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Densification

- Thermo-hydro-mechanical (THM) modifications -

Etherification, Olification, Acetylation, Furfurylation,

Chemical modification Formaldehydation, etc.

Wood drying Heat, pressure and water interact to
Woaood ageing aChieve.'
Thermowood
Flato Wood
Thermo-Hydro (TH) Heat treatment Retification & Perdure v’ Changes in shape (e.g. bending)
modifications Oil Heat Treatment
(QHT) .
Composites v" Improve weather resistance.
Reconstituted wood Fibre webs
Veneer processing v" Reduce fungi decay and hygrospicity.
Biomass processing
) Solid wood
Bending Laminated wood . . . .
y— v" Increase in density, elastic properties &
Thermo-Hydro-Mechanical Wood shapi - . .
(THM) 208 >napma Cross-sectional | hardness (by reducing void cellular spaces —cond.
- 0 t I & THM .
modifications THM densification p;';;:: :Lgm = } vessels, parenchyma) without cell damage
' / (Sandberg & Kutnar, 2014).

Wood welding
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THM modification

- Wood and bamboo -

Bending round bamboo with a gas flame burner and green Guadua Bent Guadua construction temporary
by manual force (www.guaduabamboo.com)

)

Round log of wood prior to shaping

Punch
Guide
Bamboo|
Conical
die . _,_a.,.
Wood shaping oot B (At
Photograph by Morsing (2000) deformation  deformation deformation deformation: OII Heat Treatment | Open TM
Bamboo shaping (nosing) (Kitazawa et al., 2004) (Kitazawa et al., 2004) Densification (Lietal., 1994).
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cngineered Bamboo
-full potential of the plant-

Long lasting Value Added products
Exploit mechanical properties
Reduce labour, transport and wastage (30-50%)

Overcome natural defects & shape irregularities

DN N N N

Standardisable & lower CO2 emissions products.
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Strand Woven Bamboo Floorin;
Source BothBest Enterprise Co., Ltd
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v’ Carbon Footprint over life cycle
(kgCO2eq /m?)

w
No
I
N
w

14429

Carbon Footprint over life cycle (kgCO2eq / m3 building material) for various common

building materials (this report, Idemat 2014 database and Vogtlander et al. 2014).
Source: Inbar Technical report No. 35, 2014 by Vogtlander & van der Lugt
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v' Bending modulus vs. bending strength
for various construction materials

Engineered bamboo

1000
" Technical
~ ceramics

100
Memal ferrous
and nan-ferrous

10

bamboo, straw and cork

Bending strength (MPa)

0.1

0.001 0.01 0.1 1 10 100
Bending modulus (GPa)

Sharma, B., Gatdo, A., Bock, M. and Ramage, M., 2015. Engineered bamboo for
structural applications. Constructionand Building Materials, 81, pp. 66-73.
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Research @ U-Bath

v THM Densification
v" Mechanical testing (densified bamboo)

v Results and discussion
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Problem Solution

50% wastage Less wastage (20%)
Loss of stiffness Improved stiffness (2x*)
Labour & Energy intensive Straight-forward processing
N Fibre bundles b) C)

Cutinized layer

Parenchyma 4 /

Vascular Vascular
bundles bundles

Vascular

tﬂ‘dle(s) ~ Wasted material

(black)
Lacuna
Culm section X X2 (Tangential) Machined stri Hot-pressed
\ A1 (Longitudinal) 9 P

strip
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Densiftication Technology
-full potential of the plant-

Moisture + Pressure + Temp = THM treatment

Soaked bamboo - MC > 25% (FSP)

N ! :
Plasticisation ! Densification |
(10min) (10 min) :
I
@ | o |
5| ~6MPa , 1s0cc
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Cooling
=

Temperature

Time
Bamboo Strips
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Samples C
Samples A Samples B P
. Pre-soaked + Hot pressed +
Raw un-processed Hot pressed + Dried :
Dried
Time 0 20 min 20 min
Pressure 0 60 kg/cm? 60 kg/cm?
Temperature 0 150°C 150° C
Compress. Set (C) 0 46.08% 42.51%
Oven dried density 0.54 g/cm3 0.81 g/cm3 0.89 g/cm?3
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Samples C
Pre-soaked + Hot pressed + Dried

Samples B
Hot pressed + Dried

Fibre’s surface area

Samples A
Raw un-processed
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Stereo microscope images

(a) before densification and
(b) following THMT.

