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ULTIMATE STRENGTH DESIGN OF AXIALLY LOADED AYIN (Anogeissus leiocarpus)
TIMBER COLUMNS

A.A. Jimoh
Department of Civil Engineering, University of Ilorin, Ilorin, Nigeria

1. INTRODUCTION

Ayin (Anogeissus leiocarpus) belongs
to the angiosperms group of trees and grows to
height of about 28 m in most parts of the sava-
nna areas from Senegal to Sudan and Ethiopia.
The stem has slash yellow and darker streaks
that exude brown gum. The wood is grayish
outside, dark brown at the heart and is very
hard [1].

Ayin timber that is used locally for
construction of roof rafters, struts and columns
in building. Air-dried Ayin is very strong, re-
sists attack of borers and termites, is readily
available and cheap, and therefore has potent-
ial as an indigenous construction material.
However, literature survey shows insufficient
documentation of the mechanical properties of
Ayin timber; in particular, the stress-strain
relation under compression parallel to grain, as
presented in the paper.

2. MECHANICAL PROPERTIES

The stress-strain relation of wood mat-
erial in compression can be used to derive a
continuous column formula [2]. Such equati-
on is simpler and rational than the convention-
al design equation, where a column is assigned
a series of design equations based on categori-
zation into short, intermediate and slender as
contained in many codes of practice. For exa-
mple, Bodig and Benjamin [3], gave the slen-
derness ratio for short column as L/d < 11, wh-
ere L is the effective length and d is the least
width of the column.

When the column is categorized as sh-
ort, the optimum or allowable compression
stress (0o ) is given by the expression,

ABSTRACT
A procedure for designing axially loaded Ayin (dnogeissus leiocarpus) wood column or strut has bees
investigated. Instead of the usual categorization of columns into short, intermediate and slender according to the
value of slenderness ratio, a continuous column formula representing the three categories was derived. To apply
the formula, experiments were carried out on direct axial compressive strength testing of Ayin specimens to obi-
ain stress and strain data. The compression loading equations and the Euler-Engesser stress formula were used
to determine the values of critical stress and corresponding slenderness ratio. From the results, an equation was
derived to establish agreement between the theoretical stress values and experimental stress data.

O'0=7 (1)

where P is optimum or allowable compressi-
ve load and A is cross-sectional area.

In the intermediate range, where 11 <
L/d <K, the ultimate stress which can be sust-
ained (oy’) is given as [3],

' 1LY
oy, =0y 1~§[ﬁ) 2)

where K = % (EZO'U) p

For a slender column, the Euler equa-

oc=7"— 3)

is applicable, where o is applied stress, E is
elastic modulus and I is the moment of inertia.

Equations (1), (2) and (3) may not be
easily applicable due to complexity of the
relationships. Instead of categorizing the desi-
gn equations according to slenderness ratio, a
single continuous column formula is consider-
ed to be appropriate [2].

2.1. Slenderness Ratio

The slenderness ratio can be presented
in two forms; the Bodig and Benjamin expres-
sion of L/d [3] and the Mazur expression of
L/r [2], where 1 is the radius of gyration. The
first expression is reported as a false slender-
ness ratio, while the second expression is
regarded as the true slenderness ratio and will
be used in the presentation.
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The stem has slash yellow and darker streaks
that exude brown gum. The wood is grayish
outside, dark brown at the heart and is very
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Ayin timber that is used locally for
construction of roof rafters, struts and columns
in building. Air-dried Ayin is very strong, re-
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ial as an indigenous construction material,
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on is simpler and rational than the convention-
al design equation, where a column is assigned
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contained in many codes of practice. For exa-
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stress (6o ) is given by the expression,

where P is optimum or allowable compressi-
ve load and A is cross-sectional area.

In the intermediate range, where 11
L/d <K, the ultimate stress which can be sust-
ained (o) is given as [31,

' 1Y
oy =0'Ul-§—

where K =7/ l[%%) ‘

For a slender column, the Euler equa-
tion [4],

)

3)

is applicable, where o is applied stress, E is
elastic modulus and I is the moment of inertia.

