BD-DC to between 310-350 mm, 

and even further down for deck BD-G to 240 mm. Therefore clearly the last two bridge decks 

showed higher effect of strengthening compared to deck BD-DS. 
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Figure 4.75 Load-Strain Curve for the Reinforced Stringer SNB with GFRP Bars  

 

Figure 4.76 Strain Profile for the Reinforced Stringer SNB with GFRP Bars 
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4.4.9.2 Strain in CFRP Bar and Steel Cable 

All the stringers of deck BD-DS and BD-DC were instrumented with a strain gauge in the mid-

span of CFRP bar and steel guy cable. The load strain plot for the draped steel cables is shown in 

Figures 4.77. As shown in Figure 4., the strain in steel started with 4500 microstrain since the 

steel cables were stressed before testing to a load of 36 kN. The load strain plot for the draped 

CFRP bars is shown in Figure 4.78. The CFRP strains started from a value of 3700 microstrain 

for the north side and 4100 microstrain for the south side. The CFRP bar was stressed before 

testing to a load of 30 kN for the north side and a load of 33 kN for the south side. The stressed 

load of the north CFRP  bar of the stringer CB of deck BD-DC was the smallest of all the 

stringers because there was difficulty in turning the turnbuckle at the start of the bar stressing. 

The strains were linear in all of the steel cables and all of the CFRP bars until the stringers failed. 

 

 

Figure 4.77 Load Strain Curve for the Stringer CB of Deck BD-DS 
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Figure 4.78 Load Strain Curve for the Stringer CB of Deck BD-DC 

 

The average amount of strain experienced due to loading in draped steel cables was 355 μƐ while 

it was 335 μƐ for the draped CFRP bars. This translates to that the average force on both the 

draped steel cables and the draped CFRP bars due to loading was around 3 kN.  
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5 THEORETICAL ANALYSIS OF TEST RESULTS  
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5.1 Introduction 

This chapter includes theoretical analysis for the post-tensioned timber beams and the timber 

bridges decks. It predicts the failure loads of the post tensioned timber beams using an analytical 

model. A comparison between the predicted failure loads and the experimental loads obtained 

from testing is also presented.  It presents information in the form of graphs and tables to 

compare results obtained from computer program SECAN used to analyze the four full scale 

timber bridge decks described earlier in Chapter 4 with the experimental data obtained from 

tests.  

5.2 Analytical Model for Bending Strength of Timber Beams 

The analytical model developed by Buchanan (1990) was used to predict the ultimate strength 

for plain timber beam. This model was modified to account for post-tensioning timber beams 

with CFRP bars and steel cables. The proposed analytical model is based on assuming a bilinear 

stress-strain relationship for the timber in compression and calculating the tensile failure stress in 

bending, fm, using brittle fracture theory. 

 

Tensile and Compressive Strength of timber publisheddatafromtheCanadianWoodCouncil’s

(CWC) Lumber Properties Research Project (Barrett and Lau, 1994) was used to calculate the 

ultimate compression and tensile stresses. Based upon the statistical analysis of the data obtained 

from laboratory testing, the strength distribution for all the different sizes of lumber was 

presented in terms of parameter estimates and point estimates. The parameter estimates were 

determined for four different statistical distributions: normal, log-normal, two parameters 

Weibull and three parameters Weibull. The point estimates were determined for the fifth and 
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fiftieth percentiles with various tolerance and confidence limits. The percentile rank for each of 

the experimental beams was determined within the strength distribution obtained from the CWC 

testing program. The mean and the fifth percentile of the modulus of elasticity from the CWC 

data and the measured modulus of elasticity from the experimental program were used to 

calculate the input strengths. The theoretical tension and compression strength for the beams that 

failed in flexure were determined using the three Weibull parameter estimates for Douglas Fir. 

The theoretical tension and compression strengths obtained from the CWC data were then 

modified for the size effects and equivalent stressed length by using the following equations: 
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                                                                                       (5.2) 

Where: 

fcu : ultimate compression stress 

ftu : ultimate tensile stress 

UCS: compression strength from CWC data 

UTS: tension strength from CWC data 

LUCS and LUTS: the lengths of the beams tested in the CWC program 

dUCS and dUTS : the depths of the beams tested in the CWC program 

d: the depth of the experimental beams 

Lec: equivalent stressed length in compression  

Let: equivalent stressed length in tension 

k1: size effect parameter for length  
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k2: size effect parameter for depth 

The size effect parameters was taken from the CWC lumber properties project as given in Table 

5.1 

Table 5.1 Size Effect Parameters (Barrett and Lau 1994) 

Size Effect Parameters k1 k2 

Tension 5.9 4.4 

Compression 10 9.1 

 

5.2.1 Bending Strength of Timber 

Buchanan (1990) model was modified to predict the strength of the post-tensioned beams by 

adding adjustment factor to account for the post-tensioning, similar to earlier work by Gentile 

(2002), who modified the model for FRP strengthened timber.  

tu

k

m
m

f
c

k
f

3/1

3 1







 
           (53) 

Where: 

fm : is the bending strength of the post-tensioned timber beams 

k3 : stress distribution parameter 

c: ratio of the depth of the neutral axis to the overall depth  

ftu : the axial tensile strength   

αm: adjustment factor for the post-tensioning. 

 

To use the modified model, the parameters defined below were used to calculate the bending 

strength of the post-tensioned timber beams. 
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b: width of the beam 

d: depth of the beam 

Ew: modulus of elasticity for the beam 

fcu : compressive strength, based on  Ew and CWC data from Equation 5.1 

ftu : tensile strength, based on  Ew and CWC data from Equation 5.2 

k3: stress distribution factor 

m: slope of the descending branch of the stress-strain curve in compression zone. 

ECFRP: modulus of elasticity of CFRP 

ESTEEL: modulus of elasticity of steel 

S: distance from compression fibre to the centroid of the bar or the cable 

ρ:reinforcementratio 

αm : modification factor. 

 

Buchanan (1990) suggested a value of 0.167 for the constant “m” for the slope of the descending 

branch of the stress-strain curve in the compression zone (see Figure 2.2). The initial location of 

the neutral axis was calculated using the transformed section for each beam before starting the 

strain compatibility analysis. The tensile stress in bending, fm, was determined using Equation 

(5.3). The distribution of the stress and strain for the bilinear stress-strain relationship for a beam 

with rectangular cross-section is shown in Figure 5.1.  
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Figure 5.1 Distribution of Stress and Strain for Bilinear Stress-Strain Relationship 

 

As shown in Figure 5.1,εc, represents the extreme-fibrestrainincompression,εt, is the extreme-

fibre strain in tension, εy, is the yield strain, and r fcu, is the reduced ultimate compressive 

strength. By using strain compatibility, the extreme-fibrestrainintension,εt, was increased until 

the extreme-fibre tension stress (ft) reached the tensile strength in bending (fm). Yielding will 

initiate when the extreme-fibre compressive stress (fc) exceeds the compressive strength (fcu) 

before the extreme-fibre tension stress (ft) reaches the tensile strength in bending (fm). As a result, 

the neutral axis will be shifted down, and the tensile strength in bending (fm) will be re-calculated 

with the new value of “c”. The tensile stress distribution is triangular, and the compressive stress 

distribution is trapezoidal with maximum compressive stress (fcu) corresponding to compressive 

strain (εy). For compressive strains greater than εy, the compressive stress is less than fcu and the 

extreme-fibre compressive stress is a fraction (r) of fcu. The values for a, b, and r are then 
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calculatedusingthegeometryofthesectionandthestressstrainrelationshipforagivenεt and c. 

