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Table 1. Basic properties of test materials

RW Yu u LA T MOE
(mm) (%) (kg/cm*)  (kg/cm?) (t/em?)
Spruce Avg. 1.6 0.41 14.3 288 57 85
Min. 0.9 0.38 12.4 245 53 67
Max. 3.0 0.43 15.5 332 67 107
Hemlock Avg. 3.2 0.47 15.2 399 74 122
Min., 1.0 0.43 14.2 323 54 82
Max. 8.4 0.54 15.8 483 93 152
Douglas-fir Avg. 4.6 0.51 15.3 401 88 120
Min. 2.9 0.44 13.9 341 71 98
Max. 6.6 0.55 17.0 448 104 140

RW : Average annual ring width; 7,: Specific gravity ;
% : Moisture content; o.: Compressive strength ;
7 : Block shear strength; MOE : Modulus of elasticity.
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Fig. 1. Specimen geometries and testing methods. Where d=8, 12, 16 and 20 mm.
(a) Loads parallel to the grain.
(b) Loads perpendicular to the grain.



970 FEEXFERFNHERTRESE H446%E F45

Table 2. Effects of cyclic load level and repetition of cycle on the elastic bearing
constant k,. with loads perpendicular to the grain

Cyclic load level (kg

Repeat time
200 250 300 350 400 450
1 3.09 3.43 3.70 3.56 3.29 3.13
2 3.25 3.56 3.53 3.56 3.50 3.22
3 - 3.63 3.56 3.50 3.31 3.31
Avg. 3.17 3.54 3.60 3.54 3.37 3.32
Bolt diameter d=16 mm (Unit : t/cm®)

Table 3. Effect of cyclic load level on the elastic bearing constant k. with loads
parallel to the grain

Cyclic load level (kg

600 700 800 900 1000 1100 1200 1300
10.5 10.8 11.2 11.4 11.6 11.5 11.5 11.2
Bolt diameter d=16 mm (Unit: t/cm?®)

Table 4. Cyclic load level

Bolt diameter (rm) 8 12 16 20
Loads parallel to the grain 240 500 1000 1500
o0 (900)*
Loads perpendicular to the grain 100 200 300 400
* For spruce specimens. (Unit: kg)
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Fig. 2. Interpretation and analysis of test data.
(a) Original test result.
(b) Reexpression of initial large embedment.
(c) Relationship between bearing-stress and elastic embedment.
(d) Relationship between bearing-stress and non-elastic embedment.
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Fig. 3. Modified form of basic curve given by Fig. 4. The experimental curve given by
Eq. (6). Eq. (7), which was applied to the
test results.
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Table 5. Test results and the constants for curve fitting

d Com koe Fons 14 a €;

(mm)  (kg/cm®) (t/cm?®) (t/cm®) (mm
Loads parallel to the grain
Spruce 8 264 11.15 52.32 1.06 4.7 0.055
(r=0.41) 12 276 9.12 31.54 1.06 4.6 0.094
16 270 10.25 31.39 1.05 6.0 0.105
20 250 9.60 49.44 1.03 7.7 0.099
Avg. 265 — 41.17 1.05 5.8 0.088
Hemlock 8 340 13.35 37.06 1.05 3.2 0.069
(r=0.47 12 320 11.40 53.78 1.04 2.7 0.090
16 313 10.32 38.10 1.05 4.3 0.076
20 333 10.02 29.61 1.03 4.2 0.057
Avg. 327 — 39.64 1.04 3.6 0.073
Douglas-fir 8 378 13.08 42.85 1.08 3.9 0.051
(7=0.51) 12 359 11.04 46.26 1.04 4.5 0.081
16 357 11.17 33.30 1.03 4.9 0.080
20 356 10.98 60.95 1.02 2.4 0.059
Avg. 363 - 45.84 1.04 3.9 0.068
Loads perpendicular to the grain

Spruce 8 125 4.25 21.39 1.12 4.1 0.055
(r=0.41) 12 109 3.80 11.03 1.10 4.6 0.070
16 103 3.70 20.99 1.12 3.8 0.098
20 90 3.02 22.01 1.15 3.4 0.057
Avg. — — 18.86 1.12 4.0 0.070
Hemlock 8 144 6.12 20.32 1.19 2.8 0.055
(17=0.4D 12 113 4.09 24.43 1.15 2.4 0.027
16 111 3.69 11.59 1.18 3.5 0.079
20 98 3.16 25.06 1.17 1.7 0.079
Avg. — — 20.35 1.17 2.6 0.060
Douglas-fir 8 149 7.26 17.82 1.20 3.6 0.040
(r=0.51) 12 133 5.91 24.13 1.17 3.3 0.069
16 116 4.28 19.28 1.18 2.8 0.058
20 107 3.65 17.87 1.20 2.5 0.071
Avg. — — 19.78 1.19 3.1 0.058

d : Bolt diameter;