Equations (1), (2) and (3) may not be
easily applicable due to complexity of the
relationships. Instead of categorizing the desi-
gn equations according to slenderness ratio, a
single continuous column formula is consider-
ed to be appropriate [2].

2.1. Slenderness Ratio

The slenderness ratio can be presented
in two forms; the Bodig and Benjamin expres-
sion of L/d [3] and the Mazur expression of
L/r [2], where 1 is the radius of gyration. The
first expression is reported as a false slender-
ness ratio, while the second expression is
regarded as the true slenderness ratio and will
be used in the presentation.
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pression parallel to grain. Air-dried Ayin timb-
ers were obtained from a market in Ilorin
(Nigeria). The specimens were cut and shaped
to the ASTM specifications [5] for the tests as
shown in Fig. 1, and tested to fracture under
ambient conditions. A 50 kN capacity univer-
sal testing machine with computer interfaced
for data acquisition and analysis was used.
The specimen dimensions and gauge lengths
were input to the computer to obtain the output
data and stress-strain curves.

The load (P) was applied on each spe-
cimen via electronic means from zero to the
time of specimen failure. At the end of the
tests, data on peak load, change in length, stre-
ss strain curve were obtained, in addition to
compressive, tensile and flexural strengths as
presented in Table 1.

3.2. Ambient test conditions

The relative humidity during the per-
iod of the tests ranged from 24 to 39 %, with
an average value of 30 %. The mean temp-
erature was 27 ° C.

At the end of the test, the moisture
content (MC) of the specimens was determine-
ed. The specimens were first weighed (W)
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Table 1. Summary data of compressive, tensile and flexural strengths of Ayin specimens

Test Mode Maximum | Minimum Average + standard Characteristic strength
Strength Strength deviation at 95 % confidence
(N/mm?) (N/mm?) (N/mm?) level (N/mm?)

Compressive 62.55 44.70 54.35+533 45.53

Tensile 180.00 50.55 128 +£36 64.27

Flexural (Modulus 204.22 78.68 149.83 +35.90 89.52

of Rupture)

And then kept in oven at temperature of 105 °
C for 24 h, removed and reweighed (W,).
Using the equation for moisture content on dry
basis, MC = (W, — W1)/W5) x 100 %, values
ranging from 7 to 14 % were obtained with a
mean value of 10 %. Nigeria Standard Code
of Practice [6], stipulates that wood of moist-
ure content above 18 % be considered green,
but in dry condition if below. The Ayin spe-
cimens were classified to be in dry condition.

4. RESULTS
4.1. Mechanical Properties

Table 1 gives summary data of comp-
ressive, tensile and flexural strengths of Ayin

specimens.
70
60
£ 50
| Z 40
| L 30
£ 20
]
2 g
0 . —;
0 0.02 0.04
Strain (g)
E Fig. 2. Typical compressive stress-strain curve for

Ayin and represented by eqn (6).

4.1. Stress-Strain Equation

Experimental stress-strain data and cu-
rves were analysed to obtain the average valu-
es of strength and strain to establish the stress-
strain relationships. Polynomial stress-strain
equation of order 3 with least squared error, R?
= 0.9974, was used as the best fit. A typical
theoretical stress-strain equation derived for
compression was

o =3.0010°6* +1.0110°* + 1181 0°¢ (6)

For all the 50 specimens tested, the ul
timate axial compressive stresses ranged from
44.70 to 62.55 N/mm’ with an average o
54.35 N/mm®. The compressive strain ranged
from 0.040 to 0.052. A typical stress-strain
curve is shown in Fig. 2.

