M echanical properties of composite timber flitch beamslaminated vertically
with fibrereinforced plastic and steel reinforcements
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Summary

Composite timber beams have been manufactured in two different geometric configurations
bonding in secondary adherends such as steel and fibre reinforced plastic plates (FRP) to vertically
reinforce Kerto S laminated veneer lumber (LVL), a primary adherend. The geometric
configuration of the reinforcement was found to affect the extent of improvement in flexural
strength compared with the un-reinforced LV L beams. The modes of failure and the flexural moduli
were found to be influenced by the reinforcing material and its properties.
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1. Introduction

Flitch reinforcements lie vertically inside timber sections and are used to enhance the mechanical
performance of timber beams. Previous studies have highlighted the merits of nailed stedl flitch
beams and have evaluated the extent of improvement in the mechanical properties of beamsin
flexure [1] and the significance of intimate connection between composite members [2] and [3].
Stern and Kumar [1] have reported that flitch beamsin flexure rose in strength and stiffness by 45%
and 48% respectively as aresult of vertically laminating two steel plates between 3 timber
members. Alam and Ansell [3] have reported that decreasing modulus of rupture and increasing
modulus of elasticity isafunction of increasing nailing density.

Very little has been reported on flitch reinforcements using FRP plates. The mgjority of studies have
considered horizontal laminations of the tensile face. Johns and Lacroix [4] studied timber beams
laminated both vertically and horizontally by U- shaped glass fibre reinforced plastic. These beams
were reported to give up to a 90% increase in flexural strength. Chajes et al [5] recorded a stiffness
increase of 21% with a horizontal tensile face lamination of carbon fibre reinforced plastic being
0.67% of the depth of the whole beam.



The present paper aims to present and compare the mechanical properties and the failure modes of
LVL composite beams laminated vertically in two alternate configurations with steel and FRP
plates. The modified steel and FRP flitch beams are manufactured using a bonded method rather
than the more traditional bolted assembly

2.  Sample configurations and experimental methods
21 Samples

Grade 43 mild stedl, glass fibre reinforced plastic (GFRP), three layers of glass fibre reinforced
polyurethane (FULCRUM) and carbon fibre reinforced plastic (CFRP) were used as vertically
laminating reinforcements for LVL (1900mm long, 110mm deep and 51mm wide). Two test
configurations were used and designated phasel and phase 2. Phase 1 composites comprised full
depth plate reinforcement laminated between two LV L sections. Phase 2 composites were
constructed by adhering two LV L sections, routing grooves 40mm deep at the top and bottom faces
of the beam and dlotting adhesively bonded 40mm plate reinforcement into the grooves.

Composite elements were glued together using CB10TSS adhesive, alow modulus thick film epoxy

adhesive. The reinforcing elements were subjected to different surface treatments prior to gluing.

Steel plates were grit blasted immediately before gluing, CFRP plates were covered by a ‘peel ply’
layer which was removed prior to gluing, the GFRP surface was abraded using a miniature grit
blasting machine with sodium carbonate abrasive and the FULCRUM was left untreated as it has an
inherently rough surface. The cross sectional layout for phase 1 and 2 beams is shown in Figure 1.
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Figure 1. Cross sectional layout of composite elements for phase 1 and 2 beams. The notations; b
and t refer to the width and the depth respectively. The subscripts; v, s r mand ¢ refer to wood,
reinforcement, adhesive, width of routed grooves and the whole composite respectively.

Equations (1) and (2) describe the transformed section properties for phase 1 composites about the
line x-x. Transformed section properties about the line x-x are expressed for phase 2 composites by
equations (3) and (4. is the transformed second moment of avdas the transformed section
modulus and is the elastic modulus. The dimensions of the reinforcements are listed in Table 1.
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Table 1. Dimensions of the reinforcing laminates.
Phase 1 Phase 2
Length | Depth of reinforcement | Thickness | Length | Depth of reinforcement | Thickness
/mm /mm /mm /mm /mm /mm
STEEL 1900 100 6.0 1900 40 x 2 5.0
CFRP 1900 100 15 1900 40 x 2 1.5
GFRP 1900 100 4.0 1900 40 x 2 4.0
FULCRUM 1900 100 1.2x3 1900 40 x 2 1.2 X 3

