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Abstract: In Malaysia, Kempas timber is widely used as structural components for
civil construction. The application of prestressed timber starts emerging in Malaysia
to enhance the load carrying capacity and allow the use of longer span with reduced
cross-sectional size simultaneously, since timber is weak in bending and susceptible
to cracking under flexural load. This research was conducted to investigate the change
in bending strength and moment capacity of timber beam with passive prestressing
rods installed at different lever arm positions, and the enhancement of moment
capacity of timber beam with and without passive prestressing. Five Kempas timber
specimen configurations with a volume of 40mmx90mmx900mm were prepared for
four-point bending test, and their flexural behaviors were evaluated subsequently.
Strengthening tension side of timber beam had the greatest enhancement of flexural
strength and moment capacity among the specimens. In the absence of the torsion
influence, all prestressing schemes had a significant improvement in timber properties
compared to non-prestressed beam. In terms of timber stiffness, it has been improved
in all prestressed sample configurations, with the exception of TBN specimens.
Future research should increase number of specimens to minimize variation in timber
properties.
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1. Introduction

Malaysia is a timber-rich country but the application of timber products in construction industry is
quite insignificant [1]. There are several high-quality timbers produced in Malaysia, which are
extremely demanded all over the world. The current state of affairs in Malaysia is the minor interest in
application of prestressed timber as a structural member [2].

Timber is the most versatile building material in construction industry due to its decorative and
structural purposes [3]. Kempas timber is a medium hardwood with air dry density of 770-1120 kg/m?
[4]. Tt has better economic benefits for construction, as it is largely prepared in factory and transported
to site for rapid assembly [5]. However, the collapse of timber beam may occur when brittle failure
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appears on its tension side under flexural load [6]. Since timber is weak in bending due to its fibrous
structure, it is important to strengthen timber adequately to improve its mechanical properties [7].

Therefore, the experimental investigation was conducted on different configurations of Kempas
timber beams with passive prestressing to evaluate the contribution of prestressing to the improvement
of timber strength, as well as the effect of changes in the behavior of timber beams to the failure.
Through prestressing method, it was designed to improve serviceability feature of strengthened beams
in contrast with non-strengthened beams [8]. Prestressed timber is commonly used in bridges, roofs and
the gravity load resisting system of tall buildings [9].

The research was aimed to investigate the change in moment capacity and bending strength of
timber beam with passive prestressed rods installed at different lever arm position, and the enhancement
of moment capacity of timber beam with and without passive prestressing. It contributes significantly
in encouraging the application of prestressed timber beam in Malaysia by improving the structural
performance of timber.

2. Materials and Methods

In the research, the four-point bending test was conducted on 40mmx90mmx900mm Kempas
timber beams to determine their bending strength and moment capacity. There were five types of timber
specimens prepared for conducting the experiment and the notation of each specimen was displayed in
Table 1.

Table 1: Notation of specimen types

Specimen Types Notation
Timber beam only (Control Beam) TB
Timber beam with passive prestressed rods at its neutral axis TBN
Timber beam with passive prestressed rods at its compression side TBC
Timber beam with passive prestressed rods at its tension side TBT
Timber beam with passive prestressed rods at both tension and compression side TBTC

2.1 Detailing of Specimens

In the research, passive prestressing technique was utilized to strengthen the timber beams. It was
applied through external installation of threaded rods and connecting rods to timber beam by using
particular steel elements. These steel elements ensure the anchorage of rods and increase prestressing
actions through eccentricity [10]. The anchorages were used to avoid premature debonding mechanisms
and to allow for further loading on timber beams. The presence of threaded rods assured a small reserve
in load capacity and allowed for certain additional loading of timber beams [11]. The details of timber
specimens are illustrated in Figure 1. The clear spacing between the holes is 20mm, which is larger than
the minimum clear spacing requirement (8 mm diameter of the holes) for externally prestressing tendons
in accordance with [12]. The threaded rods were installed at both sides of timber specimen by screwing
them together with end plates. The 10mm thick steel plates were used to ensure the anchorage of the
strips and to increase the prestressing actions through an eccentricity.
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Figure 1: The details of timber specimens: (a) TB (b) TBN (c) TBC (d) TBT (e) TBTC (in mm)
2.2 Specimen Testing

Several tests were performed on the materials used. Each timber specimen was tested under oven-
dry test and four-point bending test, whilst the tensile strength test was conducted on 6mm diameter
steel threaded rods.

The threaded rods were tested by Universal Testing Machine (UTM) to ensure the efficiency of
prestressing. The mechanical properties of threaded rods were determined by plotting stress-strain
diagrams to provide detailed information on properties. The oven-dry test was performed on timber
specimens (TB, TBN, TBT, TBC and TBTC) to determine their moisture content, while the timber
beams were tested under four-point loading to identify the load-deflection curves in accordance to BS
EN 408:2010.

