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Abstract

The shortcomings of plain wood shaving—cement
board roof panel are pointed out. A method to
reinforce ribbed roof panel with steel strip is pro-
posed. The flexural behaviour of the reinforced
members is presented based on experimental
study. The calculated methods chosen for predict-
ing moment capacity and deflection of the
reinforced ribbed roof panel show a good agree-
ment with test results. © 1997 Elsevier Science
Limited

INTRODUCTION

High-density wood shaving—cement board is a
type of thin-sheet product with unit weight from
11 to 14kN/m’. In this composite wood
shavings (18~25mm long, 4~6mm wide
and 0.2~0.5 mm thick) are used as both rein-
forcing and filling materials. According to the
requirements of practical uses the wood
shaving/cement ratio may vary between 0.33 and
0.5, the water/cement ration is about 0.6-0.7
and the use of admixtures (such as Na,SiO;,
CaCl, and Aly(SO,);+Ca(OH),) varies between
3 and 8% of the mass of cement. The manufac-
turing process includes: (1) cutting wood waste
or tree branches into slices; (2) mixing the con-
stituents; (3) compacting (under pressure of
1 MPa to 3 MPa) and curing (under high-pres-
sure steam of 80°C) for up to 6 ~8 h to produce
a dense composite with an even surface; and (4)
further curing for up to 14 days at indoor tem-
perature. In general, low wood shaving/cement
ratio, low water/cement ratio and high compact-
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ing pressure lead to a high strength of the
board.'™°

Wood shaving—cement board is thought to be
a kind of low cost and energy-efficient material
which combines the advantages of cement with
those of wood, such as water and fire resistance,
good heat insulation, a high level of resistance
to fungi and termites and easy working with
normal tools. Wood shaving—cement board has
been widely used in many countries for produc-
tion of exterior and interior wall panels,
ceilings, corrugated sheet roofing elements, fas-
sias, closets and mobile houses.'™

However, the tensile strength and elastic
modulus of this material are relatively low.
Adequate measures, therefore, should be
undertaken when it is used for making flexural
members. The objectives of this study are to (a)
propose a method to reinforce the flexural
member for a rational use of this material, (b)
provide a clear understanding of the flexural
behaviour of the reinforced members and (c)
develop a method for designing the reinforced
ribbed roof panel.

EVALUATION OF PLAIN WOOD SHAVING-
CEMENT BOARD ROOF PANEL

Figure 1 (top) shows the conventional cross-
section of the wood shaving—cement board roof
panel. Due to the low modulus of elasticity and
creep of the material, the depth of the panel
has to be relatively high to obtain a certain
stiffness. The load-carrying capacity of the roof
panel is dictated by the tensile strength of its
lower flange. Since the tensile failure mode of
this kind of member is brittle (Fig. 1 (bottom))
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and the tensile strength of this material is only
about one-third of its compressive strength, the
use of this kind of roof panel leads to a wasteful
construction.

In order to solve the problems mentioned
above the author puts forward the idea of steel
strip reinforced ribbed wood shaving—cement
board roof panel as shown in Fig. 2. The steel
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Fig. 1. (Top) conventional cross-section of wood shav-
ing—cement board roof panel; (bottom) a typical
load-deflection curve of plain wood shaving—cement flex-
ural member tested by the author.
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Fig. 2. Proposed cross-section of steel strip reinforced
ribbed roof panel.
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strip is intended to be glued to the bottom of
the rib.

MATERIALS AND GLUING METHOD

Mechanical properties of the wood shaving—
cement board used

In order to design the reinforced wood shaving-
cement board flexural member, it is necessary
to master the detailed mechanical properties of
the wood shaving—cement board, such as bend-
ing strength and elastic modulus circling the
y-axis (Fig. 3). Since the existing test specifica-
tions were not overall the Chinese national
standard “Test Method of Physical and Mech-
anical Features of Wood” (GB 1927~ 1948),
was used as a reference’ for working out the
testing methods for the measurement of these
properties. Testing samples were drawn from
the product of Beijing Dandian Brick Plant.
The mixture proportions in the composite were
1:0.33:0.55 (blast furnace cement:wood shaving-
:water) and the unit weight of the product was
13.78 kN/m®.
The test results are listed in Table 1.

