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Abstract

The demolition of buildings creates a vast quantity of secondary timber, which is currently
chipped, downcycled or incinerated. This study examines a higher value use of secondary
timber as lamellae for cross-laminated timber (CLT), which will address the increasing demand
for wood products that is expected in the coming decades. The longitudinal vibration test
method was used to determine the dynamic modulus of elasticity (dAMoE) for secondary timber.
Then, four-point bending tests were conducted for the secondary timber to obtain the static
modulus of elasticity (sMoE) and modulus of rupture (MoR). The test results showed a good
linear relationship between dMoE and sMoE, so the dMoE results could be used to predict
SMoE of secondary timber. Furthermore, the static bending stiffness of cross-laminated
secondary timber (CLST), SMoEc., was predicted by the dMoE from transverse vibration tests
of CLST and longitudinal vibration tests of secondary timber. Four-point bending tests of
CLST showed that the latter predicted SMoEc. more accurately. CLST panels were also found
to meet the structural requirements in relevant standards. Finally, analytical models were used
to predict the bending stiffness and strength of CLST. The closest prediction came from
combining the shear analogy method and bearing model for CLT. This paper demonstrates the

feasibility of using secondary timber as a feedstock for CLT/CLST production.

Keywords: bending strength; circular economy; mass timber; non-destructive testing;

recovered timber; wood waste.

1 Introduction

Globally, the construction industry is estimated to be responsible for 40% of all material
resource use and 40% of all waste generated [1]. In the United Kingdom (UK), about 67.8

million tonnes of construction and demolition (C&D) waste (30% of total UK waste) was
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generated in 2018 [2]. Whilst the mass of wood waste as a proportion of total C&D waste is
overshadowed by mineral wastes, it is still generated in very large quantities (e.g., 4.5 Mtpa in
the UK [3]). Although this resource is to some extent managed according to the cascading
principle that is part of a circular economy [4,5], the recycling potential of structural members
at high value is not maximised. In the UK, around 32% of timber waste undergoes open-loop
downcycling to non-structural particle-based products, 56% is incinerated for energy
generation, 3% is exported and 9% is incinerated without energy recovery or disposed to
landfill [6,7].

Structural use of secondary timber is therefore attracting great research interest [8-10].
One challenge of reusing secondary timber for structural purposes is the potential degradation
of its mechanical properties. Studies of the effects of time on the mechanical properties of
timber were first systematically carried out in Japan in the 1950s [11]. However, research into
the effect of timber loading history has been developing slowly. A detailed review conducted
by Cavalli et al. [12] in 2016 showed that the results in the literature were not always consistent
due to the uncertainty of the loading history and the unknown original mechanical properties.
Nevertheless, while most research reported an unchanged modulus of elasticity (MoE), a
reduced modulus of rupture (MoR) for structural timber when compared with primary timber
indicated an influence of the duration of the load (DoL) on strength. For example, the
examination of 991 full-size lumber tests from the United States Department of Agriculture
also showed lower MoR for secondary timber than the specified value from standards for
primary timber [13]. Crews and Mackenzie [14] tested 220 pieces of secondary timber with
different dimensions and defects. The results showed them to have a similar MoE as new
materials but a 35% and 50% reduction in MoR for low and heavy-magnitude loading,
respectively. They suggested decreasing the grade assigned to secondary timber by one to two
grades, relative to the values indicated by Australian visual grading standards, to reflect the
MoR degradation due to DoL and defects like nail holes. This structural property degradation
negatively affects the potential to directly reuse secondary timber as structural members.
Moreover, secondary timber usually has aged surfaces and larger deviations of dimensions, so
it cannot meet the tolerance required for cross-sections of structural members, such as those in
EN 336 [15]. Secondary timber can come in shorter lengths after on-site cutting and removing
parts that contain contaminants like metal fixings. Processing, such as planing and finger
jointing, is often required to reach consistent cross-sectional dimensions and sufficient lengths

for structural use.
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Although some properties of secondary timber may be compromised when compared
to primary timber, the increasing use of high-performance engineered wood products, such as
cross-laminated timber (CLT), provides other opportunities for structural reuse of secondary
timber [16]. The homogenisation of properties that occurs when timber elements are combined
in several layers with perpendicular grain orientation in CLT reduces the influence of defects
on final product properties [17,18], potentially allowing low-grade timber to be used in

structures.

Relevant research has investigated the utilization of low-grade local species that are not
currently considered eligible as structural materials to produce CLT, as summarised by Rose
et al. [19]. Fredriksson et al. [20] presented that an increased yield of CLT could be achieved
with small-diameter logs through the trapeze edging method. Lawrence [21] and Jahedi [22]
showed that low-value Ponderosa pine lumber had the potential to be used in project-specific
CLT grades for low-rise buildings [23]. Ma et al. [24] tested CLT made of low-value white
spruce and sugar maple. The hybrid CLT provided better structural performance than standard
CLT made with spruce-pine-fir. These results are promising for reuse of secondary timber with
lower strength and smaller dimensions than structural timber to produce CLT, a new product
that we call cross-laminated secondary timber (CLST). In addition, emerging commercial
equipment [25] is boosting the processing speed for secondary timber, such as metal fixing
detection and removal, which will allow sufficient quantities of secondary timber for CLST

manufacture to be produced economically.

