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ULTIMATE STRENGTH DESIGN OF AXIALLY LOADED OPEPE

( Nauclea diderrichii) TIMBER COLUMN

A..A.Jimoh,

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

ABSTRACT

A design procedure for axially loaded Opepe timber (botanical name : Nauclea
diderrichii), as a column or strut, is presented. Instead of the usual categorization of columns
into short. intermediate and slender 2ccording to the value of slenderness ratio, a continuous
column formula to cover the three categories was derived. To derive the model , an
experimental program was carried out on direct axial compressive strength test on Opepe
specimens , to obtain stress and strain data. The data were subsequently analyzed to derive
the Opepe typical stress-strain equation in compression . This equation and the Euler —
Engesser stress formula were used to obtain values of critical stress and corresponding
slenderness ratios. From these results, a curve and an equation of fit were prepared On
verification , the model produced theoretical resu!ts that agreed with experimental data.

KEY WORDS : :column effective height, slenderness ratio, critical stress , tangential

modulus , radius of gyration

1.0 INTRODUCTI®ON

The material of interest in this report is
Opepe wood material Opepe is a tree widely
distributed in Guinea, Liberia, Ivory Coast,
Ghana, Nigeria, and Cameroon. It is locally
called (in Nigeria) Obiakhe-(Bini), Uburu-
(Ibo), Awesu(Itsekiri), Opepe(Yoruba) and in
other countries it is called Badi (Ivory Coast) ,
Bilinga (Cameroons) and Kusia, Kusiaba
(Ghana). Its botanical name is  Nauclea
diderrichii and belongs to the family of
rubiaceae..Opepe is commonly found in high
forest of Nigeria. Its sliced stem is used for
piling, wharf decking, groynes, waggon floors,
exterior joinery and flooring.[1] Some of these
structural uses are composed of columns or
struts structural elements for which the theory
developed in this study can be applied

Opepe has a density of 800 kg/m’ |
considered very durable and has moderate
resistance to impregnation. Its shrinkage and
movement values are regarded as small. The
mechanical strength of Opepe is grouped with
other timbers (Afromosia, Celtis.Ekki.Esia. and
Okan,) in timber strength group N, [2] . In this
group ., the strength in compression is 28.0
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N/mm” at moisture content of 18% or less (dry
basic stresses) . However , no information is
reported on equation relating the stress and
strain values of Opepe under compression
parallel to grain,

The equation relating the stress and
strain in compression of wood material is usable
in deriving a continuous column- formula. [3].
This formula is simpler and rational than the
conventional design information on wood.
where a column is categorized into short.
intermediate and slender as given in a reference
[4]. 1t has also been reported that the division
of the slenderness ratio into short, intermediate,
and slender categories with subsequent analysis
is quite involved and may not be necessary.
Instead of categorization into these ranges, a
continuous column formula is appropriate. [3]

The formulation of the continuous column
formula for the Opepe timber strut or column
involved  the application of the Euler’s
equation which is an equation already
established for struts or columns of elastic
material . But for Opepe wood that is an
inclastic material, Euler’s equation can be
applied only when the modulus of elasticity E
in the equation is replaced by tangential

Volume 2 (2) December 2002.
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s-E, , [5] to become an equation called
— Engesser stress formula. . Then using
ess formula and the typical stress — strain
son in compression of the Opepe material,
critical stress and the corresponding
=rmess ratio can be obtained. Therefore a
of function to relate these two parameters
then be formulated. This aspect is being
med for an Opepe column

THEORETICAL ANALYSIS

intention here is to obtain a general
=ssion relating the compressive stresses and
erness ratios for a column made of
stic material . Euler’s critical load for a

of elastic material is given as [4]:
2

x
E 71 1
3 M

the critical stress is :

g

——F 2
= (L /Ry @

ere L is the effective height of the column , I
the least moment of inertia and R is the least
s of gyration

an inelastic material , the modulus of
sticity E in equation (2) is replaced by
zential modulus E, to become

7[2

L 3
AT A @

is is the Euler — Engesser critical stress
ula.

Eguation (3) can be written in terms of
slenderness ratio as

&, 2 )
R Vo,

Then using equation (4) and the typical stress —
srain equation in compression of the Opepe
material, the critical stress o, and
corresponding slenderness ratio ( L/R) can be
obtained.