Digitally contrasted

pictures from two inverted
reflected-light microscope
images of the same region
before (a) and after (b)
densification.
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Longitudinal Tensile test
Elastic parameters MOE and V of small clear specimens

X X,

v’ Samples conditioned at 27+2° C and RH

of 70+5% for 20 days (MC=12%). X; ®) \j a0 Stan gauge for
.. . . Longitudinal extension (L)
v' Load limited to elastic deformation. Linear strain gauge for

/ Poisson's ratio (R)

v' Rate 0.5mm/min (all tests) ]
v’ Strain gauges, resistance 350 ohms. S E RER N

Steel pad

v’ Four specimens per sample. | T

v’ (BS 373/ BS EN 408)
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350 Up.13 T Op g2 E [ . .
. oo ety eoo0 oo Material characterization
R® = 0.9009 R?= 0.9999 R? = 0.9000 . :
/ / 0aF Elastic stress versus strain plots for
b e s mmscsmme st s A . N . . .
Y 4 longitudinal loading
Ee
y = 0.0021x - 0.0058 i
RE = 0.9097 | g = (F, - F)
g l'ﬁlh : (up - uy)- A
T E
3 A-1
e y = 0.0008x + 0.0164 |
R® = 0.9909 | o
; Is the increase of load between 0.1 F,, and 04 F ..
: » uy ) is the increase of deformation corresponding to (F; = F; ) using the linear regression line.
| £,
i 1w —_ — —
12 £,
JUny Uy ey Upp  Usy  uer
a 500 1000 1500 2000 2500 3000 3500 4000 Poisson's ratio in the 1-2 plane caused by a load applied along X.
Strain (uE)
V=12 EL Lt Lo all:] Bl-5 Ed=5 Bl B33 — [E 3
—— 1 AZ.0 AdB AT A2 A5 Aded — 03 E
A2D — A c21 c22 C2:3 C24 C25 e G2 - S =3
13 £,

Figure 7-4. Typical initial load-strain graph for samples A, B and C under longitudinal tensile test. The
portion of the graph between 0.1 Fraxand 0.4 Fna was used for the linear regression analyses and Poisson’s ratio in the 1-3 plane caused by a load applied along X..

and vy2 for all samples.
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Material characterization
Box plot of the Young’s modulus longitudinal to the
direction of the fibres (E,) of samples A, B and C.

40 -

Ec,

35 -

30 - LL=30.72
Es,

25 - E A, E K =22.80
20 - T

15 4

L =16.88

Young's modulus
(GPa)

10 -

543.3 814.6 890.9
Density (kg/m?3)
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a) 0.40 -

UB,,
0.35
030 . VA, o # =033 UC,
: 025 =026 i Poisson’s ratios v,, vs density
“ . Poisson’s ratios ratio of passive strain along
% :Z _ the tangential direction (X,) to active strain
Dos along the longitudinal direction (X;).
o 5433 ' 8146 1 890.9
Density (kg/m?)
b) 0.55
UBy,
0.45
. O, [ Poisson’s ratios v,; vs density
£ e MO : H=033 0.28 Poisson’s ratios ratio of passive strain along
§ 0 Ly, the radial direction (X;) to active strain along
g 015 the longitudinal direction (X,).
0.06 M =0.09
0.05 5433 . 814.6 1 gab 9

Density (kg/m?)