Properties of steel strips used
Steel strips with thickness of 1, 2 and 3 mm

were used. The strength and elastic modulus of
these steel strips are listed in Table 2.

Fig. 3. Coordinate system for determining the mechani-
cal behaviour of wood shaving—cement board.

Table 1. Testing data of mechanical properties of wood shaving—cement board

Mechanical properties Number of specimens Average COV (%)
Bending strength circling x-axis Ry 19 8.9 MPa 12.3
Bending elastic modulus circling x-axis 10 5494 MPa 16.0
Bending strenth circling y-axis Ry, 9 6.9 MPa 9.9
Bending elastic modulus circling y-axis 9 5571 MPa 17.0
Tensile strength R, 19 3.6 MPa 10.9
Tensile elastic modulus £, 14 6837 MPa 9.5
Compression strength R, 21 11.5 MPa 13.8
Compression elastic modulus E, 21 6846 MPa 7.6
Poisson's ratio p 14 0.223 19.2
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Table 2. Testing data of mechanical properties of steel strips
Thickness Number of Mechanical Average cov Remarks
(mm) specimens properties (MPa) (%)
1 10 Yield strength R, 241 10.3 Hot rolling
Ultimate strength R, 392 13.2
Elastic modulus £, 200180 4.1
2 8 Yield strength R, 223 10.0 Cold rolling
Ultimate strength R, 345 12.7
Elastic modulus E| 214394 8.1
3 6 Yield strength R, 204 8.1 Hot rolling
Ultimate strength R, 307 10.4
Elastic modulus E| 196874 15.6

Adhesive and gluing method for steel and wood

shaving—cement board

The mixture of unsaturated polyester and sili-
con powder was chosen as the adhesive, and the
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gluing method was determined based on bond
tests. Top and bottom surfaces of the wood
shaving-cement board rib must be machined
prior to gluing. The glue must be spread twice
with an interval to allow a certain amount of
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glue to be absorbed by the surface of the rib.
Adequate pressure is applied by screws. The
glued members should be cured at indoor tem-
perature for 3 days.

BEHAVIOUR OF T-SHAPE SPECIMEN
UNDER FLEXURE

Specimen preparation

As an important step in the research program
the relatively simple midsize T-shape specimens
(Fig. 4) were designed and investigated first.
According to their reinforcement ratios, the
specimens were divided into four groups and
each group contained six specimens. The effects
of steel ratio on calculated elastic ultimate and
stiffness for every group of specimens are listed
in Table 3.

Behaviour under loading

The typical load—deflection curves for the four
groups of specimens are shown in Fig. 4. The
load—deflection curves for reinforced specimens
show three distinct stages. The stress distribu-
tions at midspan cross-sections corresponding to
the three stages are presented in Fig. 5. The
behaviour of group C, specimens with steel strip

Table 3. Effects of steel strips on the T-type members

of 2 mm thickness is chosen as representative of
reinforced members in the following discussion:

The elastic stage: Reinforcement can be
assumed to be fully bonded with wood shaving—
cement board, the distributions of stresses in
the two phases are linear and the deflection is
proportional to the load (Fig. 4). The end of
this stage is indicated by the yield of the steel
strip as shown in Fig. 5(Ia) and the load at this
moment is defined as elastic ultimate. It should
be noted that when the steel stress reaches yield
strength the corresponding stress in the lower
edge of the wood shaving—cement board rib is
only 5.8 MPa. Because it is less than the ulti-
mate bending strength Ry, (Ry, = 6.9 MPa—see
Table 1), the crack does not occur.