The load was applied to timber at 283mm intervals. The rate of loading was set to 5.0mm/min and
maintained until failure. The schematic diagram of four-point flexural test set-up on timber specimens
has been provided in Figure 2. The support length was 25 mm from each beam end and the concentrated
loads were positioned at 283mm intervals on beams. The mid-span deflection of beam was measured
from the bottom of timber specimen with LVDT, while the longitudinal slip of beam was measured by
the dial gauge mounted at the beam ends. The four-point loading test arrangement was used to provide
the flexural stress-strain response of the timber specimens.
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Figure 2: Schematic diagram of the four-point flexural test set-up on timber specimens:
(a) TB (b) TBN (c) TBC (d) TBT (e) TBTC (in mm)

3. Result and Discussion

3.1 Preliminary result

The preliminary results explicated the values of material properties obtained from oven-dry method
and tensile strength test. The distributional characteristics of timber strength and stiffness were
influenced by the biological composition of timber population. Hence, the change in initial and final
timber density values must be determined when considering different samples. The average density
range of timber specimens was 769.4kg/m? to 788.9kg/m?. The timber specimens were in dry condition,
as their moisture content values were lower than 19%. Besides, the average tensile strength of 6mm
diameter steel threaded rods was 751.5N/mm?, which means that the tendons had sufficient strength to
strengthen the timber.

3.2 Experimental result

The implication of different prestressed positions applied on timber specimens and their
enhancement values of flexural strength and moment capacity were attained through four-point bending
test.

3.2.1 Failure observations

The timber specimens were mostly cracked in tension zone. The flexural cracks appeared at the
bottom of beams and subsequently propagated toward their top surfaces with increased loads. The
failure mode of timber specimens was depicted in Figure 3.
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Figure 3: Failure mode of timber specimens: (a) TB (b) TBN (c) TBC (d)TBT (e)TBTC

3.2.2 Load-deflection curves

The load-deflection curves of timber specimens were manifested in Figure 4. There were several
points marked on the load-deflection curves to explain the experimental behavior of specimens under
the four-point bending test. Those explanations can be obtained from Table 2.
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Figure 4: Load-deflection curves of timber specimens: (a) TB (b) TBN (c) TBC (d)TBT (¢)TBTC

660



Leng et al., Recent Trends in Civil Engineering and Built Environment Vol. 2 No. 1 (2021) p. 656-664

Table 2: Experimental behavior of specimens under the four-point bending test

Point Experimental behavior of specimens under four-point bending test
Slight hair cracks appeared at bottom of specimens.

Cracks enlarged and propagated to load points.

Longitudinal slip reached 10mm.

Loud 'bang' sound was heard and ‘peeling’ of timber occurred.

Shear longitudinal failure of anchorage and timber ends

Final failure of timber

Twisting effect (torsion) existed on timber beam.

—~ —h (D O O T QO

3.3 Comparison of flexural strength and moment capacity among timber specimens

Table 3 displayed a comparison of average results among timber specimens. Since TBTC-2 was
controlled by torsional failure, the findings of TBTC-1 specimen were selected for comparison. The
incremental ratio was calculated to validate the enhancement of flexural strength, Fu: and moment
capacity, Mex, Of each specimen.

The TBT specimen had the highest incremental ratio (1.5) and the enhanced effect on the
mechanical properties of timber was evidently reflected by reducing the flexural stress acting on tensile
side of beam. It was followed by TBN specimen (1.3) with a higher incremental ratio than TBC (1.1)
and TBTC specimens (1.2).

Through passive prestressing, it had a significant improvement in timber properties compared to
the control beam in all prestressing schemes due to the participation of threaded rods in transferring
loads. In terms of properties enhancement, the specimens arranged in descending order were TBT, TBN,
TBTC, TBC and TB.

Table 3: Comparison of average results among timber specimens

S;g;trfgn Fur (kN) Moo (KNM)  Omur (Mpa)  Amax (Mm) '”nggﬁ)”ta'
TB 26.9 3.8 704 16.0 1
TBN 343 4.9 89.8 34.0 13
TBC 30,6 43 80.1 17.5 11
TBT 402 5.7 105.5 305 15
TBTC 311 4.4 81.6 17.0 12

3.4 Comparison of timber stiffness among timber specimens

The timber stiffness at serviceability limit state, Kor Was determined from 40% of the observed
maximum load, whereas timber stiffness at ultimate limit state, Koeru and at near collapse limit state,
Ko.sruy Were obtained from 60% and 80% of the observed maximum load [13].