The first attempt to produce CLST on a small scale was made by Rose et al. [19]. CLST
showed similar compressive strength and stiffness to a control made with primary timber, and
minor defects had a small effect on the stiffness. In addition, it was suggested to replace
transverse layers with secondary timber for minimising the bending stiffness reduction.
Stenstad [26] used secondary timber as transverse layers to produce nine CLST specimens. The
tests showed that the defects in the transverse layers for 3-ply CLT did not affect the overall
bending stiffness. Arbelaez [27] also used secondary timber in the transverse layers only, and
also in all layers, of full-size CLST panels. Three replicates were conducted for each layup and
the results showed that they could meet all E3 grade 3-ply CLT benchmarks as per American
CLT standard PRG 320 [28] although they experienced a problem with delamination failure.
Ma et al. [29] tested 17 CST panels made from salvaged beetle-killed white spruce. The tests
showed that the deterioration caused by budworm activities reduced bending strength and shear

modulus, but the CLT panels provided adequate flexural performance as per PRG 320 [28].
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Llana et al. [30] manufactured 12 CLST panels made from salvaged European oak. The
bending strength of CLST was lower than that of CLT from primary timber, while the bending
stiffness was the same. In addition, the transverse vibration test approach was proven to be
effective to estimate the stiffness of CLST without finger joints. Azeez [31] tested CLST panels
made from mixed primary and secondary timber. The bending performance of the CLST
samples was superior to that of the control CLT samples made of primary timber. Chulain et
al. [32] tested CLST made from recovered spruce. The bending strength and stiffness were
similar to that of CLT made of new spruce. These results suggest that production of CLST is a
viable option for reuse of secondary timber. However, research on CLST is still quite limited.
None of the previous full-scale tests for CLST panels included finger joints, which frequently
would be used to extend the length of short pieces of secondary timber. In addition, most
research has only used secondary timber as transverse layers, similar to fillers, so that the
structural potential of secondary timber has not been fully investigated. Production of CLST
entirely from secondary timber would be advantageous in scenarios where timber from urban

demolition is available but primary timber from forestry is not available locally.

Although there have been studies to link the properties of feedstock materials with those
of CLT products [33,34], the relationship between the properties of CLST and its base
secondary materials has not been well-explored. Assessment of the structural properties of
secondary timber and CLST is a challenge due to uncertainties such as a lack of information
about the tree species and loading history. Research has begun to investigate non-destructive
testing (NDT) of secondary timber, such as measurement of dynamic modulus of elasticity
(dMoE) through stress waves [35,36], visual grading parameters [14,37], near-infrared
spectroscopy [38], ultrasonic technology [39,40], scanning electron microscopy [41], and their
combinations [42—44]. In addition, sonic tests [45], modal analysis [46,47], and vibration tests
[30,48] have been used to predict the bending performance of CLT and CLST. Although such
NDT methods have shown promise in predicting the results of destructive tests, the
complicated associated analysis and need for access to costly facilities might restrict their
application. The larger variability of secondary timber also requires collection of more data to

rigorously validate and standardise the methods.

This paper thus presents an experimental investigation of critical properties of
secondary timber for making CLST, and the CLST produced from it. Secondary timber was
tested by economical NDT methods, and the results were compared with those from destructive

tests. Then, 15 full-scale CLST specimens were manufactured entirely from finger-jointed
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secondary timber, and tested by NDT methods before loading to failure. Finally, an analytical
model was proposed for the bending performance estimation of CLST, to provide design

information for practising engineers.

2 Materials and methods

2.1 Materials

A total of 395 pieces of timber were collected. Among them, only four pieces were treated
showing dark green colours and thus discarded at the preliminary process stage. Then the
remaining 391 pieces of mixed species untreated softwood secondary timber were used in this
investigation. Their lengths ranged from 750 mm to 3400 mm; their widths from 80 mm to 130
mm; and their thicknesses from 35 mm to 53 mm (Figure 1). The timber was deliberately
collected from three different sources to simulate the real scenario of recovery of timber of
unknown species and structural grades. 182 pieces were recovered joists and studs (Figure 2)
from the top floor of a 1990s hotel in London. The grade stamps on some pieces indicated that
they were originally likely to be C16 strength grade Chile Radiata Pine (Pinus radiata) [49,50].
69 pieces were pine joists collected by DDS Reclamation Ltd. in Margate. The other 140 pieces
were recovered by a timber recycling firm from joists and rafters of 19""- and early 20™"-century
houses in London. All batches were from previous indoor use, and were likely to have been
exposed to a low-magnitude loading history, as is normal for roof and internal wall stud
members [14]. The use of the three batches is shown in Figure 3 and will be further explained

in following sections.

Assessment of the secondary timber started with a visual check when the materials first
arrived at the structural lab on the University College London (UCL) Here East campus. This
was followed by metal detection and removal before testing of stiffness and strength. Most
joists were free of metals except for some long nails and notches at the ends (Figure 4a), which
were therefore cut off with a chop saw. However, most studs contained dense small nails and
screws at the ends and noggin positions (Figure 4b), which were manually removed by nail

kickers and hammers.
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Figure 4 Metal fixings in secondary timber joists (a) and studs (b)
2.2 Longitudinal vibration testing of secondary timber

An NDT method was used to determine the stiffness of secondary timber. After preliminary
processing, the moisture content o of each piece was measured by a portable Brennenstuhl
moisture detector. The mass and dimension of each piece were measured by a scale and tape
measure, respectively. Then, longitudinal vibration tests were conducted for every piece of
secondary timber by using a smartphone application, SmartThumper [51], developed by
Mississippi State University. SmartThumper has been proven as a portable and economical tool
for measuring dMoE when compared to other costly commercial devices [52,53]. The test setup
is shown in Figure 5. The test piece spanned two foam pads as recommended by the instruction
manual of SmartThumper [51]. A hammer was used to strike one end of the piece and a
smartphone with SmartThumper installed was left on the same end to receive the longitudinal
wave. More recommendations on the test setup can be found in the instruction manual of
SmartThumper [51]. SmartThumper presented the peak frequency and corresponding dMoE
directly by using Eq. 2.1a according to ASTM E1876-21 [54]. This dMoE obtained through a
longitudinal vibration test, at moisture content «, was denoted as dMoE_ .. In addition, dMoE_
was adjusted to dMoE 120 at a reference moisture content of 12%, as suggested by EN 384
[55], using Eq. 2.1b from Evans et al. [56] that is recommended by SmartThumper manual [51].
Furthermore, longitudinal vibration tests were also conducted for 24 pieces of secondary timber
before and after machining, to examine the influence of machining on dMoE. Another popular
NDT method is the transverse vibration test. The longitudinal vibration test showed similar
accuracy as the transverse vibration test for measuring dMoE [57]. Because SmartThumper is
cost-effective and requires minimal facilities, only longitudinal vibration tests were conducted

for the secondary timber.
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Figure 5 Longitudinal vibration test: sketch (a) and photograph (b) of test setup
dMoE, , = pv* = p(2Lf,)* Eq. 2.1a