The inelastic stage: The beginning of this
stage is indicated by the occurrence of the plas-
tic deformation in the steel strip and a slight
decrease of the slope of the load-deflection
curve. The stress in the wood shaving—cement
board rib keeps increasing and one crack
appears when the stress in the lower edge
exceeds the ultimate bending strength R,,.
Whilst the stress in the steel keeps a high value,
that in the lower edge of the rib has to be zero
at this cracked section. This causes shear stress
concentration in glue line between steel and rib,
resulting in debonding to progress from the
cracked section towards the two supports as

Items Group of specimens
At Bt Ct Dt
Rate of the elastic ultimate 1 1.89 332 4.30
load-carrying capacity
Rate of the stiffness 1 2.86 4.07 4,77
Ratio between compressive zone depth 0.26 0.37 0.47 0.53

and cross-section depth (within
clastic stage)
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Fig. 5. Three stages of stress development in T-type specimen.
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Fig. 6. Shear stress concentration in glue line.

shown in Fig. 6. The neutral axis rises gradually
with the extension of the crack as shown in Fig.
5(IIa). The decrease of the slope of the load-
deflection curve becomes more and more sharp
due to the decrease of stiffness of the member
caused by debonding and plastic deformation of
steel (Fig. 4). When the crack of the rib extends
to the upper boundary of the rib, the load-
deflection curve drops down slightly. It should
be noted that only one crack is observed in this
stage.

Third stage: During this stage the load
remains constant whilst the deflection increases
significantly. No new cracks are observed in this
stage. Because the existing crack runs through
the whole height of the rib the moment due to
applied load is resisted by the internal tension-
compression couple consisted of steel strip and
top flange only as shown in Fig. 5(1II). By using
the couple value, the average tensile stress in
steel and the average compressive stress in
flange can be predicted to be equal to 281 and
5.86 MPa, respectively. Evidence shows that the
steel stress value is higher than the yield
strength (223 MPa) and the stress value in
flange is much lower than the compressive
strength (11.5 MPa) of it. During this stage the
debonding length stretches further and finally
an excessive debonding length leads to the loss
of load-carrying capacity of the member.

Discussion on effect of reinforcement and
failure feature

Based on Table 3 and Fig. 4 it can be seen that
the main advantages of steel strip reinforced
wood shaving-cement board flexural members,
as compared with the plain one, are to have
higher load-carrying capacity, greater stiffness
and plastic properties.

It is important to point out that the failure
feature of the steel strip reinforced wood shav-
ing—cement board member presented above is

totally different from that of reinforced con-
crete. One of the main reasons is that the
tensile strength of concrete is far less than that
of the wood shaving—cement board and the
elastic modulus of the former is much higher
than that of the latter.

REINFORCED RIBBED ROOF PANEL
Design and calculation

Based on the research results presented above
and according to the demand for roof panel, a
cross-section of reinforced wood shaving-
cement board ribbed roof panel is proposed, as
shown in Fig. 7 (top): The reinforcement
density of the panel is 1.5 kg/m*. The cost of the
panel is about $1/m? lower than that of plain
roof panel.

The load-carrying capacity of the roof panel
is confined to the elastic ultimate.

The fundamental assumptions and calculating
method of ribbed panel in elastic thin-slab

) 900 ] *
— L 24 —a fo— 36 12 j'
108
V4 -
™ Steel strip ) _j
Stress distribution
in flange
! e pe S .
2C
—= -] —= te— d2
£ Ll 2z
1 B 1
1 . i
4 B 4
L
_ _ 4
3 ; h
x 4
SIS IS S, 3 ’
} 1 ts

el
Fig. 7. (Top) cross-section of the roof panel; (middle)

stress distribution in flange; (bottom) converted cross-sec-
tion.
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theory® are used for predicting stress and
deflection of the roof panel. According to this
method the distribution of compression stresses
along the width of the flange is non-uniform, as
shown in Fig. 7 (middle), and the distribution
regularity is a function of the dimensions of the
cross-section and the span. For practical
engineering design, the flange B wide with non-
uniform distribution of stresses can be
converted into an equivalent flange B’ wide
with uniform distribution of stresses® as shown
in Fig. 7 (bottom). The converted equivalent
width B’ is obtained by using the following
equation