Figure 7-7. Box plots of the Poisson’s ratios vy, (a) and vyg (b) of samples A, B and C.
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Testing ot densitied strips
Elastic parameters MOE, G and V of individual layers

Property Pre-THM (Control) (I:Ioesr;:-il;cli_lel\o/ll)

E| (Tension) 16.88 +0.33 GPa 22.80 +0.73 Gpa 30.72 +0.43 GPa _
Vit 0.28 +0.01 0.33 zo0.01 0.26 +0.04 — -
CoV 3% 4% 2%

Vir 0.30 +0.02 0.33 +0.02 0.09 +0.02

CoV 5% 5% 18%

Compression set (C) 0% 46.08 % 42.51 % o~ 2x
Density (p) 543.3 kg/m?3 814.6 kg/m?3 890.9 kg/m?3 |

Fibre surface 25.53% 45.57% 47.78%

Specific stiffness (av.) 31.06 m?s 27.99 m?s2 34.49 m?s2
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Conclusions

v

v

THM modifications increased the physical and mechanical properties of bamboo
Guadua with minimal damage to the cell structure.

Values of mechanical properties of non-treated samples of Guadua (Sample A)
obtained from the testing programme are in accord with those reported in the
literature (Garcia et al., 2012; Ghavami & Marinho, 2005; Rusinque & Takeuchi-Tam,
2007; Takeuchi-Tam & Gonzalez, 2007).

The coefficient of variation (CoV) for the obtained results is in the range of variation
for the mechanical properties of clear wood; as defined by FPL (2010) CoV for the
modulus of elasticity measured in tension parallel to the grain is 25%.

L,, and v5, are very small and less precisely determined due to their high scattering
of results; research conducted by Ling et al . (2009) on the determination of the
Poison’s ratios of wood in compression found similar issues.
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Dekuji, Thanks,...!

&
Questions...?
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Structural engineered bamboo
Manufacture of cross laminated Guadua panels (G-XLam)

-
- ¥ Epoxy resin content ~4% (Sicomin SR 5550) @ Spreading rate = 215 g/m?

v' Cold pressed ~ 35 kg/cm? *

G-XLam 5 G-XLam 3
t=275%1.5mm (~1 inch) t=16.5+£0.9mm (~0.6inch)

G-XLam panels (3-5 layers)
(max 1,20 x 1,20 m)**
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lesting or G-XLam panels
Elastic parameters MOE, G, V

......
Farpen 0L

||||||||||
asmen

uuuuuuu

o2z

-2

S
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Picture frame panel shear test using DIC (ASTM E5 19-02)

v’ 600x600mm G-XLam3-5 panels
v Panels conditioned at 27+2° C and RH of
70£5% for 20 days (MC=12%).

1 & 2. High speed cameras; 3 G-XLam panel; 4. Test machine; 5. Monitor ¥ Load limited to elastic deformation.

. . .« er n s v Rate 0.5mm/min (all tests)
In-plane compression test using digital image

. v LVDT and virtual ext ters. ;
correlation (DIC) (Bs EN 789) and virtiar extensomerers Bending test (8BS EN 789)
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lesting or G-XLam paneils
Elastic parameters MOE, G and bending strength

(8.5 to 25 mm) (~17 mm) (~ 27 mm)

Mech. Test Mech. Test

E,_ (0) 9.0 GPa 7.42 GPa 6.74 GPa 14.86 GPa 12.48 GPa
ET (90) 7.9 GPa 3.91 GPa 4.62 GPa 7.43 GPa 8.74 GPa
Gv (xy) - 0.65 GPa - 0.67 GPa 0.72 GPa
Ern (bend) 9.7 GPa 11.6 GPa - 23.68 GPa 19.36 GPa
for (bend) - - : 99.92 GPa 91.76 GPa

v’ CoV < 12% (coefficient of variation)
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Engineered Bamboo
-for structural applications-