(1.857 — 0.0237 X 12)dMoE, , Eq. 2.1b
(1.857 — 0.0237a)

dMOEL,lZ% ==

where p is the timber density; L is the length of the test piece; and f_ is the first harmonic

longitudinal vibration frequency.
2.3 Four-point bending tests for secondary timber

After the longitudinal vibration tests, four-point bending tests (flatwise) according to EN 408
[58] were conducted for 60 pieces of secondary timber (Figure 6) to validate the longitudinal
vibration test method. All test pieces were long enough to span 1=900 mm (not less than 18
times of thickness) and two loading points were 300 mm away from the closest support (i.e.,
a=300 mm in Figure 6). The loading speed was 8 mm/min. The middle span deflection was
measured by linear variable differential transformers (LVDTs) and the global sSMoE was
calculated by Eg. 2.2 with an infinite shear modulus G, as suggested by EN 408 [58]. Local
SMoE was not measured because other research showed that local SMoE of secondary timber
was difficult to obtain accurately due to the initial specimen twist [59]. 60 pieces of secondary
timber were tested for SMoE without machining because they contained fractured nails and
screws that could not be withdrawn. These 60 pieces were then loaded until failure to calculate
the MoR of secondary timber fn s, as per Eq. 2.3. In addition, 30 pieces of secondary timber
were machined to regular sizes and only tested elastically to obtain their SMoE, which was
compared with sMoE of unmachined pieces to estimate the influence of machining on the

stiffness.
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3al? — 4a® Eqg. 2.2
SMoE, = e —w 6a
3 2 1_
2bh* (2 F,—F, 5C5n)
£ 3Fna Eq. 2.3
m.st — bhz

where SMoEg is the global static MoE; a is the distance between the loading point and its closest
support as shown in Figure 6; | is the span of the specimen; b and h are the cross-sectional
width and height of the test piece; F2 and F1 are 40% and 10% of the estimated maximum load
Fm, respectively; w2 and wy are the corresponding middle span displacement; and G is the shear

modulus.
2.4 Manufacturing of CLST

Fifteen three-layer CLST panels were manufactured in the structural lab at UCL. All panels for
testing had a final dimension of 2550 mm x 320 mm x 102 mm and all layers were made from
secondary timber. Figure 7 shows the process of CLST manufacturing in the lab. Firstly, visible
metals were removed manually by the nail kickers and hammers during the preliminary process.
Secondly, all timber pieces were scanned by an industry-level metal detector to ensure they
were clear of metal contaminants. Thirdly, those timber parts that contained invisible metals or
metals that could not be withdrawn easily were cut off by a chop saw and discarded (e.g., piece
No.2 in Figure 7). The remaining parts (e.g., pieces No.1 and No.3 in Figure 7) were passed
through the metal detector again to guarantee that they contained no metals. Fourthly, clean
timber pieces were machined to regular sizes by a planer and thicknesser to get rid of the
decayed surfaces and deformation. Although the aged surfaces of timber pieces shorter than

10



225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241

242

243
244

245

246
247

1.2 m could usually be removed by 2 mm planing, which got rid of the timber’s dark brown
colour aged surface and exposed its true yellow colour, surface twist deformation required
more material to be removed for timber pieces longer than 1.6 m. All pieces were machined to
a consistent thickness of 34 mm to take full advantage of the majority of lengths that were
longer than 1.6 m and those pieces that were thinner than 41 mm (Figure 1). The CLST outer
layers were made of lamellae with both 110 mm x 34 mm and 75 mm x 34 mm cross sections;
the middle layers were made of lamellae with a 90 mm x 34 mm cross-section. Fifthly, timber
pieces shorter than 2.55 m were finger jointed to a length of 2.55 m. Among the 391 pieces,
only 27 pieces longer than 2.55 m remained after chopping and were directly used as outer
layers. The rest were jointed to the desired length through structural finger joints at Inwood
Development Ltd., a glulam manufacturer near London. Sixthly, all panels were glued by two-
component melamine urea-formaldehyde (MUF) adhesive (Prefere 4535 and Prefere 5035)
supplied by Dynea. Emission of toxic chemicals (e.g., formaldehyde) from this adhesive met
indoor-use requirements without a special extraction system. The adhesive was applied at a
spread rate of 150-250 g/m? as per the product’s technical sheet. Seventhly, the panels were
pressed by a vacuum press for eight hours at a room temperature of 16 <C until the adhesive

was fully cured. Finally, the panels were cut by a vertical band saw to the target dimension.

Step 1: metal removal Step 2: metal detecting Step 3: chopping
\~‘ -
Secondary timber with metals Metal detector *

(nails and bolts)
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Step 6: adhering and layup Step 5: finger jointing Step 4: planing and thicknessing
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I

AN
I
AN

Step 7: panel vacuum pressing Step &: final product
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Figure 7 CLST manufacturing process in the lab
2.5 Transverse vibration tests for CLST

Transverse vibration tests were conducted to assess the stiffness of the CLST panels because

past research [30] has shown that transverse vibration tests provide a better prediction of CLST
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stiffness than longitudinal vibration tests. Testing was conducted according to ASTM D6874-
21 [60] because the CLST panels were considered as beam-like samples according to Zhang et
al. [61]. The panels were simply supported on two supports as shown in Figure 8 with 25 mm
overhanging on each side of the support. An accelerometer was attached to the middle span of
the panel and the centre of the panel was hit by a hammer. The transverse vibration frequency

was captured by the accelerometer to calculate the dMoE of the CLST panels by Eq. 2.4.