0»m . Maximum bearing-stress; k,.: Elastic bearing constant ;
kons - Initial tangent of non-elastic stress-embedment curve;

y: The constant given by y=dvo/ 0om ;

a: The constant defined in Eq. (6); and ¢;: Initial embedment.
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Fig. 5. Non-elastic stress-embedment curve for Fig. 6. Non-elastic stress-embedment curve for

a Hemlock specimen with a 12 mm bolt a Hemlock specimen with a 12 mm bolt
for loads parallel to the grain. Where, for loads perpendicular to the grain.
koni=45.7t/cm®, y=1.06 and a=34. Where, k.:=15.7t/cm?, y=111 and a=

3.6.
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Fig. 7. Size effect of bolt hole diameter on maximum bear-

ing-stress, which was observed only when the load

was applied perpendicular to the grain. Where, d,

denotes bolt hole diameter.

O: Spruce; A: Hemilock; <: Douglas-fir.

Plastic area p
Crack @ Crack Plastic
P area

Grain Grain
(a) (b)

Fig. 8. Difference in formation of plastic area between the
load directions.
(a) For Loads parallel to the grain.
(b) For Loads perpendicular to the grain.
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Fig. 9. Correlation between specific gravity and maximum
bearing-stress when loads are applied parallel to the
grain. The broken line shows the 95 % content
lower limit line at the 75 % confidence level.
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Fig.10. Correlation between specific gravity and maximum
bearing-stress when loads are applied perpendicular
to the grain. Each plot shows the modified value
calculated assuming d,=1cm.
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Fig.11. Effect of bolt diameter on elastic bearing constant
when loads are applied parallel to the grain.
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Fig.12. Effect of bolt diameter on elastic bearing constant
when loads are applied perpendicular to the grain.
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Fig.13. Correlation between specific gravity and elastic bear-
ing constant when loads are applied parallel to the
grain. Each plot shows the modified value calcu-
lated assuming d=1cm.
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Fig.14. Correlation between specific gravity and elastic bear-
ing constant when loads are applied perpendicular
to the grain. Each plot shows the modified value
calculated assuming d=1cm.
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Fig.15. Initial tangent of non-elastic strenn-embedment
curve.
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1.16, 3.2 &/ 5,

3.2,5 MBS V) AHEAL ¢;
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L5 BT RIND OB BBIMECEBE RN L W EPKED LR TWBH, THIZAEA D
BB YAATHTLAZORAOYHER X OERZI 24D EBbh 39, RAEOEBICL Y,
SHEHAV: 3BEOR TR HEIEK D  HNBt B EOHEWG R 7 A — R OFHID
D RALZEMIMB E HARPRKED LIS T B, ZOERTEHEAREANV I RLEDOED 2 Y
7I3VAR—RI20.5mm & L, D DAZBEMOKEXIRIDZ V75 v ADKN
RPEDOFN PEEHTHIHREEENDZ ENFRENE, 22T, ZhboBrowTH
WEmzxsicd, FEREELAL M RECEEBLCAR5 L Table6 DX 5icitd, WE, £a
FEEALOBMEECERL T, A rRAdmm, £AEN d,= (d+c) mm OEERE
FEEB - Temm ODYRALZBEMAEULRBYELB L Fig 16 DX 5icih, KA btk
ALEDEMEDOKE ZXRTAE a« 3RDI I CELBRB,

IEECoREoN

5+
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a=2[7r—cos‘

Table 6 WiREh 3 a/n DERZTAERERIET S ¢; DEXOORCRALTRDLIDOTH
5, CDa/x DIERAN EEANLE (FHADES) THELIEEX 1 Ekbhnb, Ao kpt
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BELTLES &, ZThUEEMERAEL TLD D ALKERE 2 5B 12 o2,
Table 6 DEFE IRV PER L > TEDRR- TV, 2 LTRRE a/z 03D 5 —

Table 6. Initial embedment and the contacted

(d+c)g area between bolt and predrilled bolt
d+c i hole
¢ % Cie Loads parallel Loads perpendicular
'ﬂ 2 to the grain to the grain
“ o 0 d e; a/n e aln
Nt~ 2 (mm) (mm) (mm)

) 2 8 0.058 0.41 0.050 0.39
- ' ®) 12 0.088 0.48 0.055 0.40

16 0.087 0.48 0.078 0.46
Fig.16. Contacted area between the bolt and 20 0.072 0.44 0.069 0.43
the wood. Avg. 0.076  0.45 0.063 0.42

a : see Fig. 16.
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Summary

Bolt-wood bearing tests were conducted to provide basic data for the numerical analysis of the
lateral resistance of bolted wood-joints. Three commercial softwood species, Spruce (low den-
sity), Hemlock (medium density) and Douglas-fir ¢high density), which are typically employed
for structural use, were selected for this study. The basic properties of these test materials are
shown in Table 1. The testing methods adopted for this study were double-shear type bolt-wood
bearing tests as shown in Figs. 1.(a) for loads parallel to the grain and (b) for loads perpendicu-
lar to the grain, by which the maximum load bearing capacity could be determined accurately. In
these testing methods, the bolt (steel test pin) length was sufficiently short to avoid the evident
effect of the bending deformation of the bolt; 7. e., the analysis of bearing-stress distribution
along the bolt, based on the theory of a beam on an elastic foundation, suggested that the
difference between the actual maximum bearing-stress and the nominal bearing-stress is less than
1 percent for the case of the specimens used in this study. The bolt diameters tested were 8, 12,
16 and 20mm. A cyclic load was applied in each test to obtain the elastic stress-embedment
relationship. The cyclic load levels are listed in Table 4, and they were determined by the results
of preliminary tests which are shown in Tables 2 and 3.

