On the Strain Distribution and Failure of Wood
Plates with a Round Knot under Tensile Load
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Introduction

Almost all timbers include the knot which is one of the most common defects
and reduces considerably the strength of timber and, therefore, the research on the
mechanical properties of knotty wood is very important. But, in general, there
are various types of knots and the grain of its surroundings differs so much that
one cannot, without any difficulties, classify the mechanical properties of knotty
wood and find any rules which will exist there. Thus, there are very few reports
about them especially under tensile load, for example, on the tensile strength: O.
Grar (1929)V, E. GaBer (1935)% and T. Morr (1938)%, and on the tensile strain
distribution : A. YLINEN (1942)%. This is the reason why the timber have mostly
been used as compression or bending members but not as a tension member in
wood constructions. But, recently, with the advance of the architeciural-style,
-technique, -materials etc., timber is being used as a tension member of construc-
tions, for example, as the flange of a box-beam.

In the present paper, we investigated some mechanical properties of wood
plates with a round knot under tensile load. The paper can be generously divided
into following two parts.

1. The strain distribution of knotty plate by means of the brittle coating
method, about which we hitherto carried out many fundamental experiments for
applying it to wood® and by which we solved experimentally some two-dimensional
problems of wood®.

2. Where the fracture of a specimen takes place and grows, and at what kind
of stress the specimen breaks.

The knotty plates in this paper were cut out of a wood stock having one knot,
and had a group of the round knots which varies continuously from sound knot
to loose knot (ref. Fig. 1).

Here, “‘Fracture”, ‘‘Rupture” and “Failure’” mean in the present paper as
follows : '
Fracture —— a local failure of a specimen which takes place while the load

is increasing.
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Rupture —— a state where a specimen breaks in two separated parts.

Failure —— general expression which contains ‘“‘Fracture” and ‘‘Rupture”.

Materials and Methods

1. Materials and specimens

A knotty wood stock of
HINCKI (Chamaecyparis obiusa
Enpi.) shown in Fig. 1-a was
used, and its upper side (outer-
most face of xylem) is shown
in Photo. 1. The stock was
sawn into nineteen plates (3 mm
thick) with a round knot in
their central part respectively,
and they were numbered from
bark side to pith (Fig. 1-a).

The outer-most plate (No.
0) and the inner-most one (No.
18) were omitted from the test
because of their ununiformity
in thickness.

The plates were piled up
and air-dried carefully for three
months in a room in order to
avoid their warping, and then

(1-a) HINOK/I! stock (unit:mm]

No. Q
Ho. /
No. 2

No. /7
No. 18

Fig. 1. Specimens and HINOKI stock of which
knotty thin plates were cut out.

Photo. 1. External appearance of xylem of HINOKI stock used in this experiment.
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finished by files and sanding papers. Then, the plates of even numbers were used
to the determination of the strain distribution, and those of odd numbers to the
failure tests.

The test specimens are as shown in Fig. 1-b (strain determination) and in Fig.
1-c (failure test). As shown in these figures, the grips of specimens were reinforc-
ed by HINOKI blocks which were bonded to the specimen with urea formaldehyde
resin, and three holes of 7mm diameter were bored in each of them in order to
clamp them to the head of the testing machine. Table 1 shows the dimensions and
the details of the specimens.

Table 1. Dimensions and ditails of specimens.

Distance from [ Width of Thickness of Diameter of
Specimen No.| pith to each | Type of test* specimen specimen knot
specimen b h 3

1 77 MM C 7.28°™M 0.25™ 1.01™

2 72.5 B 7.78 0.31 1.10

3 68 C 7.35 0.27 1.10

4 63.5 B 7.87 0.32 1.30

5 59 C 7.29 0.25 1.30

6 54.5 B 7.86 0.26 1.40

7 50 C 7.13 0.27 1.39

8 45.5 B 7.86 0.27 1.40

9 41 C 7.17 0.26 1.31

10 36.5 B 7.79 0.30 (1.3)**

11 32 C 7.05 0.28 (1.3)

12 27.5 B 7.70 0.24 (1.2)

13 23 C 7.28 0.29 1.2)

14 18.5 B 7.73 0.30 (0.8)

15 14 C 7.19 0.27 0.7

16 9.5 B 7.68 0.28 0.3

17 5 C 7.23 0.25 0.2)

* C : Failure test (specimen-Fig. 1-c).
B : Strain distribution test (Fig. 1-b).
ok ( ) : Diameter of sound knot.