3.0 EXPERIMENTATION AND
ANALYSIS

3.1 Experimental Investigation

In order to obtain data to derive the
stress — strain equations , a laboratory test was
carried out on direct axial compression test
parallel to grain on Opepe wood material. The
air-dried Opepe timber material used for the
test was obtained from a timber market in

Nigerian Journal of Technological Development
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Lagos area of Nigeria.Timber lengths of 10
pieces of standard dimension were selected.
Each timber length had a cross section of
50mm by 50 mm and a length of 3.3m . The
timber selection in the market was random and
it was assumed that this selection would
represent the strength property of Opepe timber
After the collection of the timber lengths , each

.was divided into five equal parts and each part

was cut and shaped as a specimen for the
compression test The specimen nominal
dimension is shown in fig 1. The two ends of a
specimen were made perfectly flat in order to
reduce the effect of end conditions during the
test. Altogether , fifty specimens were
prepared , each to a nominal slenderness ratio of
five . A slenderness ratio of 11 is
recommended for wood specimen in
compression test in order to avoid buckling
during the test [4]

Before commencing a test, the input
data and output result desired were entered into
the computer section of the testing machine.
The input data were the specimen actual
dimensions , the test speed etc. The test speed
for compression test , for wood , is specified as
0.003 mm/mm of specimen length/min [6].
.Since the specimen length was 100 mm the
specd of test used was 0.3 mm/min  The output
result desired for printing were the applied load
, the stress , elongation , the strain and the
stress strain curves. After the necessary entries
, each specimen was placed at a time in
position in the testing machine for loading . The
test procedure given in the testing machine
manual was followed . At the end of the test
of all the fifty specimens, the output result and
the stress-strain curves’ were printed for
analysis

Moisture content determination:

At the end of the test, samples were cut from
each of the specimens tested for determination.
of moisture content . Oven-dry-method was
used and by this method ,the moisture content
is given as

(Initialwt —dry wtof sample )100%
Drywt of sample

Whtre the initial weight of sample is the actual
weight at the time of test, and the dry weight is
the oven dry weight of the sample after a
constant  drying  temperature of 105°C

Volume 2 (1) December 2002.
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constant  drying temperature of 105°C
maintained for 24 hours. Values obtained for
the moisture content varied from 9 % to 12 %
with an average of 10.2 %

3.2 Analysis of Experimental Data

The experimental stress and strain
data were extracted from the printed specimen
stress-strain curves. The data were analyzed
statistically (using Computer Microsoft Excel
97 ) to obtain the average strength and strain
and stress-strain  relationship for each
specimen. Polynomial stress-strain equation of
order 3 of the form (ax® + bx? + cx ) was found
appropriate because the least squared error (R%)
was close to 1 . From all the stress-strain
equations, the average of each of the
coefficients ( a, b, and ¢) in the stress-strain
equations was obtained and used to derive the
typical stress — strain equation in compression.

3.3 Results of Analysis for Stress and Strain

The summary of the result of analysis
is shown thus the ultimate axial compressive
stresses varied from 48.31 N/mm’® to 68.59
N/mm? with an average of 59.34 N/mm?’ ,
while the strain values at ultimate axial
compressive stresses varied from 0.024 to
0.032 with an average of 0.028. The short-
term typical stress — strain equation in
compression for Opepe is
o = 6000000 £’ + 296639 £* — 1403 ¢

(5)
where o is the stress and ¢ is the strain
The typical stress strain curve is shown in fig
1b.

3.4 Analysis for Values of Stress and
Slenderness ratio

The stress and slenderness ratio values
were obtained from the analysis of the Euler —
Engesser stress formula (4) and typical stress —
strain Equation (5). The analysis is carried out
as follow:

The tangential modulus E, is the first derivative
of Equation (5) and it is given by

E, = ~18000000 &* + 593260 £ - 1403

(6)
E;=0c/¢E ,thatis,
In order to solve Equation (4), strain (&) values
from zero to the average experimental optimum
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strain value (0.028) were substituted in (3) angd
(6) to obtain respective  stress(c)  amd
corresponding tangential modulus (E;.) Both
results (o and E,) were then substituted i
Equation (4) to obtain series of values of
slenderness ratios shown in Table 1. The Table
shows that for increasing critical stress. the
slenderness ratios are decreasing. The limit for
optimum critical stress is 62.9 N / mm? whea
the slenderness ratio value is 6

3.5 Graph and Equation of Fit for Stress
Versus Slenderness Ratio

The stress and the corresponding
slenderness ratio values shown in Table | were
plotted as shown in Figure 2. The graph shows
an initial fairly flat region with a critical stress
of 64 N / mm’ The critical stress has a
corresponding slenderness ratio of 6. Beyond
this value, the graph has negative gradients.

In order to have a handy equation to
design an Opepe column, statistical regression
analysis was carried out, using microsoft excel
97. on the critical stress and the corresponding
slenderness ratio values shown in Table 1. From
the regression analysis, the expression below
(Equation 7), was obtained.
© = 0.0008(L/R)™-0.0795(L/R)™ + 0.8504(L/R)"*
+61.702 (7)

with a least squared error(Rz) of 0.9965

The curve of fit for this Equation is also shown
in Figure 2. Also , stress results from the
experimental stress-strain formula (equation (3)
) and the stress results from the fit ( equation
(7)) are shown respectively in columns (2) and
(5) in Table I. The two columns results show a
close agreement .