A number of iterationsofεt and c were performed until ft  becomes equal to fm so failure load can 

be predicted. A computer program was developed to calculate the values discussed in sections 

5.2.1 and 5.2.2 to predict bending strength. The strain compatibility analysis was performed until 

failure occurred when ft reached αm fm. A flowchart diagram explaining how to calculate bending 

strength using the modified model is given in Figure 5.2.  

 

5.2.2 Calibration of the Modified Model 

The analytical model was calibrated with the experimental data for the post-tensioned timber 

beams by varying the stress distribution parameter, k3 and the adjustment factor αm. k_3 reflects 

the variability in strength properties within the depth of the member. Buchanan (1990) stated that 

k3 has different values depending on the wood properties and type of loading. Calibration of k3 

andαm was performed for each beam separately and for post-tensioned timber beams with CFRP 

as one group and with steel cables as another group. Values for k3 = 8, 10 and 12 were used to 

calibratetheexperimentalresults.Accordingly,valuesforαm = 1.2, 1.25, and 1.3 to account for 

post-tensioningwithCFRPbarsandαm = 1.3, 1.4, and 1.5 to account for post-tensioning with 

steel cables were used to calibrate the modified model. A sample calculation of bending strength 

using the computer program is included in Appendix C. In addition, a comparison of the 

experimental and predicted failure loads for different values of k3 with differentvaluesofαm is 

included in Appendix C. 
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.   

Figure 5.2 Flowchart Diagram to Calculate the Bending Moment for the Modified Model 

[Gentile  (2002)] 
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5.2.3 Ultimate Strength Estimate Using Modified Buchanan Model 

The predicted failure load for CFRP post-tensioned timber beams was determined for each beam 

in Groups CD and C for nine cases. Similarly, the predicted failure load for the steel post-

tensioned timber beams was determined for each beam in Groups SD and S for nine cases.  

 

The average predicted load for beams in Groups CD and C and Groups SD and S for each case 

was listed in Tables 5.2 and 5.3. A value of k3 = 12.0 was found to give good calibration for all 

post-tensioned timberbeams.Anadjustmentvalue forαm = 1.25 was found to be good fit for 

CFRP post-tensioned timber beams. Another adjustment value for αm = 1.5 was found to be good 

fit for steel post-tensioned timber beams. The ratio between the average of the experimental 

loads and the average of predicted failure loads for Groups CD and C and SD and S for each case 

are tabulated in Tables 5.2 and 5.3 respectively.  
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Table 5.2 Calibration of the Theoretical Model for Post-tensioned Timber Beams with 

CFRP Using Different Values for k3 and αm 

 

 

 

 

 

 

 

 

 

 

 

Avg Predicted  Load Using the 

Model  [kN]

Standard Deviation for the 

Predicted Load

[Experiment / Calculated] 

Ratio

Standard Deviation for the 

Ratio

1.20 101.84 15.31 0.91 0.19

1.25 101.29 17.22 0.91 0.15

1.3 108.63 15.61 0.85 0.18

1.20 105.01 15.50 0.88 0.19

1.25 108.47 15.68 0.85 0.18

1.3 114.71 16.96 0.81 0.18

1.20 109.21 15.95 0.85 0.18

1.25 111.97 16.17 0.83 0.18

1.3 115.28 16.34 0.80 0.18

αm

k3=12

k3=10

k3=8
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Table 5.3 Calibration of the Theoretical Model For Post-Tensioned Timber Beams with 

Steel Using Different Values for k3 and αm 

 

 

The average failure load obtained from testing for Groups CD and C was 91.35 kN while the 

average failure load obtained from the analytical modified model using k3= 12 andαm=1.25 for 

the same Groups was 101.29 kN . The average failure load obtained from testing for Groups SD 

and S was 82.34 kN while the average failure load obtained from the analytical modified model 

using k3=12andαm=1.5 was 91.73 kN. The summary of the experimental and theoretical failure 

loads for Groups CD and C and Groups SD and S obtained from the test and from the modified 

model analysis are listed in Tables 5.4 and 5.5, respectively.  

 

Avg Predicted  Load Using the 

Model  [kN]

Standard Deviation for the 

Predicted Load

[Experiment / Calculated] 

Ratio

Standard Deviation for the 

Ratio

1.30 83.88 43.45 1.16 0.56

1.40 87.02 45.83 1.10 0.47

1.5 91.73 46.66 1.03 0.40

1.30 86.57 44.05 1.12 0.51

1.40 92.45 46.18 1.03 0.44

1.5 96.56 45.65 0.96 0.39

1.30 88.20 46.07 1.08 0.44

1.40 93.11 46.90 1.01 0.39

1.5 97.45 47.28 0.95 0.34

αm

k3=12

k3=10

k3=8
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Overall, the ratio between the average values of the failure loads of the tested beams compared to 

the average predicted values from the modified model were 0.91 with a standard deviation of 

0.15 for CFRP post-tensioned timber beams. For steel post-tensioned timber beams, the ratio 

between the average experimental loads and the predicted loads was 1.03 with a standard 

deviation of 0.4. These ratios were found to be acceptable giving the large variability of wood 

strength which validates the applicability of the modified model to predict the bending strength 

of post-tensioned timber beams.  

 

Table 5.4 Experimental and Analytical Results of Ultimate Loads for CFRP Post-tensioned 

Timber Beams Using k3= 12 and αm=1.25 

 

  

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

CD14 100.88 111.77 0.90

CD15 74.63 83.27 0.90

CD46 95.71 82.30 1.16

CD47 109.03 121.64 0.90

C9 58.38 80.63 0.72

C44 93.18 121.69 0.77

C45 88.61 105.59 0.84

C50 110.41 103.47 1.07

Average 91.35 101.29 0.91

Standard Deviation 17.58 17.22 0.15
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Table 5.5 Experimental and Analytical Results of Ultimate Loads for Steel Post-tensioned 

Timber Beams Using k3= 12 and αm=1.5 

 

 

5.3 Theoretical Analysis of Timber Bridge Decks 

This section presents data obtained from using SECAN4 software program which was used in 

order to analyze the four full scale timber bridge decks described earlier in Chapter 4 of this 

thesis. SECAN uses the semi-continuum method of analysis. The program predicts the load 

distribution between the bridge stringers by determining the deflection for each stringer in the 

bridge section. The theory of the semi-continuum method is based on the harmonic analysis of 

beams which means that the applied point load on a simply supported span can be represented as 

a continuous load of intensity, Px, by using the following expression. 