5. DERIVATION OF CONTINUOUS

COLUMN EQUATION

5.1. Values for Stress and Slenderness ratio
Defining the tangential modulus (E)

as the first derivative of stress with respect to

strain, and applying eqn. (6),

E,:%=—9.00x10652+2.02£+1.18 7

Experimental values of strain () from
zero to a threshold value of 0.027 were subst-
ituted in eqns. (6) and (7) to obtain correspon-
ding theoretical values of stress (o) and tang-
ential modulus (E,), which were then substitu-
ted in eqn. (5) to compute values of slender-
ness ratio as shown in Table 2. With increa-
sing applied stress, the slenderness ratio was
found to decrease. The limit for optimum
critical stress was 47.7 N/mm? where the value
of slenderness ratio was 7, and the strain was
0.027.

The stress versus slenderness ratio plot
using data from Table 2 is shown in Fig. 3,
and illustrates an initial optimum region with
a critical stress of 47.7 N/mm? The limit of
stress occurs when slenderness ratio is 7, but
beyond the value 7, the graph has negative
gradient. '

5.2. Equation of Fit for Stress — Slenderness
Ratio

To obtain appropriate equation for the
design of Ayin column, regression analysis
was carried out on the data for stress and
slenderness ratio, and the results are shown in
Table 2. From the regression analysis, the
relationship between stress and slenderness
ratio was obtained as,
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Table 2. Analysis of stress-strain relationship and the fit for stress-slenderness ratio for Ayin column

strength* Strain Actual stress E, L/r Fit of Ratio of Actual stress
ezence Eqn. (6) Eqn. (7) Eqn. (5) Eqn. (8) to fit value
! 0.0035 5.24854575 1780.519 57.89 14.715603 0.356665351
0.0040 6.155872 1848.036 54.45 12.503955 0.492313976
0.0045 7.09583175 1911.053 51.58 11.79227 0.60173588
0.0055 9.06465175 2023.587 46.958046 12.526329 0.723647931
0.0061 10.29679207  2082.4674  44.695395 13.608168 0.756662645
the ul- 0.0081 14.62319487  2231.9354  38.827937 18.139709 0.80614277
ed from 0.0113 21.95756223  2321.3242 32314726  25.143222 0.873299467
cerage of - o o o o e e o o e mm e e e
in ranged Limit for slenderness ratio (L/r < 30) for better result
s-strain 0.013 25.887823 2293.842 29.584118  28.391908 0.911802874
0.015 30.388575 . 2194.91 26.710243  31.854326 0.953985823
0.0173 3522191943 1992.1282  23.636152  35.480149 0.992721853
PUS 0.018 36.588708 1911.512 22.716406  36.529156 1.001630261
: 0.019 38.436487 1781.046 21.39392 37.995981 1.011593502
ratio 0.020 40.1448 1632.58 20.042285  39.434132 1.018021657
lus (E,) 0.0215 42.40639575 1376.131 17.903537 41.55504 1.020487436
pect to 0.0225 43.68729375 1182.665 16.352266  42.951631 1.017127694
l 0.023 44.252943 1079.182 15520328  43.644348 1.013944408
‘ 0.024 45.223392 858.716 13.695183  45.010112 1.004738496
G 0.025 45.964375 62025 11545091  46.314829 0.992433214
- (2) from 0.026 46.457892 363.784 8.7946121  47.431613 0.979471047
subst- 0.0265 46.60622575 228.801 6.963565 47.786187 0.975307492
espon- 0.027 46.685943 89.318 43471144  47.686396 0.979020162
' d tang- 0.0271 46.69345447 60.8814 3.5887149  47.513422 0.982742408
substitu- 0.0272 46.69811328 32.2648 2.6123987  47.189532 0.989586282
F slender- 0.0273 © 46.69990143 3.4682 0.856483 46.306905 1.008486772
: increa- 0.02731 46.69992167 0.57864 0.3498411 45.977561 1.015711155
io was 0.027312 46.69992224 0.000512 0.0104064  45.737604 1.021039982
optimum i 2
the value 0 with R® = 0.9964. The stress values from
Fﬁn was 1 experimental stress-strain formula (eqn. (6))
0 and the theoretical stress values from the
io plot 20 fequation of fit (eqn. 8) are shown respectively
Fig. 3, in columns (II) and (V) in Table 2, and the
ith 30 values agree when L/r < 30.
limit of 20
7, but F 5. VERIFICATION OF DESIGN
segative 10 EQUATION ) '
Compression tests were carried out for
0 g verification of the design eqn. (8) using 30
s 0 50 specimens of slenderness ratio ranging from
Slenderness ratio (L/r) 13 to 29. A universal testing machine of 600
B e kN capacity was used. The results are shown
f alysis = 3 Stress-slenderness ration curve for Ayin and in Table 3, indicating the ratio of theoretical
e =4 10 eqn. (8) stress obtained using eqn. (8) to experimental
e stress ranged between 83 % to 111 %, with an
is, the = =8.00x10"(L/7)’ - 6.82x102 (L/r)? average value of 99 % Equation. (8) can the-
icss ‘73L 5 refgre be used to estimate the stress values of
x10™ +45.73 ® Ayim ¢ columns.
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Table 3. Experimental verification of design equation for Ayin columns