4.0 EXPERIMENTAL VERIFICATION OF
DESIGN EQUATION

For verification of the design equation
[7],an experimental compression test was carried
outon Opepe strut specimens of slenderness
ratios ranging from 13 to 35 as shown in Table 2 .
Testing machine used was Avery Denison
Universal Testing Machine of capacity 600kN.
Results from the experiment are shown in Table 2.
From the table, the ratio of theoretical stress
obtained using equation (7) to experimental stress
ranged between 73% to 100% with an average of

Volume 2 (1) December 2002.
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84% .
5.0 DISCUSSION OF RESULTS

The design Equation [7] obtained here is
for air-dry Opepe material. Usually for design
of wood, the maximum slenderness ratio
recommended is 30 (4), this gives for an Opepe
column, a design compressive stress ( G ) of
37 N/mm’.

The stress versus slenderness ratio curve
for Opepe is identical to that of wood given in
reference [4] because for wood the limit of
slenderness ratio (L/R) for short column is
eleven while a value of six that falls within this
limit is obtained for Opepe . However, instead
of categorization to short intermediate and
slender columns, the continuous column
formula obtained herein for Opepe  has
removed these difficulties.

6.0 CONCLUSION

From the analysis so far carried out, it can
be concluded that:
(1) The stress versus slenderness ratio curve
obtained for Opepe wood is identical to
that for other wood.
The stress versus
relationship is
6. =0.0008(LIR)’ -
0.8504(L’R) +61.702
for air-dry Opepe. For design of Opepe column
or strut , this equation or stress-slenderness
ratio curve (figure 2) can be applied when the
slenderness ratio is not more than 59.

slenderness  ratio

2

0.0795(L/R)* +
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Fig 1a Opepe specimen nominal size for compression test parallel to grain
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Figure 1b Typical compressive stress —strain curve parallel to grain for Opepe timber.
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Table 1 Results from analysis of Euler-Engesser stress formula (equation 4) and the fit (formular for stress-slende:
(equation 7)

Experimental Tangential modulus Slenderness ratio Fit (Equation

Stress E; (L/R) (equation.4) ™) Slope value  Fa
Strain (equation 5) (equation 9) N/mm’ mm N/mm?* of equation

N/mm® @)

do/d(L/R)
1 2 3 4 5 6
0.0100 9.6260 2728.9000 529170 2.6289 -0.8429 0z
0.0150 25.4363 3445.2000 36.5768 25.5947 -1.7544 1
0.0200 42.5780 3261.5000 27.5068 41.5919 -1.7073 0
0.0250 56.5513 2177.8000 19.5035 53.9821 -1.3377 0
0.0270 60.2454 1492.3200 15.6421 58.6142 -1.0495 0
0.0290 62.4245 662.8400 10.2412 62.9323 -0.5262 i
0.0295 62.6989 432.9700 8.2589 63.7534 -0.2991 1.0:
0.0299 62.8342 242.5940 6.1754 64.1102 -0.0400 1
0.0300 62.8560 194.1000 5.5229 64.1085 0.0455 1
0.0303 62.8922 46.4580 2.7012 63.4348 0.4384 14
0.0304 62.8939 21.5360 1.8391 63.0020 0.5661 14
0.0304 62.8940 19.0388 1.7292. 62,9389 0.5826 1
0.0304 62.8943 6.5396 1.0134 62.4830 0.6917 0.
0.0304 62.8943 1.5336 04908 62.1003 0.7729 0953
0.0304 62.8943 0.0311 0.0699 61.7610 0.8393 0.983%
Average 0.9¢:
40
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Table 2 Verification of Opepe Column Ultimate Theorgtical Stress Against Experimental Ultimate Stress

Depthd Height L Exp. Exp. Mom. of Rad.of  Slenderness Theoretic Theoretic
Ultimate  Ultimate Inertia | gyration v Ratio Ultimate Stress Ultimate

Load Stress L/R Stress/ exp, Stress

(mm) (mm) (kN) (N/mm?) (mm*) (mm) (N/mm?) (N/mm?)

@ 3) @ ®) ©) (U] 9)
group 1
52.00 200.00 165.00 66.11 562432.00  15.01 60.81
52.00 200.20 167.00 05.54 509812.33 14.15 60.09
51.00 210.00 155.00 6332 470016.00  13.86 59.11
°52.00 250.00 150.00 57.69 585866.67 15.01 57.51
52.00 260.00 158.00 64.65  550714.67  15.01 56.74

group 2
52.00 350.00 152.00 62.19  550714.67 48.45
51.00 350.00 155.00 6332 530604.00 47.74
50.00 350.00 90.00 45.00  266666.67 36.72
44.00 380.00 88.00 44.44  334125.00 38.57

group 3

41.00 420.00 50.00 3296 212506.42 27.52

40.00 420.00 52.00 35.14 197333.33 25.95

41.00 420.00 56.00 37.94  206763.00 21.52

41.00 420.00 50.00 33.88  206763.00 27.52
min
max.

Average
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ULTIMATE STRENGTH DESIGN OF OPEPE (Nauclea diderrichii)
TIMBER BEAM

Abdullahi .Alao.Jimoh.