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

SD18 88.93 113.34 0.78

SD28 56.18 29.39 1.91

SD43 93.39 128.05 0.73

SD48 86.48 79.75 1.08

S7 56.79 46.63 1.22

S23 58.46 60.92 0.96

S27 150.05 170.88 0.88

S41 68.45 104.89 0.65

Average 82.34 91.73 1.03

Standard Deviation 31.32 46.66 0.40
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  )     (5.1) 

Where, 

Px: load intensity 

c: distance from the left-hand support 

x: distance along the span and measured from the left hand support 

L: span length 

 

SECAN prompts the user to enter various input parameters. The input data entered by the user is 

as follows: 

 Number of bridges 

 Title of the analysis 

 Number of harmonics 

 Number of stringers used 

 Span length 

 Modulus of elasticity, E, of stringer material 

 Shear modulus , G, of stringer material 

 Number of diaphragms 

 Number of intermediate supports 

 Stringer spacing 

 Moment of inertia, I, of stringers 

 Torsional moment of inertia, J, of stringers 

 Deck thickness 
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 Modulus of elasticity, E, of deck material 

 Shear modulus , G, of deck material 

 Number of load cases 

 Number of loads in one longitudinal line 

 Weight of loads in one longitudinal line from the left abutment 

 Distances of loads in one longitudinal line from the left abutment 

 Number of lines of loads 

 Transverse distance of lines of loads from the outer left stringer 

 Number of reference points 

 Distance of reference sections from the outer left stringer 

The output obtained from SECAN program contains the deflection of the stringers at the 

reference sections. 

The timber bridge decks were analyzed as simply supported bridge deck with seven stringers. It 

was subjected to two longitudinal lines of loads. Each line of load had one concentrated load as 

shown in Figure 5.3. The modulus of elasticity of timber was different from one stringer to 

another stringer due to the high variability in timber. Therefore, one modulus of elasticity value 

for one stringer of the seven that was determined from the experimental tests was chosen to be 

entered in the SECAN program. Then the actual experimental stiffness of each stringer was 

entered into the program (E SECAN x I SECAN). The shear modulus (G) was taken as 0.07Ew. 

The torsional inertia, J, was calculated for each stringer based on its cross section. The modulus 

of elasticity and the shear modulus of the deck were assumed in the analysis to be 7000 MPa and 

490 MPa, respectively. The decks BD-DS and BD-DC were analyzed before and after post-
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tensioning under a load of 90 kN. The input data for all bridge decks is tabulated in Tables 5.6-

5.9. 

Table 5.6 Input Data for Deck BD-CO 

 

 

Stringer 

Position
X [mm] Depth [m] I [m

4
] Ew[kN/m

2
]

E SECAN 

[kN/m
2
]

I SECAN 

[m
4
]

J [m
4
]

TNB 0 0.44 0.000994 11397139 0.001257 0.003975

SNB 609.6 0.485 0.001331 11096216 0.001639 0.005324

FNB 1219.2 0.44 0.000994 11474550 0.001266 0.003975

CB 1828.8 0.5 0.001458 9010585 0.001458 0.005833

FSB 2438.4 0.44 0.000994 15565040 0.001717 0.003975

SSB 3048 0.48 0.001290 16106113 0.002306 0.005161

TSB 3657.6 0.44 0.000994 9881233 0.001090 0.003975

9010585
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Figure 5.3 Details of the Timber Bridge Sections and Loading 
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Table 5.7 Input Data for Deck BD-DS 

 

 

Table 5.8 Input Data for Deck BD-DC 

 

 

 

Stringer 

Position
X [mm]

Depth 

[m]
I [m

4
] It [m

4
] Ew[kN/m

2
]

E SECAN 

[kN/m
2
]

I SECAN 

[m
4
]

It SECAN 

[m
4
]

TNB 0 0.49 0.001373 0.001427 13006687 0.002335 0.002427

SNB 609.6 0.5 0.001458 0.001558 7646152 0.001458 0.001558

FNB 1219.2 0.5 0.001458 0.001557 7754996 0.001479 0.001579

CB 1828.8 0.5 0.001458 0.001558 7688786 0.001466 0.001567

FSB 2438.4 0.49 0.001373 0.001444 10071125 0.001808 0.001902

SSB 3048 0.48 0.001290 0.001340 13597757 0.002295 0.002382

TSB 3657.6 0.5 0.001458 0.001529 10551915 0.002013 0.002110

7646152

Stringer 

Position
X [mm] Depth [m] I [m

4
] It [m

4
] Ew[kN/m

2
]

E SECAN 

[kN/m
2
]

I SECAN 

[m
4
]

It SECAN 

[m
4
]

TNB 0 0.5 0.001458 0.001560 7754996 0.001207 0.001291

SNB 609.6 0.5 0.001458 0.001561 7646152 0.001190 0.001275

FNB 1219.2 0.49 0.001373 0.001427 13006687 0.001906 0.001982

CB 1828.8 0.49 0.001373 0.001452 9366679 0.001373 0.001452

FSB 2438.4 0.45 0.001063 0.001113 11954405 0.001357 0.001420

SSB 3048 0.48 0.001290 0.001340 13597757 0.001873 0.001945

TSB 3657.6 0.5 0.001458 0.001531 10551915 0.001643 0.001724

9366679
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Table 5.9 Input Data for Deck BD-G 

 

 

The deflected profile obtained from the experimental test and the deflected profile obtained from 

SECAN for deck BD-CO is shown in Figure 5.4. The difference between SECAN and 

experimental results at mid span of the stringer CB was found to be only 2 %. The summary of 

the deflections for the other stringers obtained from the test and SECAN analysis are listed in 

Table 5.10. The maximum deflection obtained from testing deck BD-CO under 90 kN load was 

8.82 mm recorded at mid span of the stringer CB while the maximum deflection obtained from 

SECAN for the same stringer at the same location was 9.01 mm. The average difference in the 

distribution factor for the experimental deflection and the SECAN deflection was 9%. The 

distribution factors for deflection were calculated as the stringer deflection divided by the 

average deflections of the seven stringers and are tabulated in Table 5.10. 

 

Stringer 

Position
X [mm] Depth [m] It [m

4
] Ew[kN/m

2
]

E SECAN 

[kN/m
2
]

It SECAN 

[m
4
]

TNB 0 0.44 0.001005 15565040 0.001579

SNB 609.6 0.48 0.001317 9912172 0.001317

FNB 1219.2 0.48 0.001306 14351178 0.001891

CB 1828.8 0.48 0.001304 16106113 0.002118

FSB 2438.4 0.485 0.001355 11096216 0.001517

SSB 3048 0.44 0.001016 9881233 0.001013

TSB 3657.6 0.44 0.001012 11474550 0.001172

9912172
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Figure 5.4 Deflection obtained from Test and SECAN for Deck BD-CO 

 

Table 5.10  Deflections under 90 kN Load for BD-CO 
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Stringer 

Position
X [mm]

Experimental 

Deflection [mm]

 SECAN 

Deflection  [mm]

Experimental Distribution 

Factor for Deflection

SECAN Distribution 

Factor for Deflection

Difference in 

Distribution 

Factor [%]

TNB 0 -3.63 -4.85 0.66 0.73 10%

SNB 609.6 -5.52 -6.63 1.00 1.00 0%

FNB 1219.2 -6.91 -8.36 1.25 1.26 0%

CB 1828.8 -8.82 -9.01 1.60 1.36 15%

FSB 2438.4 -6.81 -7.89 1.23 1.19 4%

SSB 3048 -4.63 -5.85 0.84 0.88 5%

TSB 3657.6 -2.33 -3.95 0.42 0.59 29%

-5.52 -6.65 1.00 1.00 9%Average 
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The maximum deflection obtained from test under 90 kN load was 10.22 mm and 9.85 mm 

recorded at mid span of the stringer CB of deck BD-DS before and after post-tensioning, 

respectively, while the maximum deflection obtained from SECAN analysis for the same stringer 

at the same locations was 9.47 mm and 9.08 mm, respectively. The deflection obtained from the 

experimental test is more than the deflection obtained from the SECAN program at the mid span 

of the center Stringer CB as shown in Figures 5.5 and 5.6. 

