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Motoi, OTA : Studies on the properties of bamboo stem. (Part 7)
The influence of the percentage of structural elements on the
specific gravity and compressive strength of bamboo splint.
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~ & 74 Phyilostachys reticulata C. Koch
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2. B He. EOREDL GRS O oML DR Y U TRERR T OME
ML CTEATR KD, ZDITH 2B ADOTEEE & R —D i LU HEEnE 35
AEEFHEHEL AL L, Zht oMl L Tl L 2% N Eo T % 1 e

R OREORB AR A ZRIFL . C Fig. 1 Specimen
NZIME LT~ s r B8 %. 29 v v , 0 @,
/ AW
FoRTHlEeERLE, D% a7 say
, z-f) 2 - BN
[T 28BN EO, OREOT SELED ar > o s m
RBH G O—1,@ -1, RO @- 2, .4 ‘:‘,4}?“ v
‘ ' @' @ © ®

ik @—2, @—3 RO @—4 Xehipa
® CThbbo

3. BEFt, A~ 10ton REEORATES 2 ton Kz PbEHEB
% 1kg &L# 24 mm/min. ORECME LR, KMOBRA LGS 6 8 & FH—
Th o

BRRFOEADUECHED TRSMOREA @, DROODAD T LM L.
®E 400 h) XORE®E 8 28 b KB L7z FIEMED & K & 51 B I L5 08,
HAMBBONEGEED )N E K2 OFREHE L CEBEETFORNECRY 2
EHERORAZAD TRCEY 5% Ckn BEOEFEA% LRAFIRT L0 &
FEff L7,

LR 5 BE (& SMUBERRTE 5R > (X SMUC S SRR 4600 AR 7= WY e
[ RO = TRAE 05 FELATERCINE L,

III R B & 2

L &Kk &, EBHESIRDICLTW2EREACHEL THORLNDTDH
205, BIRICRT L5 CRENE N, X FA—HALCRG 2 5KkFBOXEDRKIME
G~xrT13~34 %, =295 20F 07~21% Thir, HOT ERKBME It
O BBCHITIEKFOERKIXEBIEBER TS VB ECEETHLLEZD
N5,



27

H/O1R cokE. A BRILEERERHBRE
Table 1. Moisture content, Specific gravity and Compressive strength.
® B O & A& A & REBELE E & @ K
. ber of | i . L
Specimen ! Nu;relstesro ' Igf)(:ts;gie% Specific gravity | S]g;e/zit Zh
n 4 B 2 10.0—13.5 0.837—1.041 { 928.8 -1,307.6
' Outer part (0.918) ‘ (1,122.0)
E th i 8 10.0 -13.0 0.718—0-813 628.6—950.6
X g Middle part (0.775) (797.4)
R ot 10.5—13.6 0.629—0.833 |  522.9—816.4
, = Inner part 0748) | (671.6)
&> B OB 32 10.4—12.9 0.756--0.944 % 781.7—960.5
Whole (0.866) \ (830.8)
"o 8% 21 115—140 '  0957—1076 | 955711132
R Outer part ; (1.030) } (1,051.1D
e X e m o 5 12.5—13.6 09190948 |  673.2—812.2
EN (m) ; Middle part (0.928) k (760.0)
;: @ A OF M 01 120-147 | 0813—0938 |  578.8—759.5
v oS Inner part : (0.883) i (683.6)
N 28 11.9-—-14.7 0.923—1.012 ! 698.7—895.8
Whole (0.965) (816.3)
2. REBFILE, BSRAEBLIRCRT IS C2EEE2E67 2R8H CTH CXBEsH

FOEERP S KO- A GEE (5712 0569~0091, =¥y v #2713 051~
1.20) oRICEBRINI DR LU ECH b, NEEREEL. AEEXGRZAD
QIO 2 SO B BOWH L D K& b L S EREBE | AR R
UH O HEO v AL BN E 5 s HIXERBA NS, ~x 7 O/
CRETHEBY 35 11539, ik 0.7408, Ak 0.6602 * LR FEFP AR
0.99, WEBIE 0.53 ChH A LBRLTUBS, AFE S RE L AL L 8K L [
DEmERL TR,

HMORBH LR LBAM, HMEROCEBHCR LBy Yy F 27~
Lh s RTh 2B,

3. B, Bl RCARTISRA2RELZ2AT 2B OME X KHELERO MK
EIET R BT OEE R R A MBS L 5B ( ~ & 7 (2 500~1,400 kg/em®, = ¥ ¥ ¥ F
7% 442~818 kg/cm?) ORRA Y HELRBECHU L b2y Y ¥ F 20K
KIEX L TBD. SHRE. PRI RO A0 BREC T HE & Mg s @ %R
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FUL 2 B E B U ORI RO &2 R LR, AFREOIRIC M e &5, B
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Table 2. Percentage of the structural elements.