Department of Civil Engineering University of Ilorin

ABSTRACT

A design procedure for Opepe timber beam in flexure is hereby presented. The method
recommended is based on the use of ultimate tensile and compressive strengths instead of modulus
of rupture, which has been the usual practice. To accomplish the method recommended . a=
experimental program was carried out on direct axial tensile and compressive tests on Opepe
specimens to obtain stress and strain data. The data were subsequently analyzed to derive the
Opepe typical stress=strain equations in tension and in compression respectively . and thereafter the
equations were converted to expressions relating the stress and the neutral axis depth of the
beam section. .The stress-neutral axis depth relationships were integrated , across the beam
section to obtain the resultant longitudinal tensile and compressive forces and positions of their
centroids for varying values of ultimate stress and varying neutral axis depths. Using the meas
stress procedure, design equations were obtained. that produced theoretical ultimate loads that
varied between 63 % and 100% of the experimental failure loads when the span to depth ratio was

between 4.8 and 8.8 respectively.

KEY WORDS : width , overall depth , tensile stress —compressive stress , ratio of mean tensile

stress to mean compressive stress.

1.0 INTRODUCTION

The timber material of interest in this
report is Opepe wood material Opepe is a tree
widely distributed in Guinea. Liberia, Ivory
Coast, Ghana, Nigeria, and Cameroon . It is
locally called (in Nigeria) — Obiakhe-(Bini),
Uburu-(Ibo), Awesu (Itsekiri), Opepe (Yoruba)
and in other countries it is called Badi (Ivory
Coast) , Bilinga (Cameroons) and Kusia,
Kusiaba (Ghana). Its botanical name is
Nauclea diderrichii and belongs to the family of
rubiaceae ..Opepe is commonly found in high
forest of Nigeria. Its sliced stem is used for
piling, wharf decking, groynes, waggon floors,
exterior joinery and flooring..(1.2) . Some of
these structural uses are composed of beam
structural elements for which the theory
developed in this study can be applied

Opepe physical and mechanical
strength properties are given in the Nigerian
Code of Practice for Building Construction (3)
, thus: Opepe has a. density of 800 kg/m’ . It
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is considered very durable and has a moderate
resistance to impregnation. Its shrinkage and
movement values are regarded as small. The
mechanical strength of Opepe and the strength
of some  other timbers  (Afromosia.
Celtis,Ekki.Esia, and Okan) belong to strength
grouped N, , the group considered to compose
of strongest and most durable timbers . Timber
strength in this group , at the dry basic stresses
(at moisture content of 18% or less) are given as
follow: The value of strength in bending and in
tension parallel to its grain are considered equal
. and given as 35.5 N/mm? , while the strength
in compression parallel to and perpendicular to
its grain are given as 28.0 N/mm’ and 6.30
N/mm? respectively. The shear strength parallel
to grain is 4.5 N/mm’ and the mean value
modulus of elasticity is given as 16.0N/mm’.
However, no information is reported on the
€quation relating the stress and strain values of
Opepe, either in tension or in compression.
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The equations relating the stress and
strain in tension and in compression of a wood
material have been reported usable for deriving
a rational ultimate strength theory for the wood
beam in flexure. This theory is more reliable
than the popular design equations (the flexural
stress formula ) based on the modulus of
rupture (bending stress) (4) To develop the
theory for Opepe wood beam, experimental
work was first carried out , to obtain stress and
strain data and typical stress —strain equations ,
which were later used to derive design
equations, at ultimate, for Opepe wood beam .
Verification of the theory, experimentally.
showed a close agreement between the
designed and experimental ultimate loads

2.0 EXPERIMENTATION AND ANALYSIS
2.1 Experimental Investigation

A laboratory test was carried out on
direct axial tensile and compressive strength
tests parallel to grain on Opepe wood material
to obtain stress and strain data and typical
stress —strain equations .. The air-dried Opepe
{imber material used for the test was obtained
from a timber market in Lagos area of Nigeria.
The timber selection in the market was random
and it was assumed that the selection would
represent the strength property of Opepe timber
Ten timber lengths were obtained , each
having a standard dimension of 50mm by
50 mm in cross section and 3.3m long . Each
length was cut into ten equal parts , five pieces
were prepared for tension specimens and the
other five pieces were prepared for compression
specimens  respectively.  Altogether, fifty
specimens were prepared for each test .

Compression specimen configuration
was prepared to a nominal dimension of 20
mm by 20 mm in section and 100 mm long .The
two ends of a compression specimen weie
prepared perfectly flat and parallel to each
other in order to reduce the effect of end
conditions during the test.  This specimen
configuration gave a nominal slenderness ratio
of five , which was not more than the
maximum  slenderness ratio of eleven
recommended for a wood specimen in
compression test, in order to avoid buckling
during the test (5). The specimen nominal
dimensions for compression test is shown in
(fig 1a).