Hammer - 7 e
Data logger
(N AN N N AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN (AN AN

KN l 3

>
Pinned support Roller support

|25 mm overhanging

Accelerometer

E———— —

b)
Figure 8 Flexural vibration tests of CLST panels: sketch (a) and photograph (b) of test setup
fEWI3 Eq. 2.4

KdICL,netg(T)

where dMoEc. 1 is the dMoE of CLST panel through transverse vibration tests; fr is the
fundamental transverse vibration frequency; W is the weight of the CLST panel; 1=2500 mm is
the span of the CLST panel; Kq =2.47 for the simply supported condition; Ici net is the moment
of inertia calculated from properties of the layers having its fibres parallel to span only; I =
2550 mm is the total length of the specimen.

2.6 Four-point bending tests for CLST

Four-point bending tests, similar to those described in Section 2.3, were conducted for the 15
CLST panels according to BS EN 16351 [62] in the Strengths of Materials laboratory at London
South Bank University. The test setup is shown in Figure 9a. The distance between the two
loading points was 6h¢ and the distance between the loading point and its closest support was
increased to 9h. to facilitate triggering the bending failure. The loading speed was 6 mm/min.
Each specimen was equipped with eight LVDTs as shown in Figure 9b. LVDT1 and LVDT2
were installed at the top of both edges of the middle span to measure the middle span deflection;
LVDT3 and LVDT4 were installed at the neutral axis of both edges of the middle span to

12
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measure the local deflection between the gauge length (i.e., the middle 5h); LVDT5to LVDTS8
were installed at the top of both edges of the support position to monitor the indentation
deformation at the supports. The bending stiffness was determined by Eq. 2.5 according to EN
16351 [62].

lzl% FZ - F1 Eq. 2.5

161¢c; et W2 — Wy

SMOECL =

where SMoEc is the SMoE of the CLST panel; |2 is the distance between the loading point and
its closest support (Figure 9b); I1 is the gauge length (Figure 9b); F. and F1 are 40% and 10%

of the estimated maximum load Fm, respectively, and w> and wi are the corresponding

deformations that were calculated by the average value of LVDT3 and LVDT4.

Loading beam
1 — Il
= CLST panel

. . A
Loading pomts\ I LVDTI/2 LVDTI LVDT2

[] LVDT5/6

[ M7= Vi 1 fi il N Vi VIEAN (20 SR, | VI SN Vi Vi (i Vi I \f VN ] vl *
_}i f :‘\LVDT3/4
1,=5h, LVDT3  LVDT4
0.5k, Al 05h,  _AA
b)

Figure 9 Test setup (a) and LVDT configurations (b) for four-point bending tests of CLST

All specimens were further loaded until failure to calculate the MoR. Because EN
16351 [62] does not explicitly include an equation to calculate the MoR of CLT, two equations
from different standards were used. Eq. 2.6 was recommended by Corpataux et al. [63] as per
Eurocode 5 [64] while Eq. 2.7 in ASTM D198 [65] and EN 408 [58] was recommended by US
standard PRG 320 [28] and Pang et al. [66].

Enly Eq. 2.6

Zs

fm,CL,EU =
2ICL,net
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f _ 3Eal; Eq. 2.7
m,CLUS — bchg
where fm,cL,eu and fmcL,us are MoR of CLST panels according to Eurocode 5 [64] and PRG 320
[28]; zs is the distance between the edge of CLST to the neutral axis; be and hc are the cross-

section width and height of the CLST panel; Fr is the maximum load.

2.7 Analytical models

Analytical models can be useful for predicting material structural properties for practising
engineers because experimental tests are costly and cannot be exhaustive. Therefore, the
stiffness and strength results from experimental tests were compared with the two widely-used
analytical models in the Canadian CLT handbook [67], i.e., y-method and shear analogy (SA)
method, to evaluate the effectiveness of these two analytical methods. These two methods use
the SMoE and bending strength of the constituent timber to calculate the strength and stiffness
of CLT. The effective bending stiffnesses (El)es calculated by the two methods were denoted
as (El)efr,gamma and (El)efr,sa, respectively, as shown in Eq. 2.8 and Eq. 2.9. The moment capacity
of the CLST panels was calculated by Eq. 2.10 and Eqg. 2.11 using the two methods as well. It
is noted that the strength modification factor K,=0.85 for the SA method in CLT handbook
was not included in Eg. 2.11 as this is an empirical factor for conservative estimates based on

test observations of CLT.

(El)eff,gamma = Z(Eibih?/lz) +Z(ViEibihiZi2) Eq. 2.82
i i

Tl'ZElblhlh] Eq 2.8b

=1+

[2Goy,jb;
Goo; = 30 + 17.5ay, Eq. 2.8¢
(El)eff,SA = Z(Elblhf/12) +Z(Elblhlzlz) + Z(E]_gob]hf/12) +Z(E],90b]h]2]2) Eq' 2'9
i i j j

(El)eff,gamma Eg. 2.10

M =
gamma fm.cLrk Emean(yizl + 0.5h,)

(EDefpsa 2 Eq. 2.11

Emean hCL

Mg, = fm,CLT,k

where E; is the MoE of sawn timber in the major direction; bj, h; are the width and height of
the i-th layer in the major direction; z; is the distance from the centroid of the i-th layer to the
centroid of the cross-section; yi is the connection efficiency factor for the i-th layer; b, h; are
the width and height of the j-th layer in the minor direction; | is the span of the CLST panel;

14
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Ej.0 is the MoE perpendicular to grain for the j-th layer in the minor direction and is assumed
to be 1/30 of the MoE parallel to grain, based on EN 338 [49]; z is the distance from the
centroid of the j-th layer to the centroid of the cross-section; antj is the aspect ratio of the j-th
layer in the minor direction; Ggo, is the rolling shear stiffness of the j-th layer in the minor
direction and is calculated by Eq. 2.8c according to Ehrhart et al. [68]; Emean iS the average

MoE in the outermost layer; fmcLtiS the characteristic bending strength of CLT.