2.2 Experimental

Testing was conducted according to BS EN 408:1995. Composite beams were subjected to four-
point bending at a crosshead rate of 2mm.min™. A total of three beams were tested for each
reinforcement type in each phase. A linear variable differentia transformer (LVDT) displacement
transducer was located between the central rollers and used to measure the centre point deflection.
Strain gauges were attached to a single beam from each phase. Figure 2 shows the roller positions.
The general positions of the strain gauges relative to the LVDT are shown in Figure 3.
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Figure 2. Four-point bending test arrangement
in accordance with BS EN 408:1995.

Figure 3. Positions of strain gauges and LVDT
on the upper face of the composite beams.

3. Resaultsand Discussion

3.1 Mechanical properties

Median values for flexural strength, of, were taken from each group and the percentage deviation, d,
from un-reinforced LVL beams was calculated, Table 2. The transformed section properties were
used to calculate o, which is represented by the equation [aF sy /[ 2W] where aisthe distance
between the loading position and the nearest support and Fux is the maximum load experienced by
the composite. The phase 2 beams all showed an increase in oy relative to un-reinforced LVL
whereas the majority of phase 1 beams did not. In phase 2, CFRP-LVL beams exhibit ot values
superior to those of steel reinforced beams, the of values for FULCRUM-LVL beams are equivalent
to that of steel and GFRP-LVL composites have the lowest o; values. This suggeststhat it is more
effective to situate reinforcement material at the upper and lower faces of the beams, than to have
full depth reinforcement.

Figures 4 and 5 show stress-strain plots for one beam from each group for phase 1 and 2 beams
respectively. The stressis calculated using an average composite section modulus and not W,. This
allows the differencesin flexural moduli, E, to beidentified. The strain is taken from the strain
gauges, which are less sensitive than the LVDT to global movement in the beam and are fitted to
only measure strains along the longitudinal beam axis.



Table 2. Strength, % deviations and stiffness properties of composite beams (median values).

Phase 1 Phase 2
o:i/M Pa d/% E:/GPa o:/M Pa d/% E:/GPa
STEEL-LVL 47.3 -16.0 37.1 67.9 +20.1 29.9
CFRP-LVL 64.0 +13.4 22.6 710 +25.8 18.9
GFRP-LVL 51.6 -0.9 18.8 67.8 +15.8 16.4
FULCRUM-LVL 55.9 -8.6 16.6 65.4 +20.1 16.9
90 Strain gauges adjacent to the reinforcement and on
the edge of the LVL are labelled ‘a’ and ‘b’
801 respectively.
701 . E; is a function of the elastic modulus of the
S 60 - / laminating material. Higher modulus reinforcing
% , materials generally result in superigr &teel-LVL
% S I A R — S composites exhibit the greatest ductility, while the
D 40 1  ereRLivn FRP-LVL composites tend to be more brittle. In
= CFRP-LVL & every case, the failure strain on the edge of the LVL
0 301 — CFRP-LVL b is higher than the strain closer to the centre where the
20 | FULCRUM-LVL a reinforcement is positioned. It is plausible to suggest
FULCRUM-LVL b that the reinforcement constrains failure in the
0/ elivae adjacent LVL more effectively as a function of
o / | | ‘ ‘ decreasing distance from the reinforcement.
0.0 0.2 0.4 0.6 0.8 1.0 The yield strain, g, of the reinforcing elements is
Strain/% paramount to the failure mechanism of the composite.
: : Tests have shown that the ¢y of LVL is between 0.3-
Figure 4. Sress-strain plot for Phase 1 0.4% and &, for steel is 0.15%. ¢, for CFRP is 0.75%
beams and ¢, for GFRP is 2.5% [6].
90 Although ¢, for steel is lower than LVL; the process
of strain hardening, the intimacy of contact between
80 1 composite elements and the inherently ductile nature
70 - of mild steel allows the LVL in close proximity to he
steel to fail at higher strains than it would if un-
601 /H reinforced. Brittle failure can be anticipated for FRP-
S 5 | LVL composites due to the higher &, of the FRP plate
» reinforcements compared with LVL and the brittle
B a0 s nature of FRP failure. This can be seen in every case
5 30 . CFRP-LVL & except phase 2 FULCRUM where the LVL closest to
— CFRP-LVL b the FULCRUM exhibits brittle behaviour while the
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10 GFRP-LVLE 3.2 Failure modes and observations
GFRP-LVL
0 : : : : : Both phase 1 and 2 steel-LVL composites
00 02 04 06 08 10 1: experienced compressive failure, Figure 6, which is
Strain/% possibly a consequence of the Iowgof mild steel