The ténsion specimen configuration is
shown in fig 1b . Each tension test specimen

Nigerian Journal of Technological Development

121

Ultimate strength of Opepe timber beam

has three different sections . . These are the zrip
section (15 mm by 20 mm in section and 100
mm long) , the tapered section (30 mm long)
and the central part — the gauge section (6 mm
by 6 mm in section and 60 mm long)..

Before each of the specimens was
tested, certain input data such as specimen
actual section and gauge length, test speed, etc,
were entered into the computer attached to the
testing machine (Testometric Universal Testing
Machine model M500 with capacity of 50kN) .
Also entered were the output results desired for
printing , such as stress, strain , energy at peak,
the stress strain curves etc . The test speed used
were those given in ASTM (6). The speed was
I mm/min for tension test parallel to grain. For
compression test parallel to grain , the speed
specified is 0.003 mm/mm of specimen length /
min . Since a compression specimen was 100
mm long , the speed used for it was 0.3
mm/min . After the entry of the necessary
parameters, each specimen was then placed in
the machine for testing. The test procedure
given in the testing machine manual was
followed . At the end of the test of all the
specimens, the output data and stress-strain
curves were printed for analysis

Moisture content determination:

At the end of the test, samples were cut from
each of the specimens tested , for moisture
content determination.. Oven-dry-method was
used and by this method the moisture content is
obtained as

Initial weight of sample - dry weight of sample

- x100 (%)
Dry weight of sample

Where the initial weight of sample is the actual
weight at the time of test, and the dry weight is
the oven dry weight of the sample after a
constant drying temperature of 105 ° ¢
maintained for 24 hours. Valties obtained for
moisture content varied from 10 % to 11.5 %

with an average of 10.5 %.
2.2 Analysis of Experimental Data

The experimental stress and strain data
were extracted from each specimen stress-strain
curve for analysis. The data were analyzed
statistically (using Computer Microsoft Excel .
97 ) to obtain the average strength and strain
and stress-strain  relationship for each
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specimen. Polynomial stress-strain equation of
order 3 of the form (ax’ + bx? + cx ) was found
appropriate because the least squared error (R?)
was close to 1 . The average value of each of
the coefficients (a , b and c ) in the stress-
strain equations for the total number of
specimens tested for each of tension and
compression tests were obtained and used to
derive the typical stress-strain equations in
tension and in compression

2.3 Result of analysis

The result of analysis is as follow :

The ultimate axial tensile strength for the
speCImens varied from 50 N/mm® to 160
N/mm? with an average of 96.4 N/mm® while
the tensile strain corresponding to ultimate
axial tensile strength, :varied from 0.008 to
0.029 with an average of 0.0194. Also , the
specimen ultimate axial compresswe strengih
range was from 48.31 N/mm’ to 68. 59 N/mm?
with an average of 59.34 N/mm” and the
compressive strain corresponding to ultimate
axial compressive strengths varied from 0.024
to 0.032 with an average of 0.028.
The short-term typical stress — strain equation
in tension for Opepe. is obtained as

=300000008> - 593554e” +7630.95 - (1)
while the short-term typical stress — strain
equation in compression for Opepe is
G.=-6000000&" + 2966308 -1403  --- (2)
both having least squared errors (R”) close to
1. The curves for both typical stress — strain
equations are shown in fig. 2.

3.0 THEORETICAL ANALYSIS OF
OPEPE BEAM SECTION

3.1 Assumption : Although Opepe stress —
strain curves have shown that Opepe material
is not purely elastic in tension and in

compression , it would be assumed that plane
section remain plane after straining so that

& across the section there is a linear distribution
of strain as shown in fig 2b(ii).  This
assumption for an in-elastic material has been
shown to be appropriate (7).
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32 Derivation of Stress Versus Neutral

Axis Depth Relationship

The axial tensile and compressive
typical stress-strain  equations (1,2) are
converted to equations of stress- versus neutral
axis depth , respectively of Opepe beam section.
The equations of stress- versus neutral axis
depth , which represent the shape of the
polynomial stress block of an Opepe beam in
fig 3b(iii), is obtained thus: Consider an Opepe
beam loaded in flexure as shown in fig 3(a).
The section x-x of the beam, the strain diagram.
the polynomial stress diagram and equivalent
rectangular stress diagram are as shown in fig.
3b(i), 3b(ii), 3b(iii) and 3b(iv) respectively.

In fig. 3b(i), b is the width of Opepe
beam and d is the overall depth while in fig
3b(ii), & is the tensile strain and €. is the
compressive strain. In fig 3b(iii) and 3b(iv) f; is
the tensile stress and F,, the resultant
longitudinal tensile force also, f. is the
compressive stress and F. is the resultant
longitudinal compressive force and x,. and x.
are the neutral axis depths for tension and
compression stresses respectively .,  While

ft, fc,xt, xc  are the mean tensile stress.
the mean compressive stress , the centroidal
distance for resultant longitudinal tensile force
and the centroidal distance for resultant
longitudinal compressive force respectively.