3 Results and discussion

3.1 Yield of secondary timber through manufacturing

Among the 391 untreated pieces of timber, 60 pieces were kept for destructive tests. The
remaining 331 pieces had a total length of 758.3 m. After metal removal and machining in steps
1-4 (Figure 7), a total length of 589.6 m was retained and machined to a thickness of 34 mm:
a length yield of 77%. In step 5, the finger jointing consumed a further 9% of the total length.
During steps 1-5, it became apparent that recovered joists are more desirable raw materials for
CLST than studs based on the following observations: 1) Joists usually had a bigger cross-
section size than studs, providing more tolerances for machining and a higher aspect ratio for
middle layers; 2) Joists contained fewer metal contaminants, which significantly boosted the
metal removal speed (35 m/hour for joists versus 15 m/hour for studs); 3) The studs containing
small nails sometimes left metal particles from their screw- or ring-shanks after metal removal,
which would still trigger the metal detector and cause rejections; 4) The chopping in step 3 left
some unusable studs shorter than 0.4 m, the minimum length for finger-jointing, which were
also discarded. As a result, the length yield from studs was 60.5% whereas the yield from joists
was 93.0%.

3.2 Comparison between dMoE and sMoE of secondary timber

The sMoE of the 60 secondary timber pieces tested by four-point bending tests according to
EN 408 [58] are plotted against the dMoE values obtained from the longitudinal vibration test
in Figure 10. 18 of these pieces were from 19"- and early 20"-century houses with a nominal
dimension of 75 mm x 50 mm and denoted as Batch 1; 20 pieces were from 19"- and early
20"-century houses with a nominal dimension of 200 mm x 50 mm and denoted as Batch 2; 22
pieces were from the 1990s hotel with a nominal dimension of 100 mm x 50 mm and denoted
as Batch 3. Least squares regression of SMoE as a function of dMoE, was conducted because
previous research demonstrated a linear relationship between these variables [69]. The slopes
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(B1) and intercepts (Bo) are listed in Table 3.1. The slopes (f1) of the separate regression lines
for the three batches with different nominal dimensions and ages were similar, ranging from
0.64 to 0.68. Batch 1 and Batch 2 were of similar ages but had different nominal dimensions.
Batch 2 and Batch 3 had the same nominal dimensions but were from different ages. To
compare the effect of cross-sections and ages, analysis of variance (ANOVA) was conducted
for sMoE of Batch 1 and Batch 2 and sMoE of Batch 2 and Batch 3 (listed in Table 3.2). The
null hypothesis is that the cross-sections/ages have no significant difference in the SMoE results.
The p-values for them are 0.362 and 0.152, respectively, which is higher than the assumed
significance level (0.05). This verified that the age of the timber and deviation of nominal
dimensions did not cause major differences in bending stiffness for timber pieces that had been
well protected in an indoor use environment under normal loading conditions. Other research
has also shown that there was no difference in MoE for slightly larger 2x4”, 2x8” and 2x10”
nominal cross-section timber [70] and ASTM 1990-19 [71] does not consider an effect of cross-
section in determination of MoE. Therefore, it seems feasible to combine different sources of
secondary timber during structural property assessment, which is of practical importance for
recycling, since secondary timber will commonly be sourced from different buildings (e.g.,
multiple houses) to accumulate a useful volume. The analysis in the following sections

combines the results of all batches without considering differences in timber ages and cross-

sections.
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Figure 10 Comparison between dMoE determined by longitudinal vibration testing and SMoE
determined by four-point bending testing for unmachined secondary timber
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Table 3.1 Linear regression coefficients between sMoE and dMoE

Batch No. Mean dMoE | Mean sMoE | Intercept | Slope | Coefficient of
(MPa) (MPa) Bo Ji determination r?
1 12090 8150 -0.12 0.68 0.50
2 12640 7800 -0.42 0.64 0.68
3 9770 6940 0.11 0.68 0.85
Combined 11610 8140 -0.10 0.66 0.75
batch 1-3
4 11970 9350 0.54 0.73 0.85
Table 3.2 ANOVA result for sSMoE of secondary timber
Group F-value p-value
Batch 1 and Batch 2 0.85 0.362
Batch 2 and Batch 3 2.14 0.152

Although sMoE and dMoE were found to be correlated for secondary timber, the SMoE
was a lower proportion of the dMoE than in past research, such as 0.73-0.80 obtained by Yang
et al. [69]. It was postulated that the difference could be attributable to use of unmachined
timber in our experiments. To investigate the influence of machining, 30 pieces of secondary
timber were selected with a mixture of ages and cross-sections from the remaining 331 pieces
and machined to a regular cross-section (denoted as Batch 4). The resulting SMoE and dMoE
values are plotted in Figure 11, with the equation for the associated regression line. The slope
was increased to 0.73 after machining. The reason could be that the cupping deformation of
secondary timber caused some gaps at the support, and thus reduced the compression area
perpendicular to grain as shown in Figure 12, so the global deflection was larger. Arguably, a
slope of 0.73 should be used to represent the relationship between sMoE and dMoE because
all pieces are machined when manufacturing CLST panels.
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Figure 11 Comparison between dMoE and sSMoE for machined secondary timber

a) b)
Figure 12 Cupping of secondary timber (a), and resulting gap during testing (b)