®O®B 4 i % | A KR | ET k| A MR A K
Specimen Nomberof | Outer | Bundle | Pundumental | loner

L R 16 11—34 347435 53.5—622 |  eeeees

N Outer part .7 ) (39.9) : (574) | e

g | e mow® 8 22.1—30.0 700—779 | e

% é Middle part e e (2‘5.9) P (74.1) 1 e
< | " # W P e 10.2—22.9 69.4-8L1 | 58—100

v = Inner part I (16.6) ; (76.0) ‘ (7.4)
2 B B 3 0.6—1.8 25.2--32.1 62.6—69.8 |  3.0—45

Whole ! (1.3) (28.4) (66.6) i 3.

n 4w " 2245 31.3- 37.9 585663 | eeeee

N o |.__Outerpart |\ @GL 1 G399 | 80 ] e

X pom W 6 | e 18.4—25.8 742—8L6 | e

D 8 Middle part (22.8) (77.2) | e
TR | e 10.8—14.9 735—78.3 9.6-12.7
s Q Inner part R ! (12.9) (76.1) AL
¥ 2 B B . 1.2—1.4 20.4—23.9 69.3—73.4 4255
Whole (13 (22.2) (71.8) (5.0)
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HEEROCAREREFEC LCT 5,
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Table 3. The percentage of appearance and angle of the gross failure

with the vertical on tangential and radial faces.

R ¢

Y YVY £

- R | ! ®—1 @3 5 |
#® B A Specimen i D & -1 1@_4! ® &5 -1 @—4’ 5 | ®
, ] ' 5 ; ;
JTangentiall Degrees ; 46.5 -52.5 46.5—50.0{ --+--+ 47.0 -51.5{ 47.5—-52.5] 65.5 46.0«50.5" 55.5-~62.0
m‘ face  (Average) | (50.5) | (48.0) | - (49.4) | (497D - (482) | (603)
IR Percentage‘ 80 ! 80 | o | i 100 10 8 | 100
Q i ' i
4| Radial | Degrees |690-880 - { ------ | 785 | 715-885 725 i 64.5—88.0| 62.5—-87.5
= face | (Average) | (8L&) | e - ' (81.4) (80.4) | (79.0)
4 f W |Percentage | 80 | 0 | 0| 20 | 100 [0 | s | s
ITangential| Degrees ' 42.0—50.9) 38.5—45.5 -+ 42.5—45.0 39.5—450| 57.0  42.0—46.5 54.5—88.5
a‘ face (Average) | (46.2) (43-5) (44.3) (42.6) (44.3) (68.2)
Hi 8 # W | Percentage| 88 100 ! 0 100 00 | 13 75| 75 .
= | | |
Q| Radial | Degrees |765-90.0 o | e | 78.0—090.0] rweee | erens 60.0~ 90.0
g face (Average) | (84.9) | e B N (85.2) | veenee “ ...... (75.0)
4 1w Percentagel w | o | o] o 90 | o Lo | 80
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AN AL (f) O MEMCES 2ab@ICRoNB LS CHAKBEL AEEE
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Table 4. The mutual correlation between percentage of outer-layer {0),

bundle sheath {V'), fundamental tissue (P) and inner-layer (I) .