As the knot of the stock was almost perpendicular to the pith, the knot of each
specimen was nearly round. But, it is rather difficult, actually, to determine the
diameter of a sound knot, and herein, for the sake of convenience, we defined it as
that of the largest but round annual ring in a sound knot. And the values shown in
Table 1 are that perpendicular to the load direction.

2. Test methods
a) Determination of strain distribution

Determination of strain distribution of the knotty plates was carried out by the
brittle coating method. The procedure of which is summarized as follows :
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After the specimens were sealed with black enamel (under-coating), a kind of
strain sensitive lacquer known on the market in Japan was sprayed on face and
back of these specimens in uniform thickness of 0.1 mm.

It must be noticed that before the lacquer is sprayed, a loose (holed) knot should
be completely set with rubber in order to avoid the irregularity of the coating thick-
ness along the border of the knot.

The composition of the lacquer is a phenol resin and titanic white dissolved in
mixture of benzen, toluene and xylene.

When the coating was dried at 5~10°C for about twenty days and the ‘‘strain
sensitivity”” reached about 0.259%, the load which is about 50~809% of the tensile
strength of knotty wood was applied to the specimen. And the crack pattern produc-

ed was stained with pararosaniline

/0¢

P solution.

Crack densities at each point of
specimens were converted into strain
by the relation between crack density
and strain which was obtained from
cantilever calibrating strips simul-
taneously tested under the same con-
ditions.

b) Cbservation of fracture and

-/ | rupture
e - /5 ]\*‘?3*“: 2315 = 80 ‘ Specimens were loaded by lever-

6 o l
gl - - ' type 2-ton universal testing machine,
L || s i

the attachment of which is as shown

Specimen - in Fig. 2 (the same method was also
applied to the strain distribution

test). The rate of loading was 100

kg/cm2-min. The fracture and its
Fig. 2. Attachment for clamping specimen to the growth were marked under loading
head of the tensile tzsting machine. and finally the maximum load at the

rupture was obtained.

Results and Discussion

1. Strain distribution

Crack patterns gotten on the pith side face of each specimen of No. 2, 4, 6, 8,
10 and 12, are shown in Photos. 2, 3, 4, 5, 6 and 7 respectively, in comparison with
their grain figures. In No. 14 and 16 specimens, the failure took place, however, in



Photo. 2.

|
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(a) (b)
Crack pattern of coating on a knotty plate (Specimen No. 2) by tension in comparison with the grain figure.
(a) Crain figure of specimen. (b) Crack pattern of coating.
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Photo. 3.
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b = 380 *fimz
(a) - (b)
Crack pattern of coating on a knotty plate (Specimen No. 4) by tension in comparison with the grain figure.
(a) Grain figure of specimen. (b) Crack pattern of coating.
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Photo. 4. Crack pattern of coating on a knotty plate (SpecimeniNo. 6) by tension in comparison with the grain figure.
(a) Grain figure of specimen. (b) Crack paltern of coating.
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Photo. 5.

Crack

Om = 476 *Ypmz

(a) (b)
pattern of coating on a knotty plate (Specimen No. 8) by tension in comparison with the grain figure.
(a) Grain figure of specimen. (b) Crack pattern of coating.
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(5,”,; = 440%/m2
(a) (b)

Photo. 6. Crack pattern of coating on a knotty plate (Specimen No. 10) by tension in comparison with the grain figure.
(a) Grain figure of specimen. (b) Crack pattern of coating.
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Photo. 7.