For the 30 pieces of machined secondary timber, dMoE was obtained before machining
(steps 3-4 Figure 7) because the non-destructive longitudinal vibration tests were expected to
become less accurate when the length became shorter [51]. However, EN 14081-1 [72] requires
that structural timber shall be re-graded if the reduction in dimension is greater than 5 mm and
10 mm for 22 mm-100 mm dimension and more than 100 mm dimension, respectively. The
reduction limit could commonly be exceeded during the processing of secondary timber. To
investigate the effect of the change of dimension through machining, the dMoE of 24 pieces of
secondary timber longer than 2.55 m was compared before and after machining as shown in
Figure 13. The results showed that the average dMoE after machining was 1.5% lower than
that before machining. The maximum difference between the dMoEs was -10.5% even for a

dimension change greater than 10 mm. Therefore, the dMoE before machining was practically
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equivalent to that after machining: a useful finding for a notional CLST producer, as it enables
preliminary categorisation of secondary timber pieces according to their dMoE, without

wasting time and energy in removing metal fixings and machining of substandard pieces.
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Figure 13 Comparison of dMoE before and after machining
3.3 Comparison between MoE and MoR of secondary timber

The 60 secondary timber pieces were tested to failure under the four-point bending test setup
according to EN 408 [58] after measuring their SMoE. The failure mode was bending failure at
the tension side mostly due to the existence of knots (Figure 14). Table 3.3 shows that the MoR
had a much higher coefficient of variation (CoV) than the MoE, as also found in past research
for primary timber [73]. The higher CoV is due to the fact that MoR is usually governed by a
local defect (such as knots as shown from tests) while MoE presents a global property of a
whole piece. As a result, the coefficients of determination were low between MoR and sMoE
(r? = 0.33) and between MoR and dMoE (r? = 0.23).
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Figure 14 Bending failure of secondary timber

Table 3.3 dMoE, sMoE and MoR of secondary timber

Item | Mean (MPa) | CoV (%) | Characteristic value (MPa)
dMoE 11430 22 11200
sMoE 7540 22 7390
MoR 32.7 46 15.1

The characteristic values of bending strength (i.e. MoR), SMoE and dMoE were
calculated according to EN 14358 [74]. The characteristic mean value of dMoE was 11200
MPa. By using the linear equation in Figure 10, the predicted characteristic mean value of
SMoE was 7290 MPa, close to the calculated sMoE of 7390 MPa. If the linear equation in
Figure 11 were used, taking into account the positive effects of machining, the predicted mean
value of sSMoE (8720 MPa) would be stiffer than the specified MoE (8000 MPa) for the C16
grade in EN 338 [49]. The characteristic MoR was 15.1 MPa, greater than the specified strength
fm,st=14 MPa for the C14 grade in EN 338 [49]. Given the C16 stamps on some timber pieces,
a bending strength consistent with C14 suggests that secondary timber might experience a
slight strength degradation due to its previous service, although there is no stiffness degradation.
This observation is consistent with findings summarized by Cavalli et al. [12].

Because dMoE did not provide a good prediction of MoR, a method similar to that
described by Crews and Mackenzie [14] was proposed here to assign MoR for secondary
timber. Hypothetically, if non-destructive dMoE measurement is used to predict SMoE, the
corresponding grade for this SMoE in EN 338 [49] (i.e., C16) should be reduced by one grade
(i.e., C14) to take into account the potential strength degradation. Longitudinal vibration tests
and tensile tests for secondary timber conducted for secondary timber by Huang [75] were used
to validate this proposed property estimate. The characteristic mean dMoE based on her tests
was 8980 MPa. This dMoE was used to calculate the characteristic mean sSMoE of 7090 MPa
by the regression equation from Figure 11, which was higher than the specified value for the
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C14 grade (7000 MPa). The tensile tests resulted in a characteristic tensile strength of 7.7 MPa,
which was slightly lower than the specified value (8 MPa) for the C14 grade, so the method
was also applicable to Huang’s test data [75]. However, it should be noted that the properties
in EN 338 [49] were only used for grade estimation because current knowledge is not sufficient
to build a grade table for secondary timber. The quantification of these and other strength

grades and structural properties requires further verification.

3.4 Comparison between dMoE and sMoE of CLST

Transverse vibration tests were conducted for 15 CLST panels. The dMoE values from
transverse vibration tests calculated by Eq. 2.4 (dMoEc.,t) were compared with SMoEc. values
calculated by Eq. 2.5 (Figure 15). The dMoEcy 1 for the first CLST panel that was manufactured
in the lab, which deformed after curing due to moisture change, was significantly offset from
other data points and thus was removed from the linear regression. The deformation prevented
full contact of the panel with the support (Figure 16). Figure 15 illustrates that it was possible
to use the dMoEcy 7 to predict SMoEc. but the r> was low (0.39) when compared with past
research (such as r?=0.85 from Llana et al. [30]). Past research showed that cracks could
influence the vibration frequency [61], so the reason for the difference could be the existence
of more cracks and finger joints in CLST panels, which reduced the vibration frequency.
Further verification might be required to quantify this influence, for example, by comparing

CLST panels with and without finger joints.
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Figure 15 Comparison between dMoEc( T and SMoEcL
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Figure 16 CLST surface that was not in full contact with the support

Past research has illustrated that the bending stiffness of a CLT panel is highly related
to the stiffness of the timber in its major direction, i.e., the outer two layers of the three-layer
product [67,76]. The SMoEc. for the panels was therefore compared with the average dMoE of
the secondary timber pieces (Section 2.2) used in the major direction of the panels (Figure 17).
The average value of dMoE showed a good linear relationship with sSMoEc.. Therefore, the
average dMoE of the secondary timber pieces in the major direction was more useful for
predicting SMoEcL than dMoEcLt from transverse vibration tests. These results provide a
straightforward approach to assessing the bending stiffness of CLST panels from the properties
of their component materials. Measuring dMoE of secondary timber should thus be done before
CLST manufacturing, also for quality control of the feedstock. This information can then be
used to calculate sMoE of the final product, such that measurement of the dMoE of CLST
panels themselves is not required, which would be more efficient and cost-effective, especially

for larger CLST panels.
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Figure 17 Comparison between average dMoE of secondary timber pieces in the major
direction of a CLST panel and sMoEc. of the whole CLST panel
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3.5 Comparison between MoE and MoR of CLST