;' .
} ngg%iggﬁ Regression equation
Quter part l —0.981 *** P=58.6—0.94 (V-386)
fé V—P Inner part L —0.958 Fx . P=76.0—0.95 (V—16.6)
S = Whole | —0.986 % P=703—093 (V—26.0)
[~-0 Whole i 0.737 % [=25+ 138 (0—12)
i
- Quter part ‘ —0.951 *¥* P=63.0-1.02 (V-33.9)
& V-P Inner part —0.764 ** P=76.1-0.99 (V-12.9)
5 Whole L —0.901 % P=71.4—093 (V=22.2)
o) 1 ;
2 I-0 | Whol 0.895 ** 1 I=50 + 40 (0-13)
= P—1I | Inner part | —0636% ! P=76.1 — 0.99 (I—11.0)

* Significant at the 5 per cent. level of probability.
** Significant at the 1 per cent. level of probability.
*%% Significant at the 0.1 per cent. level of probability.
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Table 5. The correlation between specific gravity (S),
and percentage of outer-layer (O) , bundle
‘ sheath (V), fundamental tissue (P), and

inner-layer (1).

Regression equation

[ Correlation ;‘
| coefficient .
s-0 | 0.121 | [(5=0.896+00066 (O —22))

g s—v * * 0655 % } 50826400060 (V—27.9) =
2 S-P 1 _0720%% | S—0.826—0.0074 (P—67.9)
- s -1 —0.626%* S=0784—-00255 (i—62)
5 s—0 0.781 #%* S=1.005+0.0329 (O—25)
E S—V 0835%%% | $—=0.9514+0.0067 (V—23.0) )
:(2, s-F —0.832 *#* | S=0951-00092 (P=712)
= S —1 —0.726 *¥** ] S$=0911—00138 ( I—88)

*%*  Gjgnificant at the 1 per cent. level of probability.

**%  Gjgnificant at the 0.1 per cent. level of probability.
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BICRT X5 QERNTHALLERBO NI HUCHBREZRD THEORD L5«
Yy F 2 ORFBEUSCE EBEEORBMBERDOEESRY 5h 7, Red pine
[C#EC Kraemer ™ (& WMk & 58 LOBM OB L DBICHBRE 2RO TRLH.
HOBCZR T B LRBIAM TR EoBUMERRON s, FRORBREHER
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Table 6. The correlation between compressive strength ( o, )

and percentage of outer-layer (O), bundle sheath (1),

fundamental tissue (P) and inner-layer ([I).

ngg%giﬁ; Regression equation

se — 0 ]  0.458% e =1,047.9469.4 (0—22)
2 g — V| 0865 5c = 88L4+18.0 (V—=27.5)
P sc—P | —0728%% 6. = 881.4—19.4 (P—685)
= o — I [ —0.724 %55 | oo = T457-360 (I-58)
o 9. -0] 0940%% | g, — 963.1+129.6 (0-25)
% o, — V[ 0.899 % i 0, = 846.14+16.8 (V—23.0)
:g,', C o= P —09025%% | oc= 8461-233 (P-712)
= o, = I —0.196 | (o, = 741.1—1€9 ([—8.8))

* Significant at the 5 per cent. level of probability.

*¥*%  Significant at the 0.1 per cent. level of probability.
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Table. 7. The correlation between compressive strength ( o, )

and specific gravity (S).

1 ngggii‘:ﬂ t Regression equation
& | Outer part E 0816 ** | 4, = 11220+13797 (S—0918)
S | Ioner part i 0517 *** 6, = 6716+ 7253 (S—0.748)
g Whole | 0.722 *%* o, = 8621+ 817.9 (S—0.866)
o Quter part ‘ 0.875 *¥* ‘ g, = 1,051.1+1,332.8 (5—1.0307)77
:%E Inner part |  0.766 *** [ 0, = 683.6+1,134.9 (S—0.883)
=2 [ Whole [ 0.859 **x ] s, = 8167+1,647.6 (5—0.965)

*¥¥  Significant at the 0.1 per cent. level of probability.
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Table 8. The correlation between specific gravity (S) and

compressive strength ( ¢.), and angle of gross failure (A)

with the vertical on tangential face.

l i%gg;gg? i Regression equation
S|A=S| 0780 *x | S/A = 0.0175+0.026 (S—0.873)
MA DAKE | o
o JA—ac | 0949 ¥ ‘ 6. ]A = 194 + 0025 (o, —975.7)
- SJA —S | 0860 * | S/A = 0.0220+0.060 (S—0.999)
MOSO-CHIKU i ;
s JA—a, | 0930 *#x | /A =203 + 0035 (o —922.8)
i

*%%  Significant at the 0.1 per cent. level of probability.
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STUDIES ON THE PROPERTIES OF BAMBOO STEM. (Part 7)

The influence of the percentage of structural elements on the specific

gravity and compressive strength of bamboo splint.
(Résumé)
Motoi Ora

It may be said that the bamboo splints are organized with the outer-
layer (constituted by epidermal system, hypoderm and cortex), the bundle
sheath, the fundamental tissue and the inner-layer (constituted by scler-
enchyma cells) from the standpoint of the mechanical and physical properties.