Test results were interpreted and analized as shown in Fig. 2. The original bearing stress-
embedment curve, (a), was modified resulting in (b), which was considered to be composed of
elastic deformation (c¢) and non-elastic deformation (d). Total embedment e, therefore, is
expressed in Eq. (1), whére, ¢, is elastic embedment and e, is non-elastic embedment.

A mathematical mode! was applied to the non-elastic stress-embedment relationship shown in
Fig.2. (d). The basic expression adopted was the exponential function given by Eq. (2). The
function was transformed into Eq. (4), where ¢,, is the assumed maximum value to which the
bearing-stress o, converges, and k., is the initial tangent of the non-elastic stress-embedment
curve. Eq. (4) was retransformed into Eq. (5), where o,, is the actual maximum bearing-
stress obtained from the tests, and the constant y (>1) gives the ratio of &5, to 05». In addition,
the initial tangent &,, in Eq. (5) was assumed to be the function of bearing-stress as expressed by
Eq. (6), with which the curve form was modified to fit to the experimental data, where k,,,; is the
initial value of k,, and ¢ is the constant which affects the curve form. An example of the modified
curve form is shown in Fig. 3 together with the original one. Substituting Eq. (6) into Eq. (5),
non-elastic embedment is expressed in Eq. (7). The stress-embedment relationship formulated
by Eq. (7) is generalized in Fig. 4. The relationship between bearing- stress and total embed-
ment given by Eq. (1) finally results in Eq. (8.

Test results and obtained experimental constants are listed in Table5, and examples of
experimental curves are shown in Fig.5 for loads parallel to the grain and in Fig.6 for loads
perpendicular to the grain. As can be seen in Table 5, some interesting and practically important
results were obtained as are summarized below.

(1) An evident size effect of bolt hole diameter dj, on the maximum bearing-stress ¢,» was
observed when the specimens were loaded perpendicular to the grain as shown in Table 5 and Fig.
7. No conclusive interpretation could be given in this study for this test result, although it seemd
to be similar to the size effect suggested by the fracture mechanics. The formation of the plastic
area when the specimen is subjected to loads perpendicular to the grain, as shown in Fig. 8, may
indicate the brittle fracture for this load direction.
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(2) As indicated in previous studies, bolt diameter was observed to have an effect on the
elastic bearing constant k,. for both load directions as shown in Table5, Fig. 11 and Fig. 12,
which could be understood in terms of the similarlity of stress distribution with the variation of
effective compression length (effective foundation depth).

(3) A comparatively good correlation was observed between the specific gravity of the
materials and the maximum bearing-stress, as shown in Fig.9 (for loads parallel to the grain)
and Fig. 10 (for loads perpendicular to the grain) where the broken lines show the lower limit
lines of the 959% content at the 75% confidence level. It was also observed between the specific
gravity and the elastic bearing constant, as shown in Fig. 13 (for loads parallel to the grain) and
Fig. 14 (for loads perpendicular to the grain), where the broken lines show the lower limit lines
of average values at the 959 confidence level.

(4) Neither evident effects of bolt diameter nor specific gravity of the materials were
observed on the initial tangent k&,,; of the non-elastic stress-embedment curve as shown in Fig. 15.

(5) The constant y was larger in the case of loads perpendicular to the grain than in the case
of loads parallel to the grain, and the constant ¢ was larger in the case of loads parallel to the
grain than in the case of loads perpendicular to the grain. These results indicate the characteristic
bolt-wood bearing behavior for each load direction.

(6) The effects of bolt diameter d and bolt hole clearance ¢ on the initial embedment ¢; were
examined by considering the actual contacted area between the bolt and the wood. The contacted
area can be expressed using angle @, shown in Fig. 16, which is given by Eq. (9). Substituting
the observed values of initial embedment e; into Eq. (9), angles « were obtained as shown in
Table 6. The upper limit average value of angle a at the 95% confidence level was 0.47x for
loads parallel to the grain, and 0.44x for loads perpendicular to the grain. The initial embedment
¢; for an arbitrary combination of bolt diameter and bolt hole clearance can be predicted by
substituting these values into Eq. (10).

From these results, the experimental equations (8) (or(8)’), (11) and (12) were obtained.
The constants adjusted for intermediate loading directions can be calculated by the Hankinson’s
formula as expressed in Eq. (13).