The 15 CLST panels were tested until failure. The load-displacement curves are shown in
Figure 18. The failure mode was bending failure between two loading points mostly due to the
existence of knots (Figure 19a). Some panels also experienced delamination followed by
bending failure (Figure 19b). It was noted that none of the panels failed at the finger joints.
Therefore, finger joints did not have a noticeable influence on the bending strength for CLST

panels made of relatively low-strength secondary timber.
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Figure 18 Force-displacement curve of CLST panels

Figure 19 Failure mode of CLST panels (a) Bending failure (b) Delamination with bending
failure
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Figure 20 Comparison between MoE values of secondary timber pieces or of whole panel,
and MoR values for CLST panels

Figure 20 compares the MoR of each CLST panel with its SMoEc. and the average
dMOoE of secondary timber pieces used in the major direction of the panel. While r’for MoR of
CLST and sMoEc. or average dMoE were similar and both low (0.44), r? between MoR and
MoE for CLST were higher than that between MoR and MoE of secondary timber (0.33 for
MoR and sMoE and 0.23 for MoR and dMoE as mentioned in Section 3.3), probably due to
the homogenisation effect of laminated timber products. The characteristic mean SMoEc. and
5-percentile MoR calculated as per Eq. 2.6-2.7 and EN 14358 [74] are listed in Table 3.4. Table
3.4 shows that the CoVs of the SMoEcL (13%) and MoR (17%) for CLST were much lower
than those for secondary timber in Table 3.3 (22% for SMoE and 46% for MoR), illustrating
that the homogenisation effect significantly reduced the variability of the properties of the
constituent timber. Although CLT grades are still not specified in European standards,
Unterwieser and Schickhofer [34] proposed a CL 24h grade (for CLT made of T14 grade
Norway Spruce), with a specified bending strength fmeu of 24 MPa and sMoE of 11600 MPa.
The test results of the CLST panels were slightly lower than the CL24h specification (5% lower
for fmeu and 13% lower for SMoE), but this is attributable to use of T8 grade (equivalent)
secondary timber, rather T14 Norway Spruce. The SMoEcL and fmus of our CLST panels fell
within the E3 CLT grade (SMoEcL =8300 MPa and fmus =17.4 MPa) of ANSI/APA PRG-320
[28], applicable in the USA. This suggests that the properties of CLST panels are comparable

to those of standard CLT products and are suitable for structural use of CLST in buildings.
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Table 3.4 sSMoEct, maximum strength and calculated bending strength for CLST panels

No. sMoEct (MPa) | Fmax (KN) | fmcL.eu (MPa) | fm.cL.us (MPa)
P1 10830 43.60 37.2 35.8
P2 11280 43.84 37.4 36.0
P3 10680 46.43 39.6 38.2
P4 9680 29.95 25.7 24.8
P5 8170 25.34 21.8 21.0
P6 8700 29.72 25.5 24.6
P7 10610 34.86 29.9 28.8
P8 8720 36.59 314 30.3
P9 10490 34.18 29.4 28.3
P10 11490 46.35 39.8 38.3
P11 10120 42.97 36.9 35.5
P12 8880 37.97 32.6 314
P13 10180 43.44 37.3 35.9
P14 11860 38.61 33.2 31.9
P15 12770 42.80 36.8 35.4
Characteristic value | 10050 26.42 22.7 21.9
COV (%) 13% 17% 17% 17%

3.6 Comparison between test results and analytical models

The analytical models were compared with the test results. The average dMoE of
secondary timber in its major direction was converted to SMoE by the linear equation in Figure
11. The sMoE was used to represent E; in the outer layer for Eq. 2.8 and Eq. 2.9. The
characteristic values of (El)esr from the 15 CLST panels are listed in Table 3.5 as well as the

characteristic values for moment capacity.

Table 3.5 shows that both analytical methods provided conservative estimates for (El)efr.
Based on the assumption that the secondary timber grading was equivalent to C14, the moment
capacity was 41% and 38% lower than the test result. The underestimate was due to the
ignorance of the positive effects of laminating timber in engineered products [34]. A bearing
model that was proposed for glulam [77] and then extended to CLT [78] was therefore used to
account for the laminating benefits. The bearing model links the characteristic tensile strength
parallel to the grain of the constituent timber, ftok, to the characteristic bending strength of CLT,
fm.cLTk, @s shown in Eq. 3.1. The bearing model for CLT is used here for CLST as well. fiox=8
MPa was used to calculate fmciTk, because the SMoE and MoR test results in Section 3.3
showed that our secondary timber was stronger than the T8 strength grade in EN 338 [49]. It
is also noted that kcovt OF the bearing model (Eq. 3.1d) is an adjustment factor that reflected the

gain from homogenisation of the properties of secondary timber with a higher variability [17].
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By accounting for the effect of lamination using the bearing model, fmcLtx was increased from
14.0 MPato 20.5 MPa, so the corresponding bending moment capacity was much closer to the
experimental test values (Table 3.5). However, it should be noted that the bearing model was
developed for CLT with homogeneous Norway Spruce as the constituent timber. The factors
used here might need further refinement as the availability of test data for secondary timber

and CLST increases.

fmcire = Kmcirfi t(,)(')?k Eq. 3.1a
km,CLT = ksys,kaLT/GLTkh,CLTkCoV,t Eq- 3.1b
600 Eq. 3.1c

kh,CLT = ( A )0'1
C

keov: = 1.67exp(1.48CoV;,)(1.33 — 2.18C0V},,) Eq. 3.1d

where ksysm =1.1 is a system effect factor due to mutually interaction of lamellae in the CLT
element’s main direction with not less than 4 pieces of sawn timber [79]; kcLt/cLt=0.94 is an
empirical factor considering the differences in homogenisation effects between CLT and
glulam [80]; kncLt is the depth factor obtained from Jobstl et al. [80]; Kcov:t is an adjustment
factor based on the CoV of the base materials [77]; CoVx is the CoV of the tensile strength
parallel to the grain, which was conservatively assumed to be the same as the CoV of the
bending strength in Table 3.3; CoVim is the CoV of the bending strength of the CLT (Table 3.4).