The outer part, the middle part and the inner part of the bamboo
splint have different properties, respectively. It has been recognized that
the specific gravity and the strength properties of the outer part of a bamboo
splint, which has the outer-layer and more bundle sheath than other parts,
are high; and those of the inner part, which have the inner-layer and less
bundle sheath, are low. Therefore, it can be expected naturally that the
percentage of the four structural elements in the bamboo splint, has influence
on the properties of the bamboo splint.

As it is clear in this report the writer investigated the influence of the
four structural elements on the specific gravity and the compressive strength
parallel to the grain of the splint of MA-DAKE (Phyllostachys reticulata
C. Koch) and MOSO-CHIKU (Phyllostachys edulis Riv.).

The form and the number of one set of specimen shown in Fig. 1, and
eight sets of specimens are prepared for MA-DAKE and seven sets for
MOSO-CHIKU. The specimens, which have the whole stem wall of the
bamboo splint, are @, & and (&, the specimens ®-1, ®-1 and @-2, are
made from the outer part of the bamboo splint, the specimens @-2, @-3
and @®-4 are made from the inner part and ® are from the middle part.

The rate of application of the load is 2.4 mm/min.

The volume or the area percent of the four structural elements (outer-
layer, bundle sheath, fundamental tissue and inner-layer) was measured by
weighing the printing-paper which cut out each element from the enlarged
cross section by a photograph.

The angles of gross failure line with the vertical on tangential and
radial surfaces were measured by the graduator.
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The moisture content, the specific gravity and the compressive strength
parallel to the grain are shown in Table 1. The differences between the
maximum and the minimum value of moisture content in each set of speci-
mens are 1.3—3.4% in MA-DAKE and 0.7—2.19% in MOSO-CHIKU.

The specific gravity of the whole stem wall specimens is included in
the range of previous works and belongs to the higher part of the range
(0.569—0.991 in MA-DAKE, 0.51—1.20 in MOSO-CHIKU). The specific
gravity of the outer part specimens which has the outer-layer, more bundle
sheath than other parts, and lacks inner-layer, is higher than those of the
other parts. MOSO-CHIKU has higher specific gravity than MA-DAKE at
maximum, minimum and mean value.

The compressive strength of the whole stem wall specimens is included
in the range of previous works and belongs to the higher part of the
range (500—1,400 kg/cm? in MA-DAKE, 442—818 kg/cm? in MOSO-CHIKU).
The compressive strength has specific-gravity-like tendency, affecting by
part in the bamboo splint. MA-DAKE has the higher compressive strength
than MOSO-CHIKU.

The percentages of the four structural elements of bamboo splint are
shown in Table 2. The sum of the percentage of the fundamental tissue and
the bundle sheath is more than 90% and the percentage of the inner-layer
of MOSO-CHIKU, which has remarkably thick inner-layer, is larger than
MA-DAKE. The percentage of the bundle sheath of bamboo splint is the
largest at the outer part and the least at the inner part in both species.

The appearance percentage and the angle of the gross failure line with
the vertical on the outer tangential and the radial surfaces are shown in
Table 3. The gross failure line of bamboo splint, under the compressive
load parallel to the grain, appears as a line on the outer tangential surface at
first and then grow toward the inner-layer at the radial surface. The gross
failure line does not appear in the inner part specimens (®—2, @—3 and
(®—4) but appears in the middle part (®), the outer part (®—1, @—1
and @—2) and whole (@, ® and (®) mainly.

The angle of gross failure line on the outer part and the whole stem
wall specimens are smaller than the middle part and the inner part, and
the angle of gross failure line on the radial surface is large than the outer
tangential surface.

The investigations on the mutual correlations between the percentage
of the four structural elements reveal the significant correlation coefficient
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between the bundle sheath (V) and the fundamental tissue (P), and the
outer-layer (O) and inner-layer (I) of both species, and the fundamental
tissue (P) and the inner-layer (I) in the inner part of MOSO-CHIKU, as
shown in Table 4. The regression lines are shown in Fig. 2a, b with
points, representing the data.