Table 4 demonstrated the results of timber stiffness. It can be noted that all specimens indicated a
decrease in stiffness before reaching the failure point. The values of Ko.4r, Was higher than that of Ko ery.
When reaching the near collapse limit state, Kogru indicated the lowest stiffness value. The stiffness
ratio was calculated to validate the stiffness enhancement of each specimen, and the specimens arranged
in ascending order were TBC, TBT, TBTC, TB and TBN. The TBC specimen had the lowest stiffness
ratio with a value of 1.07, followed by TBT specimen (1.13). The lower stiffness ratio implied that there
was a subtle difference between the stiffness Koeru 0r Kogry, and the stiffness Ko.4ru. Thus, the specimens
with lower stiffness ratio can withstand a higher load at lower deflection value.
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It can be summarized that the timber stiffness of all prestressed sample configurations had been
improved, with the exception of TBN specimen. The increase in bending stiffness promoted the
redistribution of the load and subsequently reduced the deflection of timber.

Table 4: Results of timber stiffness at serviceability, ultimate and near collapse limit state

. Beam Stiffness (KN/mm) Stiffness ratio
Timber K K
. 0.4Fu 0.4Fu
Specimen Avg. K 454 Avg. Kj 6Fu Avg. Ky gru K K
0.6Fu 0.8Fu
B 2.19 1.82 1.46 1.20 1.50
TBN 2.21 1.69 1.17 131 1.89
TBC 2.44 2.27 1.70 1.07 1.44
TBT 2.24 1.98 151 1.13 1.48
TBTC 2.43 2.06 1.63 1.18 1.49

3.5 Comparison between theoretical and experimental results

There were several factors that caused the difference between theoretical and experimental results,
which must be considered in reliable assessment. Firstly, it was affected by high variations in timber
properties due to small number of specimens used in experiment (two samples for each configuration).
The distributional characteristics of flexural strength and stiffness can be influenced by the biological
composition of Kempas timber [14]. Thelandersson explained that the coefficient of variation for
flexural strength of timber beam was in the range of 20-40%, depending on the species [15]. The smaller
sample sizes tend to have larger variations, reduce accuracy when evaluating parameters and
subsequently affect the experimental results.

In addition, the experimental results were also dependent upon the condition of recycled timber,
and the level of workmanship. For instance, the shear failure of anchorage of TBC-1 specimen can be
partially attributed to poor condition of recycled timber used. The torsional failure of TBTC-2 specimen
due to uneven load distribution and specimen skewness, was partly triggered by poor workmanship and
timber condition.

Lastly, in accordance with Kliger’s previous research, strengthening both tension and compression
side of timber exhibited the greatest enhancement of strength and stiffness [16]. It was different from
the current study, in which the strength and stiffness of TBTC specimens were lower than those of TBT
and TBC specimens. The different results were caused to several reasons, such as sample size and
prestressing method. For instance, the dimension of specimen used by Kliger was
115mmx200mmx4000mm, whilst the timber used in this study was much smaller, with a value of
40mmx90mmx900 mm. For prestressing method, Klifger used glulam beams strengthened with bonded
steel plates or CFRP-laminates, whereas the externally passive prestressed rods were used for
strengthening Kempas timber in current research.

4. Conclusion

In spite of limited number of specimens used, it can be concluded that passive prestressing method
effectively improved the structural performance of Kempas timber beams. Compared with non-
prestressed beams, it enhanced the serviceability features of the prestressed timber beams.

In accordance with experimental investigation, all prestressing schemes caused an increase of
flexural load-carrying capacity of specimens. The flexural strength and moment capacity of TBT
specimens were the highest among the specimens, with average values of 105.5Mpa and 5.7kNm. The
passive prestressed rods at tensile side of specimen significantly improved the mechanical properties of
specimen, as timber was weak in tension when it was subjected to flexural loads. Thus, TBT specimen
could be the best choice for construction due to the greatest enhancement of structural performance of
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Kempas timber. In terms of timber stiffness, it has been improved in all prestressed sample
configurations, with the exception of TBN specimens.

To summarize, passive prestressing technique improved the overall behavior of timber beams,
thereby increasing the bending strength and moment capacity, as well as reducing the deflection of
Kempas timber. Nonetheless, the increased amount of reinforcement did not necessarily enhance the
timber strength due to the counteraction between top and bottom reinforcements. The different
arrangements of prestressed rods can be used to control the strength, stiffness and moment capacity of
timber specimens. Future research should increase number of specimens to minimize variation in timber
specimen properties. The dimension of specimens should also be increased to emphasize the differences
between each specimen due to the larger eccentricity.
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