T = 500 *%fm2

(a) (b)
Crack pattern of coating on a knotty plate (Specimen No. 12) by tension in comparison with the grain figure.
(a) Grain figure of specimen. (b) Crack pattern of coating.
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the vicinity of grips, so the crack
patterns could not be gotten.

There exists considerable dif-
ferences between a crack pattern of
a knotty plate and that of a holed
(artificially) wood plate (Photo. 8)®.
These characteristics of crack pat-
terns on the knotty specimens are
summarized as follows:

i) Shapes of loci on which
the maximum tensile strain is
equivalent (that is called ‘‘isoen-
tatic line”’) are very irregular in
comparison with those of simply
holed plates. Above all, those of
the plates with a loose knot
(Photos. 2~5) spread widely and
very irregularly over the upper
portion of the knot in photographs
(also in the trunks). They,

generally, seem to have some con-
. . . - K

nections with the grain figures. Um = 165 "/em?
ii) In the plates with a sound Photo. 8. Crack pattern of coating on a

artificially holed plate by tension®,
knot, there appears the zones P Y

where two principal strains are almost equivalent (e;=e:) as shown in Photos. 6
and 7, and this seems to be caused by disarrangements of grain in the vicinity of
a sound knot, which is widened just beside the knot and then narrowed. These
zones must be, therefore, stretched laterally when tensile load is applied to the
specimen, because the sound knot will not be able to reduce its dimension.

ili) Directions of principal strains (s;) around a loose knot are irregular
very much. And strain distribution on the plate with a sound knot, is com-
paratively symmetrical about two axes of the rectangular co-ordinates, but the
symmetry about the abscissa can not be found on the plate with a loose knot.

The conversion of crack densities into principal strains was tried on five lateral
lines of 3cm interval (ref. Fig. 3). The results are shown in Figs. 3~8, in which
length and direction of rods show value and direction of ¢; at that point respective-
ly. These results are summarized as follows :

i) The highest value of e is produced not only just beside the knot but also
at an edge of the specimen.
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ii) In case of a loose knot, ¢; on the lateral line acrossing the knot increases
in the vicinity of the knot, but it does not always take the highest value at the
border of the knot. Moreover, even the highest value of ¢, is not higher than
double of the average value of ¢, of a cross section remoting from the knot, and
this value is considerably lower than that of a simply holed plate in which the
highest value of ¢; is generally six times of the average value. So, it will be
concluded that the border of a loose knot has high elastic modulus.

iii) On the other hand, large strains are not always appeared in the vicinity
of a sound knot. And the deformation of a sound knot itself can not be clarified
here, because the knot itself had broken before the crack pattern was stained.

Now, let us discuss the failure of these knotty specimens. First, because the

. elastic moduli will
Table 2. Mechanical properties of knot-free portion of HINOKI .
used in this paper. vary very much in the

) - vicinity of a knot, we
Tensile strength in fiber direction o 1250-+142 kg/cm?
can not define the

Elastic modulus in fiber direction £ | 8.9-£1.91 x 10¢ kg/cm? stress distribution

from the strain distri-

Shearing ssrength along fiber in radial 8049.2  kg/cm? bution. But, if we can
plane rry, .

take ‘‘the maximum
Modulus of rigidity al fiber in .
radial plane GgRL v aong l 0.554:0.09 X 10! kg/cm? strain theory’’ on the

failure of knotty wood,
U =380 %9/em* the tensile rupture will

? ? f ? T ? T ? ? take place not only in

the wvicinity of knot

24’"'"%1'[6)/@ —\Oo 157 ¢ a but also at the edge
AN @
) g of the specimen, and

the latter may be re-
lated to the width of

2

T o the specimen.
% On the other hand,
v we can observe the
Tar (F/tem?) 0 =7 ‘ . difference between the
0 20 40 > <50 ' direction of ¢, and that
0 02 04 06 48 G5° /80" 165 of fiber, and there
Tre (%) | must be acting some
s $ £ £ l L 4 ; \l shearing force along

Fig. 9. Distribution of shear stress (strain) along fiber rrz(V =z) the fiber. Failure may
on a circumference of 24 mm diameter around a knot (Specimen
No. 4).