Source image: www.ecobuild.co.uk

G-XLam panels

CLT panels 2x MOE &
480 to 500 kg/m3 Density
Improved Hardness &
resistant to decay
890.9 kg/m?3
20 | mEc/t0  WEc/t,90
14.86
1> 12.48
&
c 107 6.74
Ll
S 5
O _

CLT-3 CLT-5 G-XLam 3 G-XLam 5

T ﬁKﬁI‘z‘ﬁ g YQmphivia]  Hector F. Archila @ ()65 (0)
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Compressive load on X3
F i

b=17 ,

5.00 — Sean Sesalon #1709
= Scan Sesslon #1830

450 Scan Sesslon #1381
= Sgan Sesslon #1832
e SN S&Salon #4183

4.00 e Scan Session #1584

F,=04 F

2 e 3.50 Scan Sesslon #1387

3.00 e SEAN Sesalon #1809

Wires to Data-log-
ger

e

2.50 Scan Sesslon #193

2.00 Scan Sesslon #1096
1.50 Scan Session #198

Stress (MPa)

Micro-strain
gauges

Xa

t=175
+0.5 mm

B,

Xz

1 v <
(Longitudinal) (Tangential) X1 -20000 -15000 ¢

1.00 Scan Sesalon $201

0.50 = Scan Session #1830
— Sean Sesslon #1831

= Scan Sesslon #1382

s 0.00 T S Seaon 184

H i #1

10000 5000y, 0, ', 5000 ——— Scan Seesion #125
e Scan Sesslon #136

Strain [I-IZ’ e SN SeSalon $187

L

[ —

Figure 7-9. Typical specimen size and compression test set up for load applied along the radial
direction. Figure 7-11. Typical strain-stress graph plotted from the results of a radial compression test on spec-
imens of sample C (scan sessions represent the repetitions undertaken).

Compressive load on X2

Wires to Data
Logger (1.23 & 4)

x’(Tanoemu) Elastic values and Poisson’s ratios of samples A, B and C were calculated using the strain

values (uz - u,) on the linear regression line between 0.1F 2, and 0.4F .. Calculation of

the compression modulus of elasticity (E.) followed the formula:

(FZ_F:L) 7-4

E = ——
¢ (up-uy)-A

where
(Fz - Fy)is the increase of load between 0.1 Fpayx and 0.4F max

Micro-strain - - ; . i : L
and (u; — u, ) is the increase of deformation corresponding to (F, - F,) using the linear regression line.

gauges

x‘(ngm'\al) e

Figure 7-10. Typical specimen size and compression test set up for load applied along the tangential
direction.



18.0

——Shear Cord G (Sample C4d)
b) 16.0 -
140
Strain gauges +45 & -45 S
on front & back faces S 20T esae
Type: Tee Rosette (90°) g 100
200kN Resistance: ﬁ 6.0 0.0014x + 0.0082
= O =0. + 0.
load cell 350+0.2%0HMS g ) Y 0.0099
Gauge factor: 2.12 NOM 5 60 :
4.0 -
C -
) 20 Ave.-45 2077 7y, )
losipescu 18 00/ : .
fixture y 2500 0 2500 5,000 7.500 10.000 12,500 15,000 17,500 20,000 22,500
—————— 1.6
14 Shear strain (UE) Y = |uE45| + |uE-45|
Specimen Z 12 . . .
: ; 10 The apparent shear modulus is then defined as the ratio of average shear stress to shear
8 -45 front strain as expressed in Equation 7-5.
—a 08 — — — +45 front
VVires to 06 S\ d e e -45 back Lav 75
\ \\Data-logger 04 0 Aly 0 - +45 back GPP = g
: ’ Ave. +45
0.2 Ave. -45
0.0 : ¥ ‘
-15,000 -10,000 -5,000 0 5,000 10,000 15,000 And the ratio of the difference in applied shear stress and resulting shear strain (At /AY) is

Normal strain (u€) Sample C4d

chord)

the shear chord modulus of elasticity (G as expressed in Equation 7-6.