 

The deflection difference between SECAN results and the experimental results deck BD-DS at 

mid span of the stringer CB before and after post-tensioning the stringer was found to be 7.37 % 

and 7.83%, respectively. The summary of the deflections for the other stringers obtained from 

test and SECAN before and after post-tensioning are given in Tables 5.11 and 5.12.  

 

The distribution factors for deflection, which are the stringer deflection divided by the average 

deflections of the seven stringers, were calculated before and after post-tensioning and were 

tabulated in Tables 5.11 and 5.12. The distribution patterns predicted by SECAN should be 

nearly the same as that from the experimental data to ensure the accuracy of the computer 

program. The average difference in the distribution factor for the experimental deflections and 

SECAN deflections was 19.64% before post-tensioning the stringers and was 17.81% after post-

tensioning the stringers with draped steel cables. 
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Figure 5.5 Deflections Obtained from Test and SECAN Under 90 kN Load Before Post-

tensioning the Stringers of Deck BD-DS 

  

Figure 5.6 Deflections Obtained from Test and SECAN under 90 kN After Post-tensioning 

the Stringers of Deck BD-DS 
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Table 5.11 Deflection under 90 kN Load Before Post-tensioning the Stringers of Deck BD-

DS 

 

Table 5.12 Deflection under 90 kN Load After Post-tensioning the Stringers of Deck BD-DS 

 

Stringer 

Position
X [mm]

Initial Experimental 

Deflection [mm]

 Initial  SECAN 

Deflection [mm]

Experimental Distribution 

Factor for Deflection

SECAN Distribution 

Factor for Deflection

Difference in 

Distribution Factor [%]

TNB 0 -2.99 -4.71 0.54 0.68 20%

SNB 609.6 -5.29 -6.78 0.96 0.99 2%

FNB 1219.2 -8.11 -8.73 1.47 1.27 14%

CB 1828.8 -10.22 -9.47 1.86 1.38 26%

FSB 2438.4 -6.36 -8.33 1.16 1.21 5%

SSB 3048 -3.94 -6.12 0.72 0.89 19%

TSB 3657.6 -1.58 -4.01 0.29 0.58 51%

-5.50 -6.88 1.00 1.00 20%Average 

Stringer 

Position
X [mm]

Final Experimental 

Deflection [mm]

  Final SECAN 

Deflection [mm]

Experimental Distribution 

Factor for BD-DS

SECAN Distribution 

Factor for BD-DS

Difference in 

Distribution Factor [%]

TNB 0 -2.90 -4.37 0.55 0.67 18%

SNB 609.6 -5.19 -6.41 0.98 0.98 0%

FNB 1219.2 -7.74 -8.33 1.46 1.28 13%

CB 1828.8 -9.85 -9.08 1.86 1.39 25%

FSB 2438.4 -6.15 -7.97 1.16 1.22 -5%

SSB 3048 -3.69 -5.81 0.70 0.89 22%

TSB 3657.6 -1.46 -3.73 0.28 0.57 52%

-5.28 -6.53 1.00 1.00 18%Average 
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The maximum deflection obtained from testing deck BD-DC under 90 kN load was 7.70 mm and 

8.04 mm recorded at mid span of the stringer CB before and after post-tensioning, respectively. 

The maximum deflection obtained from SECAN for the same stringer at the same locations was 

8.37 mm and 8.39 mm, respectively. The deflected profile obtained from the experimental test 

and the deflected profile obtained from the computer program at load of 90 kN before and after 

post-tensioning are shown in Figures 5.7 and 5.8. 

 

The deflection difference between results from SECAN and the experimental results at mid span 

of the stringer CB of deck BD-DC before and after post-tensioning the stringers was found to be 

12% and 4 %, respectively. The average difference in the distribution factor for the experimental 

deflections and the SECAN deflections was 11.35% before post-tensioning the stringers and 

13.64% after post-tensioning the stringers with draped CFRP bars. The summary of the stringers 

deflections obtained from the test and from SECAN analysis before and after post-tensioning and 

deflection distribution factors are given in Tables 5.13 and 5.14. 
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Figure 5.7 Deflection Obtained from Test and SECAN under 90 kN Load Before Post-

tensioning the Stringers with Draped CFRP Cables 

 

Figure 5.8 Deflections under 90 kN Load After Post-tensioning the Stringers with Draped 

CFRP Cable 
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Table 5.13 Deflection Under 90 kN Load Before Post-tensioning the Stringers of BD-DC 

 

Table 5.14 Deflection Under 90 kN Load Before Post-tensioning the Stringers of BD-DC  

 

Stringer 

Position
X [mm]

Initial Experimental 

Deflection [mm]

 Initial  SECAN 

Deflection [mm]

Experimental Distribution 

Factor for Deflection

SECAN Distribution 

Factor for Deflection

Difference in 

Distribution Factor [%]

TNB 0 -3.82 -5.10 0.71 0.78 8%

SNB 609.6 -5.54 -6.55 1.03 1.00 3%

FNB 1219.2 -6.82 -8.07 1.27 1.23 3%

CB 1828.8 -7.70 -8.73 1.43 1.33 7%

FSB 2438.4 -7.48 -7.74 1.39 1.18 15%

SSB 3048 -4.54 -5.81 0.84 0.88 5%

TSB 3657.6 -1.80 -4.00 0.33 0.61 45%

-5.39 -6.57 1.00 1.00 12%Average 

Stringer 

Position
X [mm]

Final Experimental 

Deflection [mm]

  Final SECAN 

Deflection [mm]

Experimental Distribution 

Factor for Deflection

SECAN Distribution 

Factor for Deflection

Difference in 

Distribution Factor [%]

TNB 0 -3.60 -4.73 0.67 0.76 12%

SNB 609.6 -5.65 -6.19 1.05 0.99 6%

FNB 1219.2 -7.01 -7.72 1.30 1.23 5%

CB 1828.8 -8.04 -8.39 1.49 1.34 10%

FSB 2438.4 -7.21 -7.44 1.34 1.19 11%

SSB 3048 -4.46 -5.53 0.83 0.89 6%

TSB 3657.6 -1.76 -3.75 0.33 0.60 46%

-5.39 -6.25 1.00 1.00 14%Average 
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The deflected profile obtained from the experimental test for deck BD-G and the deflected 

profile obtained from SECAN is shown in Figure 5.9. The difference between SECAN results at 

mid span of the stringer CB and the result from the experiment was found to be 2%. The 

summary of the deflections for the other stringers obtained from the test and SECAN analysis are 

given in Table 5.15. The distribution factors for deflection were calculated and tabulated in Table 

5.15. The maximum deflection obtained from test under 90 kN load was 8.11 mm recorded at 

mid span of the reinforced stringer CB while the maximum deflection obtained from SECAN 

analysis was 7.92 mm. The average difference in the distribution factor for the experimental 

deflection and the SECAN deflection was 17%.  