From the strain diagram in fig 3b(ii).
let the slope of the straight line n-m be constant
k. then,

e B, g B
xt ."CC
or
e, = kx, . fortension; and - -(3)
By = kxc , for compression. - -(4)

Therefore, when the strain expressions (3, 4).
are substituted in equations (1. 2), the equation
relating the stress (f; or f,) and neutral axis
depth (x, or X.) across the section in fig 3b(iii)
can be expressed as:

f, = 30000000k - 593554k x{ + 76309k, -(6)

per unit width b for the tension zone below the
neutral axis; and

33 22

f, = 6000000k "x7, +296630k ~x¢ —1403kx -~(6)
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per unit width b of beam for the compression
zone above the neutral axis. .

3.3 Resultant Longitudinal Tensile and
Compressive Forces Fiand F.:
In the polynomial stress diagram  (fig

3b(iii)) The resultant longitudinal tensile force
F, is the integration of stress area below the
neutral axis while the resultant longitudinal
compressive force F, is the integration of stress
area above the neutral axis. Their centroidal
distances from the neutral axis are given as
“xt and xc respectively. Integration of
equations (5) and (6) above with respect to
neutral axis depth x , will produce the resultant
longitudinal tensile and compressive forces Fy
and F, , thatis

X 3
F, = let: Ofldxt

and after substitution and integration,

E =

b 34 1 B8
t 7 (30000000k X, ) - 3 (593554k x )+

2
1(7630.9K)) -«(7a)

This is the resultant longitudinal tensile force
per unit width b.. If k=& /x as given in
equation (3) and the experimental strain € =
0.0194 at ultimate , given in section 3b , are
substituted in equation (7a) ,then

F, =

oy 54.32 x

- ~(7b)

Similarly for the cempression zone, using
equation. (6), the resultant longitudinal
compressive force per unit width b is given by

E. =

34 23
= 6000000k xg) + % (296630K X,) -

2
1 (1403kx"¢) - <(82)
If k=e./x givenin equation (3) and the
experimental strain €, = 0.028 at ultimate given

in section 3b above are substituted in equation
(8a) ,then
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F. =

e 25X

- -(8b)
3.4 Moment of Resistance of Opepe Beam
Section

The moment of resistance (Mg) of Opepe
beam section is the sum of moment of
resistance of elemental tensile and compressive
stress areas in (fig 3¢) about the neutral axis;
that is Mg = M + M, where

X

t
Mrt = f(ftdxt)xt
0
and after substitution for f, (given in equation
(5) ) and integration,
Lo 35 1 een 2 4
Ml’[ = g(gOOOOOOOk Xt) - 7 (593554k Xy )+

1 3
3 (7630.9kx )

-~(92)
when k is substituted for
2
Mo = 39.31x, - -(9b)

This is tension zone contribution to moment of
resistance per unit width b. Similarly for the
compression zone,

1 35 .1 o 2 4
M, = 5 (=6000000k " x ) + 7 (296630k x )~

3
1 (1403kx) -(10a)

when k is substituted for.

M =

2
o = 18.7x - - (10b)

Therefore the moment of resistance of the
section is the sum of equations (9a and 10a) or
sum of equations (9b and 10b)

3.5 Determination of Centroidal Distance
for Resultant longitudinal Forces

The expression for the depth of centroid

of resultant longitudinal tensile force can be
obtained when the tensile moment of resistant is
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divided by resultant longitudinal tensile force
and can be expressed as:

After substitution for F, and M, , then , the
centroid  for longitudinal tensile force, from
neutral axis, is given by

! 35 | 241 3
g(30000000k X;)- ;(5935541( X+ g(763049kxt)

a 34, 1 23,1 2
OOy (59353°) + 69K

L e (11a)

when k is substituted for, this expression
becomes

1
4

3
- 33 -

= or ., =0.72x, - (11b
o543k, Xt o (1o

Similarly for the compression zone, the
expression for the centroidal distance is:

1 B 1 1
2 2
’(-GOOOOOOkas)Jr ~(296630k x4)f ~(1403k x%)
5 ar ol ¢
J

X,
1 2 1 a1 9
—(-6000000k)x2) +- (296630k2x2 )= ~(1403kx,,)
4 3 2
=== (120)

and after substituting for k . this expression
becomes

18.7x2
c

Xe = o xg= 075x, --(12b)

25%,
3.6 Mean Strengths
The mean strength is the average stress

across the section and it is obtained when the
neutral axis depth divides the resultant
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~longitudinal force. The mean strengths can be

expressed as:

F

?t =L formean tensile strength,
X

and after substitution, it becomes ,

— 1 3 ] »
f =— (30000000k3xt )-— (593554k2xt2)
to4 3
1

+ = (7630.9kx, ) - -(13a)
2

and when k is substituted for, the expression
becomes

oy 2
f = 5432 N/mm - -(13b)
t

The mean tensile strength value is about 0.56 of
the experimental average ultimate axial tensile
stress of 96.4 N/mm® . Similarly, the mean
compressive stress can be expressed as ;