Figure 5. Stress-strain plot for Phase 2

beams

relative to LVL. This was followed by catastrophic
fracture on the tensile face of the LVL, Figure 7.
Steel-adhesive de-bonding was noted for only phase 2
beams, Figure 8.

All composite beams experienced catastrophic fracture on the tensile face. Unlike the phase 2 steel-
LVL composite beams, CFRP and FULCRUM reinforcements did not separate from the adhesive.
The phase 2 CFRP however did de-bond and de-laminate. Phase 2 FRP-LVL beams showed
evidence of compressive buckling in the LVL. However, no indication of compressive failure was
determined from a visual inspection of phase 1 beams.



Figure 6. An example of Figure 7. Tensilefractureina Figure 8. De-bonding between

compressivefailureina steel-  gtegl-LVL composite beam. adhesive and steel leading to
LVL composite beam. interfacial dlip.

A close examination of a sawn cross section from each phase of CFRP and FULCRUM reinforced
beams clearly illustrates that on the tensile edge, tangential cracks preferentially propagate through
the LV L adjacent to the reinforcement, as opposed to traversing into the adhesive, Figures 9-12.
The GFRP laminates in both phase 1 and 2 did experience de-bonding from the adhesive, in
contrast to the other FRP types. The de-bond from the GFRP |leads to tangential fracture in the
adhesive, which in turn leads to fracture in the LVL, Figures 13 and 14. Whether the crack path
initiates or ends at the de-bond is indefinite.
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iéure 9. Fracture path near Figure11. Fracture near Figure 13. Fracture pat near

CFRP laminate, Phase 1. FULCRUM laminate, Phase 1. GFRP laminate, Phase 1.
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Figure 10. Fracture path near ~ Figure 12. Fracture path near  Figure 14. Fracture path near
CFRP laminate, Phase 2. FULCRUM laminate, Phase 2. GFRP laminate, Phase 2.
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3.3 Comparison of geometric arrangement using finite element analysis

Finite element models were devel oped to illustrate the effect on the distribution of perpendicular-to-
axis shear stresses, (yz), for phase 1 and phase 2 beam configurations. Figures 14 and 15 show a
segment from the centre of phase 1 and 2 steel-L VL beams respectively. In both cases, the shear
stresses are highest near the reinforcements where the majority of stress transfer occurs on loading.
The stresses then diminish towards the edge of the LV L. Shear stresses are concentrated to the
upper and lower faces of the phase 2 beam segment. The phase 1 beam segment however,
experiences a shear stress distribution throughout the depth of the LV L as a consequence of having
afull depth plate.
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Figure 14. Shear stress contoursin a section of  Figure 15. Shear stress contoursin a section of
a phase 1 steel-LVL beam. a phase 2 steel-LVL beam.

Conclusions

Using the transformed section approach to anal yse the composite configurations demonstrates that
vertically laminating the upper and lower faces of LVL in flexion is more effective as a means of
improving of than having a full depth vertical lamination. The E; of a composite beam is dependant
upon the elastic modulus of the reinforcing material. Materials with a higher elastic modulus will
yield higher E; values for the composite. Failure modes have been described for steel-LVL
composite beams and LV L beams reinforced with various FRP plates. Fracture paths have been
identified and illustrated in the vicinity of the plate reinforcements for the FRP-LVL composites.

In phase 1, the configuration is more appropriate to upgrading a section size and length within the
confines of aworkshop where a sandwich and laminating technique can be used. Phase 2, which has
been compared with directly in performance, is designed for installation in-situ into timber using
appropriate portable tools. This enables the minimal intervention to the individual timber
component within the building, while affording the maximum upgrading of the timber combined
with the least aesthetically displeasing effect.
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