The relation between the percentages of the bundle sheath and the
fundamental tissue, which take the greatest part of the bamboo splint,
are shown by the negative linear regression lines. The relation between the
percentage of the outer-layer and the inner-layer are shown by the positive
linear regression lines. This may be explained by the fact that both ele-
ments take up the smaller part of the bamboo splint and their thickness
are almost constant.

The thickness of the outer-layer of MA-DAKE is 0.01 mm and that of
MOSO-CHIKU is 0.01—0.02 mm, and the thickness of the inner-layer of
MA-DAKE is 0.02—0.03 mm and that of MOSO-CHIKU is 0.04—0.06 mm
and there is not seen any significant difference in the thickness of the
outer-layer and the inner-layer of both species. All the regression lines of
the bundle ‘'sheath and the fundamental tissue run nearly parallel with each
other. The regression lines of the outer part and the whole stem wall
specimens of MA-DAKE and of the outer part specimens of MOSO-CHIKU,
and of the inner part specimens of MA-DAKE and of the whole of
MOSO-CHIKU, are nearly the same at one with each other with only
the exception of that of the inner part of MOSO-CHIKU which isolates
itself from others as shown in Fig. 2a. This may be caused by the
characteristic thickness of the inner-layer of MOSO-CHIKU.

The plots of the specific gravity against the percentage of the structural
elements of the bamboo splints of both species are represented by the
straight line, as shown in Fig. 3a, b, ¢, d. There are high correlations be-
tween the specific gravity and the percentage of the structural elements as
shown in Table 5, with the exception of the outer-layer of MA-DAKE. It
becomes clear that the specific gravity of the outer-layer and of the bundle
sheath are higher than the bamboo splint and that of the -fundamental
tissue and of the inner-layer lower. According to the regression equations
in Table 5, the specific gravity of MOSO-CHIKU is higher than that of
MA-DAKE in all the cases.

The compressive strength parallel to the grain increase as the percentage
of the outer-layer and the bundle sheath increases, and the percentage of
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the fundamental tissue and the inner-layer decrease. There is a significant
correlation between the compressive strength (¢.) and the percentage of the
outer-layer (0), but not between the other. The regression equation is:

o, = 1,051.8+88.7 (0—3.0)

If the discrimination of the parts of the bamboo splint is left out of
consideration, there are significant correlations between the compressive
strength and the structural elements as shown in Table 6, with the ex-
ception of the inner-layer of MOSO-CHIKU. It becomes clear that the
compressive strength of the outer-layer and of the bundle sheath are higher
than that of the bamboo splint, and that of the fundamental tissue and of
the inner-layer lower, being similar to what is observed in the specific
gravity of the parts mentioned specific gravity. The compressive strength
increases as the specific gravity increases as shown in Fig. 5.

That relatively high degree of linear correlation which exists between
the compressive strength and the specific gravity is shown by the value
of the correlation coefficients in Table 7, in the outer part, the inner part
and the whole stem wall specimens of both species. Since the regression
lines of MA-DAKE between the compressive strength and the specific gravity
are higher than MOSO-CHIKU as shown in Fig. 5, it is clear that MA-
DAKE exels MOSO-CHIKU in quality.

The angle of the gross failure line (A) on the tangential surface of the
bamboo splint under compression parallel to the grain decreases as the
specific gravity (S) and the compressive strength (o,.) increase as shown in
Fig. 6a, b. A relatively high degree of linear correlation which exists
between S/A and S, and 5./A and ¢, is shown by the values of the correlation
coefficient as shown in Table 8 Therefore the hyperbolic relations are
recognized between the angle of gross failure line and the specific gravity,
and compressive strength.

Bienfait' said that “ The only probable explanation of this behaviour
is that the medullary rays inérease the resistance to buckling in a radial
direction, thus causing the line of failure to be inclined on the tangential
surface.” Since, however, the similar inclination of gross failure lines on
the tangential surface to the wood made its appearance with bamboo
splint, not having meddullary rays, the cause of inclination of gross failure
line on the tangential surface might not able to be explained by the ex-
istence of medullary rays only.