 

Overall, it was found that SECAN can be an effective tool in predicting the behavior of the 

timber decks. It predicted the maximum deflection of the stringers under the load point with 

average 14% error for control and 16% for strengthened stringers. The deflections of the outer 

stringers had larger error because the experimental deflection of these stringers was small 

compared with the middle stringers since it carried a very small portion of the total applied load. 

It predicted the distribution factor for deflection on average by 9% difference between SECAN 

and experimental results for control stringers and 16% for strengthened stringers. 
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Figure 5.9 Deflection obtained from Test and SECAN for Deck BD-G 

 

Table 5.15 Deflections Obtained from Test and SECAN under 90 kN Load for Deck BD-G 

 

-9.00

-8.00

-7.00

-6.00

-5.00

-4.00

-3.00

-2.00

-1.00

0.00

0 500 1000 1500 2000 2500 3000 3500 4000

D
ef

le
ct

io
n

 [
m

m
] 

Timber Bridge Width [mm] 

Experimental Deflection

SECAN Decflection

Stringer 

Position
X [mm]

Experimental 

Deflection [mm]

 SECAN 

Deflection  [mm]

Experimental Distribution 

Factor for Deflection

SECAN Distribution 

Factor for Deflection

Difference in 

Distribution Factor [%]

TNB 0 -2.15 -3.62 0.44 0.61 27%

SNB 609.6 -3.97 -5.29 0.81 0.88 8%

FNB 1219.2 -6.19 -6.98 1.27 1.17 8%

CB 1828.8 -8.11 -7.92 1.66 1.32 20%

FSB 2438.4 -6.76 -7.43 1.39 1.24 10%

SSB 3048 -4.45 -6.06 0.91 1.01 10%

TSB 3657.6 -2.48 -4.59 0.51 0.77 34%

-4.87 -5.99 1.00 1.00 17%Average 
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6 COST ANALYSIS OF TIMBER BRIDGE BEAMS 
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6.1 Introduction 

The province of Manitoba owns a large number of timber bridges, the majority of which were 

built between 1950 and 1980. Many of these bridges are subjected to damage by flood water or 

are of need of replacement due to exceeding their design life. The cost of demolition and re-

construction of these old timber bridges is exceptionally high when compared with the 

rehabilitation costs using innovative new strengthening methods for these bridges, which have 

become available as a result of the research that has been conducted at the University of 

Manitoba. Rehabilitation is not only an economical choice, but it allows these bridges to remain 

in-service for longer periods of time than their original design life. This chapter compares the 

cost of a post-tensioned timber beam with either draped steel cables or draped CFRP bars and 

reinforced timber beam with NSM GFRP bars.  

 

6.2 Cost Analysis of Timber Bridge Decks 

Determining the cost of the rehabilitation technique mentioned in this thesis will include the 

material and the labor costs per timber beam. The total material costs for post-tensioning one 

timber beam with two draped steel guy cables is $362 while the total material costs for post-

tensioning one timber beam with two draped CFRP bars is $ 673. This translates to over 53 % 

materials cost increase for post-tensioning with draped CFRP bars. All the materials required for 

post-tensioning one timber beam with draped steel cables and draped CFRP bars are summarized 

in Tables 6.1 and 6.2. The total material costs for shear reinforcement for one timber beam is 

$700 while the labor cost is $1200 according to local contractor who specializes in this type of 
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work. The total costs for post-tensioning one stringer with two draped steel bars is $2762 while 

the total cost for post-tensioning one timber beam with two draped CFRP bars is $3073. 

 

The total material costs for strengthening one timber beam with two NSM GFRP bars is $300. 

The materials required for reinforcing one timber beam are summarized in Table 6.3. The total 

cost of reinforcing one timber beam with two NSM GFRP bars is $3200. 

 

Table 6.1 Materials and Labour Costs for Post-tensioning with Draped Steel Cables 

 

Materials Diameter Quantity Price [$ CAD/ beam] Total

Shear reinforcement Materials _ _ 700 700

Shear labour _ _ 1200 1200

Steel plates _ 4 20 80

Lag screw bolts 1/2'' 24 0.33 7.92

Turn buckle (Jaw and Jaw) 12'' long 5/8'' 2 70.37 140.74

Guy cable EHS 5/16'' 38 ft 0.61 23.18

Shakles 1/2" 2 15.42 30.84

Thimble (HD) (Crosby) 5/16" 2 1.76 3.52

Cable Clamp, Forged (Crosby) 5/16'' 8 3.94 31.52

Deviator plates _ 2 20 40

Lag screw bolts 3/8'' 18 0.22 3.96

Labour _ _ 500 500

$2,762Total cost 
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Table 6.2 Material and Labour Costs for Post-tensioning with Draped CFRP Bars 

 

 

Table 6.3 Material and Labor Costs for Reinforcing with NSM GFRP Bars 

  

Material Diameter Quantity Price [$CAD/ beam] Total

Shear reinforcement Materials _ _ 700 700

Shear Labour _ _ 1200 1200

Steel plates _ 4 20 80

Lag screw bolts 1/2'' 24 0.33 7.92

Turn buckle (Jaw and Jaw) 12'' long 5/8'' 2 70.37 140.74

CFRP tendons with swage ends 9 mm 2 200 400

Deviator plates _ 2 20 40

Lag screw bolts 3/8'' 18 0.22 3.96

Labour _ _ 500 500

$3,073Total cost 

Material Price [$CAD/ beam]

Shear Reinforcement Material 700

Shear Installation Labor 1200

GFRP Reinforcement Material 300

Labor 1000

Total cost $3,200
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An advantage in the use of the post-tensioning system was seen in labor savings. A total of $500 

was required for post-tensioning one timber beam with either two draped CFRP bars draped steel 

cables (drill the holes, install the steel plates and the deviators, hook the bars and pre-stress the 

bars). On the other hand $1000 was required for reinforcing one timber beam with two NSM 

GFRP bars on the bottom side of the beam. That included drilling grooves, mixing epoxy, 

warming up the beam, inserting the GFRP bars and injecting the epoxy. An advantage was also 

seen in the effect of the use of the post-tensioning system on the environment since using the 

post-tensioning does not require distributing the creosote layer of the beam and the use of epoxy. 

Costs will be saved also for not considering heating during winter months to warm up all 

materials in order to install epoxy. A disadvantage of using the post-tensioning system is that it 

requires re-stressing for the steel cables and the CFRP bars in the future. 

 

It appears that given the savings in labor costs and the material costs, post-tensioning with 

draped steel cables or CFRP bars should be cost-effective.  
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7 SUMMARY AND CONCLUSIONS 
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7.1 Summary 

The research presented herein involved extensive experimental program and analysis of data 

obtained from the testing of aged timber beams. The experimental program consisted of three 

major stages. The first stage included the development of a permanent post-tensioning system 

that could be used in-situ with ease and be attached to beams for further stressing during their 

service life. The second stage included testing of 22 salvaged timber stringers obtained from an 

old bridge. A total of 16 of these stringers were post-tensioned with CFRP bars or steel guy 

cables. The third phase of the experimental program included the construction of four timber 

bridge deck sections using seven, 6.3 m long stringers each. The stringers had a wooden decking 

similar to current construction practices in Canada. One bridge deck was a control specimen 

without stringer strengthening, one bridge deck was constructed using stringers post-tensioned 

with draped steel guy cables, another deck used stringers post-tensioned with draped CFRP bars 

and another one used stringers reinforced with NSM GFRP bars. In addition, a cost analysis was 

provided for rehabilitating timber bridges using the three innovative strengthening techniques 

discussed in this thesis. 