- 1 33 1 22
fo =~ (6000000k”x_) + — (296630k x) -

4 3

1
~(1403)kx ) - (14a)
2

also, after substituting for k the expression
becomes

- 2
f =25 N/ mm - -(14b)
c

This value is about 0.42 of the experimental

average ultimate axial compressive stress of
59.34 N/mm®
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4.0 DESIGN EQUATIONS DERIVATION

The above equations (7b, 8b, 9b .10b ,
11b, 12b, 13b,14b,) are in terms of unknown
neutral axis depth x . In order to have them in
terms of measurable beam depth d ., a
relationship between the neutral axis depth x
and overall depth d was developed .

4.1 Neutral axis depth /Over all depth
relationship

The design expression for the neutral
axis depth /over all depth relationship can be
derived by employing the principle that: for
equilibrium of section, resultant tensile force
equals resultant compressive force . that is

and using the equivalent rectangular stress
block (fig. 3b(iv)), then,

Fy = f, b(d —x)and F = fg bx

If neutral axis depth for compression zone . x.,
_istakenas x,and b is taken as 1 (unit width )
and using equations 7b and 8b , then .,
equation (15) becomes

54.32 (d-x ) =25x .so that

x/d=0.685 --(16)

4.2 Lever arm/over all depth relationship
The above expressions (11b and 12b) can be
used to derive lever arm /over all depth

relationship. For the beam section, the lever arm
(z) expression is given as

z = Xc+ Xt

using the equations (I11b) and (12b). the
expression becomes

z2=0.75x. +0.72 x,
When x.=x and x; =d-x are substituted

z=0.75x + 0.72(d-x)
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and using equation (16), the expression
becomes

z=0.75(0.685d) + 0.72(0.315d) = 0.74d -~(17)

4.3 Resultant longitudinal tensile and
compressive forces (F, and F.) /Over all
depth relationship

The resultant longitudinal tensile force F,
given by F, =54.32 x, (equation (7b)) can be
expressed in terms of overall depth d .. If
X;=d-x , and x = 0.685d are substituted for in
the equation . the result is

F=17d - (18)
Also , when x is substituted for in the resultant
compressive forces F. (equation 8b,) , equal
expression is obtained as

F=17d ---(19)

4.4 Moment of resistance of the beam
section/over all depth relationship:

Moment of resistance Mg of the beam section
can be expressed as

Mg = Mg + M,

and after substitution for moment expressions
given in equations (9b) and (10b),
My = 3931x} + 18.7x2

and after substitution for x, and x. , it becomes

Mp = 3931d-0% + 187

and substituting for x given in equation (16), the
expression becomes

2 2
MR = 39.31(d - 0.685d)  + 18.7(0.685d)

or

2
Mg = 12.67d - -20)

This expression (20) can also be derived from
equilibrium equation
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7.0 CONCLUSION
MR = f.bxz= fi b(d - %)z

From the analysis, it can be concluded that:

(1) The mean axial stresses can be used to

= compute the resultant longitudinal forces
After substitution for fe.fy, b.x and z, of an Opepe timber beam section

i ihe Al 5 (2) The value for the mean longitudinal tensile
in the above expression , strength is 54.32 N/mm® which is 0.56%,
MR is also 12.67 d2 as in equation (20) and the mean longitudinal compressive

strength is 25 N/mm? this is 0.42f, ; where
fi and f, are the experimental average
ultimate axial tensile and compressive
stresses respectively

The neutral axis depth is 0.685d while the
lever arm which is the distance between
the centroids of the two resultant
longitudinal tensile and compressive forces

5.0 EXPERIMENTAL VERIFICATION
OF VALIDITY OF THE DESIGN 3)
EQUATIONS.
The validity of the simplified design
equations derived was carried out with flexural

test of Opepe beams in a laboratory using is 0.74d  where d is the overall depth of
Avery Denison Universal Testing Machine. the beam.
Opepe material used were the air-dried defect (4) The resultant longitudinal tensile force F,

free Opepe timber beams . The beams sectional
dimensions and the spans are shown in Table 1 .
A central point load was applied to each of the
beams tested until the beams failed. The (5)
experimental failure loads and the theoretical
failure loads are shown in Table 1. From the
table, "the higher the span to depth ratios the
lower the ratio between the theoretical to

experimental failure loads. For example when The author acknowledges the comment

the span to depth ratios are 5, 6 and 8 the on the original manuscript by Professor O. A.
respective ratios between the theoretical and Adetifa.

experimental failure loads are 0.98, 0.9 and
0.65. This shows that to obtain a close
i agreement between the theoretical and
experimental ultimate loads . the span to depth
ratio should not be more than 8.

and the resultant longitudinal compressive
force F, for Opepe beam in flexure are the
same and are given by F, = F,=17bd .
Moment of resistance for Opepe beam in
flexure is 12.67bd’

8.0 ACKNOWLEDGEMENT

6.0 DISCUSSION OF RESULTS-

The design equations (7 to 20) can be
used to design an Opepe beam of rectangular
) cross section and it is the experimental average
ultimate strength that is applicable for
" substitution into the equations. Also, the
| equations that were obtained from the analysis
of polynomial stress distribution have been
’ replaced with simpler equations derived from
| the analysis of equivalent rectangular stress
| distribution. . The eventual design equations
obtained have produced theoretical ultimate
loads that varied between 63 % and 100% of
the experimental failure loads when the span to
depth ratios were between 4.8 and 8.8
respectively.