Rods are drawn perpendicularly to fiber. because the  shear

take place there
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strength along fiber of wood is not higher than 1/10~1/17" of tensile strength
parallel to the fiber. The strength and elastic constant in the knot-free portion of
HINOKI in this experiment are measured and shown in Table 2.

In Fig. 9, for example, distribution of shear strain on the circumference (dia-
meter : 24 mm) which was drawn around the knot in specimen No. 4 are shown. In
this figure, =0 was assumed and the distribution of the shear stress was calculat-
ed under an assumption that the rigidity modulus is uniform and equal to that of
knot-free portions (Grz=0.5%x10*kg/cm?),

In the right half of the circumference, there distribute large shear strain or
stress (<0) in the range from 80° to 140°, and their maximum value is 0.91% or 50
kg/cm?. This value must be appreciated more highly because & will be, in this
point, smaller than zero, so the fracture by this shear strain (or stress) will take
place before the tensile rupture of specimen will do. This fracture will, however,
not develope upwards through the point of 80°, because there is an inversion of the
sign of shear strain (or stress) at this point. In the left half of the circumference,
the distribution of shear strain (or stress) is roughly similar to that in the right one,
but the sign is opposite.

2. Fracture and Rupture

Tensile stress of a plate with a round knot, can be shown by an average stress

of the specimen as
D . (a)
(P: load, b: width of specimen, /#: thickness of specimen),

or, by an average stress calculated by the reduced cross section of the specimen as

Gk =P/ (D) Prereeeeemeeeeeeeiiiiineiiiiiii e (b)
(¢ : diameter of knot).

If the average tensile strength of knot-free specimen ¢, is known, we may define
the following factors by conversing the noting of ‘‘notch factor”’,

Bm=00/0m

Br=a0/0x

[f the average stress of a specimen at time when the initial fracture takes place

on the specimen, is shown by om: Or gxm by the above two expressions ((a), (b))

respectively, we can indicate one of the relations between fracture and rupture of a

specimen by

L=0x1/0k  OF  Gum/Gumreeeresvnreenesesmonnnineeieeee s, (d)

The values of gmi(ox1), om(or), Bn(Bx) and p obtained in all specimens are shown

in Table 3, Figs. 10, 11 and 12 respectively, and the specimens ruptured are shown
in Photos. 9~17. The results and the discussions are summarized as follows :

_15 J—
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Table 3. Results of failure test of knotty specimens.
Specimen No.! om1(orr) omlok) l Bm(Bx) 2 | &/b
kg/cm? kg/cm?
1 660(760) 760( 880) 1.64(1.42) 87 0.128
3 640(755) 920(1,085) 1.36(1.15) 70 0.150
5 510(625) 715C 870) 1.74(1.43) 72 0.178
7 530(660) 650C 810) 1.92(1.54) 81 0.195
9 510(625) 585( 715) 2.13(1.75) 86 0.182
11 340(420%) 525(  645%) 2.37(1.94%) 65 0.165
13 330(392%) 635(  760*) 1.97(1.64%) 52 0.165
15 360(400%) 6800 755%) | 1.84(1.67*%) 53 0.098
17 410(420%) 775C  795%) - 1.62(1.58%) 52 0.028

* Calculated under an assumption that tensile strength of sound knot itszlf is small enough
to be neglected.
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i) As clearly shown in Fig. 10, the tensile strengths of these knotty plates
_ varies in connection with the layers (specimen No.) or the types of the knots.
The highest strength is found in a layer near the bark (specimen No. 3) and the
lowest one in a transitional layer from sound knot to loose one (specimen No. 11).

—_ 17 —
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Photo. 9. Pith side face of knotty specimen
after failure test (Specimen No. 1).
O-O : Fracture at gm =660 kg/cm?
Maximum stress: ¢,»,=760 kg/cm?2

i
WA

Photo. 11. Pith

side face of knotty specimen
after failure test (Specimen No. 5).
®-O : Fracture at g, =510 kg/cm?
@-©@ : Fracture at omy=620 kg/cm?