Figure 7-20. a) losipescu shear test set-up on INSTRON. b) Specifications of the strain gauge used. ¢)
Typical load-strain graph for +45 and -45 strain gauges readings on front and back faces and their
average for both orientations (+45 and -45).

chord _ (AT)
Giz ~(AY) 7-6

where
AT is the difference of shear stress between T, and T
and AY is the difference of shear strain between Y, and Y 4.



G-XLam3 and G-XLam5 panels with dimensions of 600x600mm and 700x700mm were
subjected to mechanical testing. These sizes are considered to be representative volume
elements (RVE) of potentially larger commercial size panels. The testing programme in-
cluded in-plane compression tests in the X, (longitudinal) and X; (transverse) directions, four

point bending test and in-plane shear test (Figure 10-1).

Small Pln/ i

Figure 10-1. a) Geometric (X, Xz, X3) axes of G-XLam3 and G-XLam5 panels. b) Diagram of the
compression test in the longitudinal direction of the panel. ¢ Diagram of the compression test in the
transverse direction of the panel. d} Diagram illustrating 4-point bending test setup for G-XLam3 and

G-XLam5 panels. g) Diagram of the picture frame panel shear test.

Engineering strain (E) was then calculated as the change in length AL per unit of original

length L, as expressed in Equation 10-2.

e (O _ (-l

= 10-2
(L) (L)

where
Iy is the initial length of the extensometer and [ its final length.

(F, = F)l 10-3

Epcogn = TR

where

F, — F, is the increment of lcad between 0.1F,,,, and 0.4F, .

us — Uy is the increment of engineering strain corresponding to Fs — Fj
lis the gauge length (A-B length of the virtual extensometer), and

A 15 the cross sectional area of the panel.

Ex+ &y

0.707 P Tyy
Yey = 2 = ; =—

Tyy = ; =
1'_1-' Lt 1'_1-' Vay

(I:.‘.El[l!?iIr + 10-4

tanﬂ’) '
whera

Ex and Ey are the measured strains in x and y
@'the resulting angle for (dx,, dy,)

P is the force applied, 1 the side-length of the specimen and ¢ the thickness of the panal.

23 - L? AF

£l . 231 (h=f)
B 1295 ﬂ'gffntﬂ?

= 10-5
EPm, glovat = 13567 " T, = wy)

where

E - I is the bending stiffness,

L is the span,

fo— fi is the increment of load between 0.1F,,,, and 0.4F, ..

Wy — wy is the increment of deflection between f, — f; and

1 15 the moment of inertia or second moment of area of the beam section ([ = b - d*/12).



Numerical and FE analysis
Prediction and simulation = Standardization
v'Analytical design methods for

Symmetry planes Z‘.'_’L_—ll Ej . hi p/yWOOd and CLT panels
L= ’ BS EN 14272 (BSI 2011)

E =
Prc E?:_ 11 hi

CLG panel

v'BS EN 789:2004 [8] standard for
structural timber elements

L ]
140 .
/ .
120
/'.
100
./‘ y = 249414x - 3.4095
80 :, R*= 09503
'/
G0 /:
-
40 .
S

U T T T 1
0.0000 ,, 0.0002  0.0004 0.0006  0.0008

Strain (£)

600 mm

Load (kN)




Materials & Features

Round

Strand Woven bamboo

Cross-Lam Timber

Engineered Bamboo

Steel
Bamboo (SWB) (CLT) Products
X X % ~ % v
Labour
X v ~ v v
Stability
Temp. & Time ~200°C / 2h >1,000°C /8-12h ~150°C / 15 min
co, 0.14 ton CO,/kg 0.75 ton CO,/m3 (-) 2 ton CO,/kg ~1ton CO,/m?3
Properties /
Transport

University of Pittsburgh, 5" May 2016
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