 

7.2 Conclusions 

The post-tensioning technique investigated in this research program was proven to be cost-

effective due to the savings in labor costs, the material costs and environmental impact. The 

system overall resulted in large strength increase of individual stringers, however in minimal 

increase in the apparent stiffness of the stringers. 
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The detailed conclusions obtained from the results of the experimental and the theoretical results 

are summarized in the following points: 

 

 A post-tensioning system that was developed in this work has the potential to be easily 

applied in-situ conditions and remain permanently attached to timber beams. It was easy 

to install and had sufficient strength.  

 The flexural strength of timber beams post-tensioned using draped CFRP increased on 

average by 70%, while it was increased on average by 56% for beams post-tensioned 

with straight CFRP bars. 

 Post-tensioning timber beams using draped steel cables increased the strength on average 

by 45% while the strength increased on average by 49% for post-tensioning the beams 

with straight steel cables 

 An analysis of variance was used to test the effect of pot-tensioning using either CFRP 

bar or steel cables on the stiffness of the beams. There was no significant stiffness 

improvement as a result of post-tensioning using CFRP bars or steel cables, however, the 

deflection of these beams was less at ultimate load due post-tensioning compared with 

the control beams. 

 Buchanan’s (1990) model was modified to predict the bending strength of post-tensioned 

timber beams. A value of k3=12 was found to be a good fit for the experimental results of 

post-tensioned timber beams. Increasing the failure stress fm by the factor αm of 1.25 for 

the CFRP post-tensioned timber beams  and by the factor αm of 1.5 for steel post-

tensioned timber beams was found to give good calibration with the experimental results 

for sawn Douglas Fir timber beams. 
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 Load deflection response of the stringers post-tensioned with draped CFRP bars was 

found to be better than that of stringers post-tensioned with steel since the initial camber 

of these stringers was larger than the initial camber of the stringers post-tensioned with 

draped steel cables. 

 Load deflection response of the stringers reinforced with NSM GFRP bars was stronger 

than that of control stringers due to the presence of the reinforcement and the epoxy that 

repaired cracks and the splits along the stringers in the vicinity of the bars. 

 The deflection of the reinforced stringers with GFRP at ultimate load was the smallest 

among the stringers of the four timber bridge decks as the epoxy at the bottom side of 

these stringers repaired cracks or splits along the tension side of the stringers. 

 The load sharing factor between the stringers of BD-DC was the best compared to the 

other three bridge decks.  

 The maximum pre-stress loss was 16% over 19 hours for only the north draped steel 

cable of the stringer FNB of deck BD-DS. For the rest of the draped steel cables, the 

maximum pre-stress loss was 12% over 19 hours. 

 The maximum pre-stress loss for the draped CFRP bars was 11% over 19 hours. 

 Post-tensioning the stringers of deck BD-DS with draped steel cables increased the 

apparent stiffness on average by 2%.  

 Post-tensioning the stringers of deck BD-DC with draped CFRP bars increased the 

apparent stiffness on average by 3%. 

 The values of apparent stiffness increase are very small, so therefore for this type of post-

tensioning it can be assumed that no increase in stiffness will be manufactured. However, 
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the behaviour of the system will be improved, as a result of the initial camber that is 

added due to prestressing. 

 Strengthening the stringers of deck BD-G with NSM GFRP bars increased the apparent 

stiffness of the stringers on average by 29%. 

 Finite element program SECAN was found to be a good mathematical tool for predicting 

the deflection of stringers of the four timber bridge decks.  The results obtained using 

SECAN were very close to the results obtained from experimental testing. 

 The total cost for post-tensioning one stringer with two draped steel bars was found to be 

$2762 while the total cost for post-tensioning one timber beam with two draped CFRP 

bars was $3073. The total cost of reinforcing one timber beam with two NSM GFRP bars 

was $3200. 

 

7.3 Recommendations for Future Research 

The development of the post-tensioning system was new contribution to the scientific research. 

The research is unique from two perspectives. Firstly, it is environmentally friendly compared to 

NSM technique since it does not require groove drilling or warming up the stringers in the 

winter. Secondly, it can be permanently attached to the stringer so the bars or the cables can be 

re-stressed to sustain constant camber and thus decrease the deflection at service load and be in 

service for longer time. From this study, a number of recommendations for future investigation 

are outlined below: 

 Post-tensioning stringers with larger diameters of CFRP bars and steel cables. 
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 Increase the pre-stress force on the CFRP bars and the steel cables by using hydraulic 

jack to get larger camber. Improving the decking so the edge stringers can carry larger 

loads. 
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APPENDIX A 
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Design steps for steel plate with thickness of 4 mm: 

For 14 lag screws with diameter of 12.7 mm (1/2ʺ) in three rows. 

  
  = 3.58 kN with   = 64 mm 

       = 3.8 

   = 3 

ETSFD JkkkK '  

   = 1.15 x 1.0 x 1.0 x1.0 = 1.15 

   = 3.58 x (3 x 4+ 1 x 2) x1.15= 57.64 kN > (planned pre-stressing design force 

of 54 kN)        
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Experimental Load Deflection Curves for Individual Timber Beams

 
 

Experimental Load Deflection Curves for Beam CD14 

 

 
 

Experimental Load Deflection Curves for Beam CD15 
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Experimental Load Deflection Curves for Beam CD46 

 

 
 

Experimental Load Deflection Curves for Beam CD47 
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Experimental Load Deflection Curves for Beam C9 

 

 
Experimental Load Deflection Curves for Beam C44 
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Experimental Load Deflection Curves for Beam C45 

 

 
Experimental Load Deflection Curves for Beam C50 
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Experimental Load Deflection Curves for Beam SD18 

 

 
Experimental Load Deflection Curves for Beam SD 28 
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Experimental Load Deflection Curves for Beam SD43 

 

 
 

Experimental Load Deflection Curves for Beam SD48 
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Experimental Load Deflection Curves for Beam C7 

 

 
Experimental Load Deflection Curves for Beam S23 
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Experimental Load Deflection Curves for Beam S27 

 

 
Experimental Load Deflection Curves for Beam S41 
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Initial Load Deflection Curves for Stringers of Bridge decks 

 

 

Initial Load Deflection Curve for Individual Timber Beams (B1- B6) 

 

Initial Load Deflection Curve for Individual Timber Beams (B7- B12) 
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Initial Load Deflection Curve for Individual Timber Beams (B13- B18) 
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Bridge Deck Construction Details from Manitoba Infrastructure 
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APPENDIX C  
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Theoretical Calculation of Bending Strength of Timber Beams 

This appendix contained detailed calculations to estimate the bending strength of timber beams. 

The bending strength values for beams CD14 and SD18 are listed in Tables C1 and C2. The 

values of the predicted failure loads for post-tensioned timber beams with CFRP and steel cables 

using various values of the suggested k3 andαm are recorded in tables C3 to C20.  