Table 3.5 Comparison between results from testing and analytical modelling

Error Shear analo Error

Items Test y-method with W\ with

tests method tests

(EDest (N'mm?) 2.74><10' | 1.89x10" | -31% 2.25x10! -18%
fv=14.0 MPa 7.11 -41% 7.49 -38%

M (kN'm) | f,=15.1 MPa 12.13 7.67 -37% 8.08 -33%
f,=19.3 MPa 10.41 -14% 10.97 -10%

4 Conclusions and outlook

This paper explored the possibility of using secondary timber as the feedstock to manufacture
cross-laminated secondary timber (CLST). Non-destructive methods were used to assess the
structural properties of both secondary timber and the CLST made from it. Destructive bending
tests of secondary timber and full-scale CLST panels were conducted to validate the non-
destructive methods and the feasibility of using CLST as structural members.
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1)

2)

3)

4)

5)

There was a good linear relationship (r? = 0.75) between the stiffness of secondary
timber determined by non-destructive and destructive methods (dMoE and sMoE,
respectively). The elastic modulus determined by non-destructive testing can therefore
be used to predict the bending stiffness of secondary timber.

dMOoE provided a less accurate prediction (r?> = 0.23) for MoR due to the high variability
of the latter. However, it is promising to predict MoR conservatively by combining
dMoE and strength grade information in EN 338 [49].

The bending stiffness of CLST can be predicted more accurately by the average dMoE
of the secondary timber pieces in the major direction (r? = 0.75) than the dMoE of the
CLST as measured in transverse vibration tests (r? = 0.39).

Finger joints did not influence the bending performance of CLST made by relatively
low-grade secondary timber. The structural properties of CLST could meet the bending
strength and stiffness requirements from ANSI/APA PRG 320 [28], so CLST is a
promising alternative structural product for the construction industry.

The analytical models in the Canadian CLT handbook provided a conservative means
of predicting strength and stiffness of CLST. The accuracy of the estimate was further

improved by considering the homogenisation effects through a bearing model.

Further research is also required to resolve the following gquestions:

1)

2)

3)

4)

5)

More data are required to validate the suitability of referring strength grade in current
standards during predicting secondary timber’s MoR, especially for stronger strength
grades, such as C24, the mainstream feedstock for commercial CLT products.

The influence of finger joints and cracks on the accuracy of transverse vibration tests
requires further investigation.

Tests including more timber species and grades are recommended to increase the
knowledge base for the properties of secondary timber and its laminated products for
practical use.

The suitability of the bearing model for secondary timber needs to be validated through
more experimental tests.

Other properties, such as the rolling shear strength of CLST, need to be measured and

compared with the product standards for CLT.
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6 Nomenclature

CoVim Coefficient of Variation (CoV) of bending strength of CLT

CoV CoV of tension strength parallel to grain

Ei MoE of sawn timber in the major direction

Ej .90 MoE perpendicular to grain for the j-th layer in the minor direction
Emean Average MoE in the outermost layer of CLST panels

(E)eft Effective bending stiffness of CLST panels

(E1)eft,sa Effective bending stiffness of CLST panels calculated by shear analogy method

(EDefrgamma  Effective bending stiffness of CLST panels calculated by y-method

F1 10% of the estimated maximum load

F2 40% of the estimated maximum load

Fm Estimated maximum load

G Shear modulus

Goo Rolling shear stiffness

Goo,j Rolling shear stiffness of the j-th layer in the minor direction

lcL net Moment of inertia calculated from properties of the layers having its fibres

parallel to span only

Kq Factor according to different support conditions of vibration tests
W Weight of the CLST panel

L Length of the test piece

a Distance between the loading point and its closest support

28



bi
bj
be

dMoEcL 1

dMOoE_ .
dMoEL 12%
fL

fr

fm.cLEU
fmcLus
fmcLTk

fm,st

h

he
hi
hj

KeLtioLT

kCOV,t
Kn,cLT

ksys, m

Cross-section width of the test piece

Width of the i-th layer in the major direction of CLST panels
Width of the j-th layer in the minor direction of CLST panels
Cross-section width of the CLST panel

dynamic Modulus of Elasticity (dMoE) of CLST panel through transverse

vibration tests

Longitudinal dMoE at a moisture content o

Longitudinal dMoE at a moisture content of 12%
Fundamental longitudinal vibration frequency

Fundamental transverse vibration frequency

Modulus of rupture of CLST panels according to Eurocode 5
Modulus of rupture of CLST panels according to PRG 320
Characteristic bending strength of CLT

Modulus of rupture of secondary timber

Cross-section height of the test piece

Cross-section height of the CLST panel

Height of the i-th layer in the major direction of CLST panels
Height of the j-th layer in the minor direction of CLST panels

Empirical factor considering the differences in homogenisation effects between
CLT and glulam

Adjustment factor considering the CoV of materials

Depth factor

System effect factor

Span of a specimen

Gauge length between measuring points of the CLST panel

Distance between the loading point and its closest support of the CLST panel
Total length of a specimen

Coefficient of determination
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SMoEcL SMoE of CLST panels
sMoEg Global static modulus of elasticity
Zi Distance from the centroid of the i-th layer to the centroid of the cross-section
Zj Distance from the centroid of the j-th layer to the centroid of the cross-section
Zs Distance between the edge of CLST to the neutral axis
a Measured moisture content
Olbtj Aspect ratio of the j-th layer in the minor direction
Po Intercept of the linear regression
p1 Slope of the linear regression
Vi Connection efficiency factor for the i-th layer
p Timber density
W1 Middle span displacement at F1
W2 Middle span displacement at F
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