B'=2d,+d,+2b.+2b.’ (1)

where: d; and d, are the widths of side ribs and
middle rib; and b. and b.' are dimensions of
converted distribution of stresses

be = I2x[(sh2enfl+2em/i(ch2erfi+ )] (2)
b’ = 2l/n{(ch2en/l — 1)/[(3+p)sh2c !
—(1+u)2cn/l]} (3)

where: [—span of the panel; 2c—clear width
between ribs; u—Poisson's ratio. When c¢/[— o0,
b.=0.1591, b." =0.2051. The location of the
neutral axis is determined by the following
equation

x = [nyB't32+bh(h/2+t)+n,t b,

(h+t+12))/[n B t+bh+natb]  (4)

where: n, = EJ/E,,, n,=EgE,; E.—compres-
sion elastic modulus of flange (MPa);
E,,—Dbending elastic modulus of rib (MPa);
E—elastic modulus of steel strip (MPa); ¢ and
B'—thickness and equivalent width of flange; A
and b—depth and total width of ribs; ¢, and b—
thickness and total width of steel strips. The
moment of inertia can be determined by the
following equation:

I=n,[(B'312)+B’t(x —1/2)?] +[(bh*/12)
+bh(h/2+t—x)*|+natb(h+t+t/2 —x)*
)

The following three equations should be
satisfied for strength requirement.
The compressive stress in top flange:

o.=mMx—t/2)/I<[R] (6)
The tensile stress in the lower edge of rib:

Ooy = M(h+t —x)/I <[Ryy] 7N

The tensile stress in the steel strip:
os=nyM(h+t—x+1t/2)/I <[Rs] (8)

When the simple supported panel is loaded
uniformly, the deflection should satisty

f=5ql*384E I <[f] 9)
Loading test

The span of the roof panel is 2700 mm and
simply supported. The roof panels Al and A2
were loaded uniformly with iron pieces in steps
of 1kPa at intervals of 15 min and the deflec-
tion was measured by displacement metres. The
load-deflection curve of panel Al is shown in
Fig. 8. The tested elastic ultimate load carrying
capacity is between 6.3 and 6.8 kPa which is
close to the theoretical value of 6.4 kPa. As in
the case of T-shape specimens, only one crack
was observed in each rib of the roof panel and
the roof panel failed due to excessive extension
of the debonding length.

A test on the roof panel A3 was performed
under a testing rig consisting of a four point
arrangement with a span of 2700 mm and a
pure bending moment region of 900 mm. A
downward jacking force was applied by a 20 kN
hydraulic jack. Foil gauges were used to
measure the strains, three ranks of strain gauges
were arranged along the width of the flange and
three ranks were arranged along the height of
the ribs. Deflection was measured by displace-

Load(kPa)

0 10 20 30 40
Deflection(mm)

Fig. 8. Load-deflection curve of roof panel.



Wood shaving—cement board ribbed roof panel

ment metres. The load was divided into six
steps: 1.5, 4.5, 7.5, 10.5, 12 and 14kN. A few
minutes after the last step of the load was put
on, the load went back from 14 to 12 kN auto-
matically due to the plastic deformation of steel
and the extension of debonding zone; this
phenomenon repeated three times.

The distributions of strains in the flange and
middle rib are shown in Figs 9 and 10, respec-
tively. By using the test data in Fig. 9, the ratios
of B'/B are calculated to be equal to
0.951-0.990, which are close to the theoretical
value of 0.964 predicted by eqn (1). Test results
(see Fig. 10) indicated that the steel strip
yielded when the load value was about 12 kN,
which was near to the predicted value of
12.36 kN obtained using eqn (8). The measured
deflections of the three roof panels were 1.06,
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Fig. 9. Distribution of strains in flange of roof panel A.
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4.96 and 9.76% higher than the theoretical pre-
diction.

CONCLUSIONS

The main advantages of reinforced wood shav-
ing—cement board flexural member, compared
with the plain one, are higher load-carrying
capacity, greater stiffness, greater plastic
property, and lower cost.

The failure mechanism of reinforced wood
shaving-cement board flexural member is dis-
tinct from that of reinforced concrete.

Reinforced wood shaving—cement board
ribbed roof panel can be analyzed according to
the method for ribbed plate in elastic thin-slab
theory.
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Fig. 10. Distribution of strains in middle rib of roof panel A..
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