Maximum stress: on=715 kg/cm?

Pith side face of knotty specimen
after failure test (Specimen No. 3).
®-® : Fracture at oy, =640 kg/cm?
®-® : Fracture at g,,»=770 kg/cm?
®-® : Fracture at oms=890 kg/cm?

Photo. 10.

Maximum stress: ¢,=920 kg/cm?

Photo. 12. Pith side face of knotty specimen
after failure test (Specimen No. 7).
O-O : Fracture at ony =530 kg/cm?
®-® : Fracture at omy=620 kg/cm?
®-® : Fracture at omys=640 kg/cm?2
Maximum stress: o¢,=650 kg/cm?
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Pith side face of knotty specimen

after failure test (Specimen No. 9).
®O-O : Fracture at om =510 kg/cm?
Maximum stress: ¢»=>585 kg/cm?

5 ey

Photo. 15. Pith side face of knotty specimen
after failure test (Specimen No. 13).
M- : Fracture at g.,; =330 kg/cm2
@-® : Fracture at omz=475 kg/cm?
(®-® : Fracture at omy=>580 kg/cm?2
Maximum stress: ¢,=680 kg/cm2

Photo. 14. Pith side face of knotty specimen
after failure test (Specimen No. 11).
@O~ : Fracture at o, =340 kg/cm?
Maximum stress: o0,=>525 kg/cm?

Photo. 16.
after failure test (Specimen No. 15).
®-Q® : Fracture at on; =360 kg/cm?
®-® : Fracture at omp=620 kg/cm?
Maximum stress: ¢,;,=680 kg/cm?



WOOD RESEARCH NO. 28 (1962)

It can be considered that the more the
layer remotes from the transitional layer,
the higher the strength of the knotty
plate is. These reasons seem to be that thé
sound knot disturves the grain of the sur-
roundings more than the loose knot does.

ii) In Fig. 11, both 8= and &= are larger
than 1. Their maximum value of £»=1.94
and B»=2.37 are found in the transitional
layer (specimen No. 11), and the minimum
values are Brx=1.15 and B»n=1.36 of the
specimen No. 3.

H. WinTErR?® defined experimentally the
““Kerbfactor” oz of the artificially holed
wood plates (where, ax is equal to the re-
ciprocal of gx), and from his results, it is

said that ¢: is influenced by the value ¢/b

i

A

Photo.‘ 17. Pith side face ( of knbtty (¢ : diameter of knot, b : width of specimen),
;p(jC;‘;’;n after failure test (Specimen but in the range of ¢/& as in the present
(- : Fracture at om=410 kg/cm? paper, o is generally about 0.8~0.9 or f«
Maximum stress: o¢»=775 kg/cm? =1.1~1.2. We know, therefore, that the

tensile strength of a plate with a loose knot which is cut out of the layer remot-
ing fairly from the end of the sound knot, can be treated as an simply holed
plate.

iii) Fig. 12 shows that the value z of sound knot plate is smaller than that
of loose knot plate. And the initial fractures of loose knot plates were localized
in the left or right lower portion of the knots as shown in Photos. 9~13, but those
of sound knot plates took place across the knot (Photos. 14 and 16) or around the
knot (Photos. 15 and 17).

iv) Rupture did not always pass through the local fractures (Photos. 10, 14,
15 and 16), in other words, shear stress in the surroundings of the knot seems
not to relate directly to the rupture.

v) In loose knot plates, rupture did not pass through the knot except No. 7
specimen (Photo. 12), even in which the rupture did not develope through the
maximum stress portions of the knot border but a slip took place at the upper
and lower side of the border. From these facts and the distribution of strain
shown before, it is concluded that the border of a loose knot has higher elasticity

and higher strength than the other portions, namely, it is said that the loose knot
is reinforced by the border
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T. Mor1® carried out many experiments on the tensile strength of knotty wood,
and reported that the tensile strength of knotty wood can be calculated approximate-
ly by the following formula :