 

 

Figure C1 Distribution of Stress and Strain for Bilinear Stress-Strain Relationship
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Table C1 Bending Strength Calculation For Beam CD14 

 

 

 

 

 

b= 140 mm f cu  = 41.41 MPa εy= 3.49124568 mstrain Experiment results:

d= 330 mm f tu  = 29.52 MPa m= 0.16667 P failure 100.88 KN

ρ= 0.0013763 Ew= 11862.31 MPa k3= 12 M 113490000 N.mm

y'= 162.887255 mm Ecfrp = 124000 MPa MOR Exp 44.6635183 N.mm

co= 0.49359774 n= 10.4532766

αm= 1.25

c fm ε t f t αmfm εc b a r f c -top Ttot Ctot Mwt Mcfrp Mwc Mwc2 Mwc3 Mtot MOR theo MOR exp/MOR theo Ppredicted

MPa mstrain MPa MPa mstrain MPa KN.m KN.m KN.m KN.m KN.m KN.m N.mm KN

0.49359774 38.7663399 0.1 1.18623093 48.4579249 0.10259412 0.50640226 0.0000 1 1.22 14.19 14.24 1.47 0.09 1.59 0.00 0.00 3.15 1.24 36.06 2.80

0.49359774 38.7663399 0.5 5.93115465 48.4579249 0.5129706 0.50640226 0.0000 1 6.09 70.96 71.18 7.34 0.46 7.93 0.00 0.00 15.73 6.19 7.21 13.99

0.49359774 38.7663399 1 11.8623093 48.4579249 1.02594119 0.50640226 0.0000 1 12.17 141.93 142.36 14.69 0.92 15.86 0.00 0.00 31.47 12.38 3.61 27.97

0.4935 38.7669797 2 23.7246186 48.4587246 2.0526849 0.5065 0.0000 1 24.35 283.81 284.89 29.36 1.84 31.75 0.00 0.00 62.95 24.77 1.80 55.96

0.4937 38.7656707 2.5 29.6557732 48.4570884 2.56380393 0.5063 0.0000 1 30.41 354.90 355.69 36.73 2.30 39.62 0.00 0.00 78.65 30.95 1.44 69.92

0.494 38.7637084 3 35.5869279 48.4546355 3.07287449 0.506 0.0000 1 36.45 426.12 426.07 44.13 2.76 47.43 0.00 0.00 94.33 37.12 1.20 83.85

0.4935 38.7669797 3.99 47.3306141 48.4587246 4.09510638 0.43181197 0.0747 0.97117 40.22 566.19 553.94 58.58 3.67 39.24 21.49 0.31 123.29 48.52 0.92 109.59

0.4893 38.7946015 4.07 48.2795988 48.4932519 4.24800531 0.4197215 0.0910 0.96387 39.92 572.82 572.46 58.74 3.70 37.08 25.76 0.47 125.75 49.49 0.90 111.77
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Table C2 Bending Strength Calculation For Beam SD18 

 

 

 

 

 

b= 140 mm f cu  = 38.35 εy= 3.427472 mstrain Experiment results:

d= 330 mm f tu  = 25.58 m= 0.16667 P failure 89 KN

ρ= 0.000829 Ew= 11187.69 k3= 12 M 100046250 N.mm

y'= 162.7302 mm ESTEEL = 200000 MOR Exp 39.37 N.mm

co= 0.493122 n= 17.8768

αm= 1.4

c fm ε t f t αmfm εc b a r f c -top Ttot Ctot Mwt Msteel Mwc Mwc2 Mwc3 Mtot MOR theo MOR exp/MOR theo Ppredicted

MPa mstrain MPa MPa mstrain MPa KN.m KN.m KN.m KN.m KN.m KN.m N.MM KN

0.493122 33.59452 0.1 1.118769 47.03233 0.10279 0.506878 0.0000 1 1.149978 13.39 13.46 1.38 0.09 1.50 0.00 0.00 2.97 1.17 33.65 2.64

0.493122 33.59452 0.5 5.593843 47.03233 0.513948 0.506878 0.0000 1 5.749888 66.96 67.32 6.91 0.45 7.51 0.00 0.00 14.87 5.85 6.73 13.21

0.493122 33.59452 1 11.18769 47.03233 1.027896 0.506878 0.0000 1 11.49978 133.92 134.65 13.83 0.89 15.02 0.00 0.00 29.73 11.70 3.36 26.43

0.4935 33.59238 2 22.37537 47.02933 2.052685 0.5065 0.0000 1 22.96479 268.04 268.69 27.69 1.79 29.94 0.00 0.00 59.42 23.39 1.68 52.82

0.4941 33.58898 3 33.56306 47.02457 3.071645 0.5059 0.0000 1 34.36461 402.54 401.59 41.64 2.69 44.70 0.00 0.00 89.02 35.04 1.12 79.13

0.4939 33.59011 4 44.75075 47.02615 4.098805 0.5061 0.0000 1 45.85615 536.51 536.10 55.48 3.58 59.69 0.00 0.00 118.75 46.73 0.84 105.55

0.4935 33.59238 4.1 45.86951 47.02933 4.208004 0.412551 0.0939 0.96204 36.89007 549.49 528.71 56.77 3.66 33.17 24.28 0.46 118.35 46.58 0.85 105.20

0.4857 33.63701 4.21 47.10016 47.09181 4.457902 0.395421 0.1189 0.94989 36.42409 555.67 555.58 56.47 3.68 30.47 30.03 0.76 121.40 47.78 0.82 107.91
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Table C3 Predicted failure loads for post-tensioned timber beams with CFRP using k3= 8 and  

αm =1.2 

 

Table C4 Predicted failure loads for post-tensioned timber beams with CFRP using k3= 8 and  

αm =1.25 

 

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

CD14 100.88 116.44 0.87

CD15 74.63 85.94 0.87

CD46 95.71 86.14 1.11

CD47 109.03 126.15 0.86

C9 58.38 112.58 0.52

C44 93.18 128.08 0.73

C45 88.61 109.72 0.81

C50 110.41 108.60 1.02

Average 91.35 109.21 0.85

Standard Deviation 17.58 15.95 0.18

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

CD14 100.88 120.10 0.84

CD15 74.63 90.53 0.82

CD46 95.71 89.46 1.07

CD47 109.03 129.76 0.84

C9 58.38 115.99 0.50

C44 93.18 132.10 0.71

C45 88.61 113.42 0.78

C50 110.41 104.39 1.06

Average 91.35 111.97 0.83

Standard Deviation 17.58 16.17 0.18
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Table C5 Predicted failure loads for post-tensioned timber beams with CFRP using k3= 8 and  

αm =1.3 

 

Table C6 Predicted failure loads for post-tensioned timber beams with CFRP using k3= 10 and 

αm =1.2  

 

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

CD14 100.88 123.48 0.82

CD15 74.63 93.57 0.80

CD46 95.71 92.32 1.04

CD47 109.03 133.26 0.82

C9 58.38 119.53 0.49

C44 93.18 135.44 0.69

C45 88.61 116.68 0.76

C50 110.41 107.96 1.02

Average 91.35 115.28 0.80

Standard Deviation 17.58 16.34 0.18

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

CD14 100.88 112.00 0.90

CD15 74.63 83.16 0.90

CD46 95.71 81.97 1.17

CD47 109.03 121.39 0.90

C9 58.38 108.10 0.54

C44 93.18 123.61 0.75

C45 88.61 105.31 0.84

C50 110.41 104.53 1.06

Average 91.35 105.01 0.88

Standard Deviation 17.58 15.50 0.19
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Table C7 Predicted failure loads for post-tensioned timber beams with CFRP using k3= 10 and 