126

Nigerian Journal of Technological Development Volume 2(2) December 2002.





image24.jpeg
(1)

)

3)

O

Abdullahi A Jimoh

REFERENCES

Desch, H. E , (1991) , “Timber , its
Structure,  Properties and
Utilization”, ~ Revised by
Dinwoodie  Sixth Edition,
Macmillan Education

London, pp. 146

Keay, R.W.J, Onoche, C.F.A and D.P
Stanfield ,(1964) . Nigerian
Trees”. Volume 11, Federal
Department of Forest
Research Ibadan . pp53.

Njgerian Standard Code of Practice
on Building and Construction Part 2

(NCP2)  (1973) , Nigerian
Standard  Organization , pp.
13-24.

Mazur, S.J., (1965) , “Ultimate
Strength Theory for
Rectangular Wooden Beams *
Symposium on Timber and
Timber Structures,

Nigerian Journal of Technological Development

127

(5)

(6)

(7)

Ultimate strength of Opepe timber beam

Transactions of The
Engineering  Institute  of
Canada, Paper No. EIC-65-Br
& Str 13 Bridge and
Structural ,Vol 8 and A-16 .

Bodig, J and A. J Benjamin , (1982)
~“Mechanics of Wood and
Wood  Composites™ ~ Van
Nosttrand Reinhold
Company New York.

Annual Books of American Society
for Testing and Materials Standard
(ASTM) (1985).
Volume 04.09, Section 4,
Philadelphia, USA pp55-56.

Zakic B. D. , (1973) , “In-Elastic
Bending of Wood Beams *
Journal of Structural
Division, Proceeding of the
American  Society of Civil
Engineers, Vol. 99, No. St10,
pp- 2079-2095.

Volume 2(2) December 2002,




image25.jpeg
Abdullahi A.Jimoh Ultimate strength of Opepe timber beam

Cross-section
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Fig 1a Opepe specimen nominal dimensions (in mm) for
compression parallel to grain test

Sections A-A 6 by 6 mm B-B 15 by 20 mm
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A B
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Fig 1b Opepe specimen nominal dimensions ( mm)
for tension parallel to grain
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Fig 2b Typical tensile stress - strain curve parallel to grain for Opepe timber
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Fig. 2a Typical compressive stress-strain curve parallel to grain for Opepe
timber
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Fig 3(a). A Opepe beam under flexural load
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Figure 3 (b) : Section, Strain and Stress Diagrams for Opepe Beam in fig 3a
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Fig 3c. Elemental stress area for moment of resistance computation
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Table 1 Comparison between experimental and designed (predicted) ultimate load on air-dried
Opepe beam loaded in flexure ( see fig 4a)

Experimental data Theoretical analysis
(M.C =10 %)
Spe Width Dpth. Span Exp.  Mom. Of Predict Predicted/  Span to
cim b D L failure  Resist. ultim. exp, ult. depth
en (mm) load Mgp=12.67 Failure load ratio
No. (mm) (mm)  (kN) bd* load (col.7/
Equation (kN) col. 5)
(250r26) 4 Mg/L
(kNm)
1 2 3 4 5 6 7 8 9
group 1
1 51 51 250 275 1.68 26.89 0.98 4.90
2 46 52 250 2562 1.58 2522 0.98 4.81
3 50 50 250 26.25 1.58 25.34 0.97 5.00
4 48 50 250 24.38 1.52 2433 1.00 5.00
5 46 50 250 23.75 1.46 23.31 0.98 5.00
Average 0.98
group 2
1 50 50 300 23 1.58 21.12 0.92 6.00
2 50 51 300 24 1.65 21.97 0.92 5.88
3 48 48 300 21 1.40 18.68 0.89 6.25
4 51 51 300 23 1.68 22.41 0.97 5.88
5 46 48 300 23 1.34 17.90 0.78 6.25
Average 0.90
group 3
1 36 40 350 14 0.73 8.34 0.60 8.75 z
2 36 40 350 13 0.73 8.34 0.64 8.75
3 40 42 350 15 089 *® 1022 0.68 8.33
4 42 45 350 17 1.08 12.32 0.72 7.78
5 42 42 350 17 0.94 10.73 0.63 8.33
Average 0.65 3.39
P
. d
b
; Section x-x
Bending Moment (M)
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