Gm= o (L= /D) wrrrmreeennseii (1)
oo . tensile strength of knot-free specimen
¢ : diameter of knot )
b . width of specimen 102 ' 0./ 02

This formula means nothing but \;
that the strength of every knot itself : B S AN

can be considered as zero, and that 3, N

of the surroundings of a knot can 0.8 : ~o

be considered to equal to that of &3 ~i

knot-free plates. G |

The application of formula (1)

was tried on the results obtained in 6% 3 -5

the present paper. But, as shown in '* 5 “ 0

Fig. 13, the experimental results

remote far from formula (1) and,

therefore, the application is hopeless
on such a thin plate, and it will be é) Iﬁq,xufl,(ré fook place (n a portion
remuting from the knot.

suggested that formula (1) must be Wamberss sher speimen Mo..

applied within some range of thick- Fig. 13. Relation bztween om/cy and ¢/b of knotty

ness of materials. specimen in comparison with eq. (1).
Summary

Tensile load was applied to the knotty plates shown in Fig. 1 and the strain dis-
tribution was determined by means of brittle coating method, and the fracture and
the rupture were observed. The results and discussion are summerized as follows :
1) Strain distribution

The crack pattern of coating (Photos. 2~7) differs considerably from that of a
simply holed plate (Photo. 8). Distribution of principal strains around a knot are
very irregular (Figs. 3~8, Photos. 2~7) and there is some large shear strain along
fiber (Fig. 9). The maximum value of the tensile strain does not always appear
around a knot (Figs. 5, 6, 8), and the strain concentration near a knot is not higher
than double of the average strain (Figs. 3~8).

2) Fracture and rupture

The tensile strength of the transitional layer from sound knot to loose knot, is

the lowest (Fig. 10) and that of the layer near bark is the highest and similar to
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that of simply holed plates. The loose knot can be considered to be reinforced by
the border. Mori’s experimental formula (1) was examined and it was concluded
that the formula could not be applied to such a thin plate (Fig. 13).
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4. FHOF L OFIETZCTAOH MR, &M TEELLIE ko (Photos. 2~5,

Figs. 3~6), c D& 7= b Crkfiftic t > R &AM nE L w5 (Fig. 9),

5. BIETOFAORAMEIELTLLHOR ICES 5 L RIRLS, REOREI Lo TR

BrE-omimic 5ok 55 (Figs. 5, 6, 8,

6. FORLBHEIOBBETS 5 WEEEHL X0 MBICRERIERE L T\\50, T ORI AER

SO A B DN 2 EREET L2 (Figs. 3~8),

— D 7 A P ORI oOwT—

RITDEE b BEx% h, HOERY ¢, RUOWENE Uit SOmBEL P, Bl cs
FOMEY P, KHH OHMI % a0 &L,

om=P/bh, o=P/(b—¢)h,
om =P1/bh,  oni=P1/(b—¢)h,
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Bm=ad0/Pm, Br=00/0%,
=gk /o8 =0m/om
TEbLT L
1. i OBE (om ov) BEEOALTHL2EEL, AN LRE~ABTT2BTE o
& bK< o5 (Fig. 10),
2. B OfEE Bmy Br DWW ISHICOWTE T XOKREL, FOERBIEOE L DETII AL
L2 ST eEEY L BED WA, OB TciIEL < k& (Fig. 11),
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RIEET L QIEFA DTN T RCE~x S EF L WEE 2 b S (Fig. 12).
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KEWEZEZDR, COWHrEIRL ¥ TdH %5 (Photos. 2~5, Figs. 3~6),
6. AP OFEHMOMECE T "EELH GRODHPKRERO X5 RERCHFEMAT & 50
S RE U SRREENT, RORESORHBRLLEL T30 ELLLS,
BB RERIC KWL TR 2BIU=TREA 2« RIEHB RS OEYHT 2