αm =1.25 

 

Table C8 Predicted failure loads for post-tensioned timber beams with CFRP using k3= 10 and 

αm =1.3 

 

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

CD14 100.88 115.43 0.87

CD15 74.63 86.39 0.86

CD46 95.71 85.20 1.12

CD47 109.03 125.16 0.87

C9 58.38 111.56 0.52

C44 93.18 127.28 0.73

C45 88.61 108.87 0.81

C50 110.41 107.85 1.02

Average 91.35 108.47 0.85

Standard Deviation 17.58 15.68 0.18

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

CD14 100.88 119.24 0.85

CD15 74.63 89.66 0.83

CD46 95.71 88.50 1.08

CD47 109.03 128.49 0.85

C9 58.38 129.13 0.45

C44 93.18 130.43 0.71

C45 88.61 112.21 0.79

C50 110.41 120.02 0.92

Average 91.35 114.71 0.81

Standard Deviation 17.58 16.96 0.18
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Table C9 Predicted failure loads for post-tensioned timber beams with CFRP using k3= 12 and 

αm =1.2 

 

Table C10 Predicted failure loads for post-tensioned timber beams with CFRP using k3= 12 and 

αm =1.25 

 

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

CD14 100.88 109.15 0.92

CD15 74.63 80.03 0.93

CD46 95.71 79.63 1.20

CD47 109.03 118.31 0.92

C9 58.38 104.86 0.56

C44 93.18 120.18 0.78

C45 88.61 101.78 0.87

C50 110.41 100.75 1.10

Average 91.35 101.84 0.91

Standard Deviation 17.58 15.31 0.19

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

CD14 100.88 111.77 0.90

CD15 74.63 83.27 0.90

CD46 95.71 82.30 1.16

CD47 109.03 121.64 0.90

C9 58.38 80.63 0.72

C44 93.18 121.69 0.77

C45 88.61 105.59 0.84

C50 110.41 103.47 1.07

Average 91.35 101.29 0.91

Standard Deviation 17.58 17.22 0.15
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Table C11 Predicted failure loads for post-tensioned timber beams with CFRP using k3= 12 and 

αm =1.3 

 

Table C12 Predicted failure loads for post-tensioned timber beams with steel using k3= 8 and  

αm =1.3 

 

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

CD14 100.88 115.64 0.87

CD15 74.63 86.62 0.86

CD46 95.71 85.51 1.12

CD47 109.03 125.26 0.87

C9 58.38 111.81 0.52

C44 93.18 127.38 0.73

C45 88.61 108.87 0.81

C50 110.41 107.96 1.02

Average 91.35 108.63 0.85

Standard Deviation 17.58 15.61 0.18

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

SD18 88.93 109.25 0.81

SD28 56.18 27.31 2.06

SD43 93.39 123.91 0.75

SD48 86.48 75.93 1.14

S7 56.79 43.90 1.29

S23 58.46 57.54 1.02

S27 150.05 167.06 0.90

S41 68.45 100.75 0.68

Average 82.34 88.20 1.08

Standard Deviation 31.32 46.07 0.44



 

C10 

 

Table C13 Predicted failure loads for post-tensioned timber beams with steel using k3= 8 and  

αm =1.4 

 

Table C14 Predicted failure loads for post-tensioned timber beams with steel using k3= 8 and  

αm =1.5 

 

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

SD18 88.93 115.03 0.77

SD28 56.18 30.16 1.86

SD43 93.39 129.74 0.72

SD48 86.48 81.07 1.07

S7 56.79 47.84 1.19

S23 58.46 62.17 0.94

S27 150.05 172.36 0.87

S41 68.45 106.49 0.64

Average 82.34 93.11 1.01

Standard Deviation 31.32 46.90 0.39

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

SD18 88.93 120.05 0.74

SD28 56.18 33.13 1.70

SD43 93.39 134.81 0.69

SD48 86.48 85.78 1.01

S7 56.79 51.53 1.10

S23 58.46 66.37 0.88

S27 150.05 176.12 0.85

S41 68.45 111.84 0.61

Average 82.34 97.45 0.95

Standard Deviation 31.32 47.28 0.34
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Table C15 Predicted failure loads for post-tensioned timber beams with steel using k3= 10 and 

αm =1.3 

 

Table C16 Predicted failure loads for post-tensioned timber beams with steel using k3= 10 and 

αm =1.4 

 

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

SD18 88.93 104.74 0.85

SD28 56.18 24.99 2.25

SD43 93.39 119.29 0.78

SD48 86.48 71.82 1.20

S7 56.79 40.81 1.39

S23 58.46 71.82 0.81

S27 150.05 162.46 0.92

S41 68.45 96.65 0.71

Average 82.34 86.57 1.12

Standard Deviation 31.32 44.05 0.51

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

SD18 88.93 110.90 0.80

SD28 56.18 28.03 2.00

SD43 93.39 125.54 0.74

SD48 86.48 77.37 1.12

S7 56.79 44.75 1.27

S23 58.46 77.37 0.76

S27 150.05 173.13 0.87

S41 68.45 102.49 0.67

Average 82.34 92.45 1.03

Standard Deviation 31.32 46.18 0.44
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Table C17 Predicted failure loads for post-tensioned timber beams with steel using k3= 10 and 

αm =1.5 

 

Table C18 Predicted failure loads for post-tensioned timber beams with steel using k3= 12 and 

αm =1.3 

 

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

SD18 88.93 116.16 0.77

SD28 56.18 30.96 1.81

SD43 93.39 130.93 0.71

SD48 86.48 82.22 1.05

S7 56.79 48.84 1.16

S23 58.46 82.22 0.71

S27 150.05 173.40 0.87

S41 68.45 107.76 0.64

Average 82.34 96.56 0.96

Standard Deviation 31.32 45.65 0.39

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

SD18 88.93 101.58 0.88

SD28 56.18 23.44 2.40

SD43 93.39 116.07 0.80

SD48 86.48 69.32 1.25

S7 56.79 38.71 1.47

S23 58.46 69.32 0.84

S27 150.05 159.09 0.94

S41 68.45 93.49 0.73

Average 82.34 83.88 1.16

Standard Deviation 31.32 43.45 0.56
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Table C19 Predicted failure loads for post-tensioned timber beams with steel using k3= 12 and 

αm =1.4 

 

Table C20 Predicted failure loads for post-tensioned timber beams with steel using k3= 12 and 

αm =1.5 

 

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

SD18 88.93 107.90 0.82

SD28 56.18 26.33 2.13

SD43 93.39 122.47 0.76

SD48 86.48 74.66 1.16

S7 56.79 43.04 1.32

S23 58.46 56.66 1.03

S27 150.05 165.51 0.91

S41 68.45 99.55 0.69

Average 82.34 87.02 1.10

Standard Deviation 31.32 45.83 0.47

Beam #
 Experimental Failure Load 

[kN]
Predicted  Failure Load [kN] [Experiment / Calculated] 

SD18 88.93 113.34 0.78

SD28 56.18 29.39 1.91

SD43 93.39 128.05 0.73

SD48 86.48 79.75 1.08

S7 56.79 46.63 1.22

S23 58.46 60.92 0.96

S27 150.05 170.88 0.88

S41 68.45 104.89 0.65

Average 82.34 91.73 1.03

Standard Deviation 31.32 46.66 0.40