Width Depth Length Ultimate Ultimate
b d L Load Stress
(mm)  (mm)  (mm) (KN (N/mmd)*

Group 1
50 50 200 120 48
50 50 200 118 472
50 50 200 125 50
50 50 200 112 44.8
50 50 200 108 432
50 50 200 118 47.2
50 50 200 122 48.8
50 4 50 200 110 44
50 50 200 125 50
50 50 200 105 42

Group 2
50 50 350 95 38
50 50 350 105 42
50 50 350 92 36.8
50 50 350 88 352
50 50 350 90 36
50 50 350 90 36
50 50 350 75 30
50 50 350 95 38
50 50 350 100 40
50 50 350 85 34

Group 3
50 50 420 80 32
50 50 420 75 30
50 50 420 85 34
50 50 420 65 26
50 50 420 62 27
50 50 420 65 26
50 50 420 65 26
50 50 420 64 25.6
50 50 420 58 28
50 50 420 65 26

Radius of
gyration

Note:  * experimental values;  ** theoretical values

6. DISCUSSION

A design eqn. (8) has been developed
for air-dry Ayin wood with average moisture
content ranging from 7 to 14 %. Usually for
design of wood structures, the maximum slen-
derness ratio recommended is 30 [3], which
will assign a design stress of 28 N/mm? for
Ayin columns.

The stress-slenderness ratio curve for
Ayin is identical to that of other wood species
[31, because for wood the limit of slenderness

33

r (mm)

14.43
14.43
14.43
14.43
14.43
14.43
14.43

14.43

14.43
14.43

14.43
14.43
14.43
14.43
1443
14.43
14.43
14.43
14.43
14.43

14.43
14.43
14.43
14.43
14.43
14.43
14.43
14.43
14.43
14.43

Lir

13.86
13.86
13.86
13.86
13.86
13.86
13.86

13.86

13.86
13.86

24.25
2425
24.25
24.25
2425
24.25
2425
24.25
2425
24.25

29.10
29.10
29.10
29.10
29.10
29.10
29.10
29.10
29.10
29.10

Ultimate
stress
(N/mm?)**

44.90
44.90
44.90
44.90
44.90
44.90
44.90

44.90

44.90
44.90

34.77
34.77
34.77
34.77
34.77
34.77
34.77
34.77
34.77
34.77

28.98
28.98
28.98
28.98
28.98
28.98
28.98
28.98
28.98
28.98

Ratio theoretical/
Experimental
Values

0.94
0.95
0.90
1.00
1.04
0.95
0.92

1.02

0.90
1.07

0.92
0.83
0.94
0.99
0.97
0.97
1.16
0.92
0.87
1.02

0.91
0.97
0.85
1.11
1.07
.11
1.11
1.13
1.03
1.11

ratio (L/r) for short column is 11, but in the
study, a value of 7 was obtained which falls
within the short range category. To ensure
accurate result from application of eqn (8), the
maximum slenderness ratio should not exceed
30 based on the data shown in column IV of

Table 2.

7. CONCLUSIONS
The stress-slenderness ratio curve obt-
ained for Ayin wood is identical to that for
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