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ABSTRACT
The objective of this study is to develop a procedure for predicting the nonlinear bending behavior
of the nailed stressed-skin component. This component might be regarded as a kind of nailed layered
beam. When it is subjected to external loads, the direct forces in the plane of the plate are not uniformly
distributed over the width of the plate. Because of this, the analytical procedure for predicting the
nonlinear bending behavior of the nailed layered beam developed in the first part of this study is not
applicable directly to the component. However, to use the concept of the effective breadth, assuming
uniformly stressed width, instead of the actual width of the plate makes the procedure applicable to
the nailed stressed-skin component. In other words, the component can be regarded as the nailed
layered beam with the effective breadth. The effective breadth is obtained by Amana and Booth's
theory (1967a, b). The experiments that were conducted to examine the validity of the procedure
showed that it gave excellent agreements with the experimental results. The solution was used for
investigating the effect of some parameter on the stiffness, and useful information for designing the
component was given.
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INTRODUCTION

The nailed layered system is widely used in wood construction. However, it is
complicated to analyze because of the nonlinear mechanical characteristics. The
objective of this study is to develop an analytical procedure for predicting the
nonlinear bending behavior of the nailed components. A basic theory of the nailed
layered beam has been already presented by Kamiya (Tremblay et al. 1976) as
the first part of this paper, and in this second part, the applicability of this
procedure to the nailed stressed-skin component is investigated.
When stressed-skin units are subjected to external loads, the direct forces in
the plane of the plate are not uniformly distributed over the width of the plate
as shown in Fig. 1. This nonuniform distribution is termed shear lag. Because of
this, the procedure for predicting the nonlinear bending behavior of the nailed
layered beam is not applicable directly to the nailed stressed-skin component.
However, there is a convenient concept that might make the procedure applicable to the stressed-slun component. It is the effective breadth which is an
assumptive uniformly stressed width. This concept is originally for the glued
stressed-skin component and is hardly considered to use for the nailed component.
But the development of the theory of the nailed layered beam might make the
concept useful for the nailed stressed-skin component.
Series solution for the component with orthotropic plate presented by Amana
and Booth (1967a, b) provides a background of calculating the effective breadth.
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FIG.1. Effective breadth.

In this theory, the concept of the slip modulus was used for the nailed component.
Therefore, the calculated results show linear characteristics.
In order to investigate and extend this theory, many studies were conductedamong them, the parts about the slip modulus and the effective breadth that are
important to develop this study are summarized.
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FIG.2. Variation of effective breadth along the span and effect of slip modulus on effective breadth,
for SD90F (cf. Table 1).
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Effective breadth; Hirashima (1973) investigated the effect of some parameters
on the stiffness and drew the charts of the effective breadth ratio in relation to
the parameters. Maeda and Sawada (198 1) investigated empirically the effective
breadth of the nailed stressed-skin components by using electrical resistance strain
gauges, and reported that the observed values of the effective breadth at the
midspan agreed with the calculated results by Amana and Booth's theory. The
same results were also reported by Ando and Sugiyama (1980). Furthermore, they
reported that the effective breadth increased with increase in the distance from
midspan and the observed effective breadth did not agree with the theoretical one
except at the midspan.
Slip modulus and nail resistance; Maeda and Sawada (198 1) calculated backwards the slip modulus from the observed stiffness by using the theory of Amana
and Booth. The calculated slip moduli showed values several times as much as
that predicted from the results of the nailed joint tests. They supposed that the
reason was due to the nonlinear characteristic of the nailed joint. Ando and
Sugiyama (1980) reasoned empirically that the nail forces distributed uniformly
along the span.
THEORY

Preliminary investigation
In order to apply the theory of the nailed layered beam to the nailed stressedskin component, the following conditions must be satisfied;

1. The effective breadth is constant along the span.
2. The effective breadth is not affected by the rigidity of the plate-rib joint.
The first condition is approximately satisfied by Amana and Booth's theory.
The second condition is very important for this study because the objective is to
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present a procedure for predicting the nonlinear bending behavior of the component due to the nonlinear load-slip characteristic of plate-rib joints. It seems
to be extremely complicated to examine theoretically whether this condition is
satisfied or not.
Although Amana and Booth's theory is based on the linear characteristic of the
plate-rib joints, it might provide useful information to investigate the effect of

TABLE
1. Test specimens
Nall

spac1ng
(mm)

Specimen

Type

SS9OC

SS

90

SS90F

SS

90

DS90F

DS

90

SD90C

SD

90

SD45F

SD

45

SD64F

SD

64

SD90F

SD

90

SDISOF

SD

150

DD90F

DD

90

Rib
Loadmg

Central
point
Two
point
Two
point
Central
point
Two
point
Two
point
Two
point
Two
point
Two
point

Ee
(kgi/cmi)

103,600
106,800
120,500
106,400
94,800
97,500
113,400
92,700
158,100

E,: MOE in bending parallel to the face-gram.

E,: MOE In compression parallel to the face-gram.
E.: MOE In compression perpendicular to the face-grain.
G. Shear modulus.
I mm = 0.0394 In.
1 kgf/cm2 = 98.1 kPa = 14.2 p s ~ .

pu

Eb
(kgf/cm2)

E,
(kgflcm2)

E,
(kgf/cm2)

G
(kgflcm')

Effectwe
breadth
ratio
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TABLE
2.

Specmen

Comparison of calculated load with experimental load.
Exp. load

Exp. load

Exp. load

Exp load

Theo. load

Approx. load

Theo. load

Approx. load

SS9OC
SS90F
DS90F
SD90C
SD45F
SD64F
SD90F
SDI 5OF
DD90F
(Ave.)
= Deflection at m~dspan
I mrn = 0.0394 in.

W

Typical load versus deflection, for SS90C.
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Typical deflectioq curve, for SD90F at P = 450 kgf.

the slip modulus on the effective brqadth by using their theory. Figure 2 shows
the result of this investigation. In tbis figure, it can be seen that the effective
breadth is hardly affected by the slip modulus and is almost constant along the
span. From this investigation, it was assumed that the conditions were approximately satisfied.
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FIG.10. Typical slip distribution along the span, for SD90C at P=500 kgf.

The stiffness ofthe nailed stressed-skin component is not affected by the effective
breadth as much as the glued component because of the incomplete interaction.
Figure 3 shows an example of the effect of the effective breadth on the stiffness
of the nailed stressed-skin component, which is obtained by the procedure de-
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FIG.1 I. Load-slip characteristic for a single nail used in the numerical experiments.
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FIG.12. Effect of number of nails on K.

veloped in this study. In case of this component, doubling effective breadth ratio
from 0.5 to 1.0 produces an increase in the load at the indicated deflection of less
than 5%.
CALCULATING PROCEDURE

The nailed stressed-skin component can be regarded as the nailed layered beam
with effective breadth. If the effective breadth is used instead of the actual width
of the plate in calculating the area of skin, all equations for the nailed layered
beam developed in the first part of this study can be applied to the nailed stressedskin component. The reason that the effective breadth is used in the calculation
of the area of skin is that the term of the area is concerned with the direct forces.
In calculating the second moment of area of skin, the actual width should be used.
It is sufficient to use the effective breadth of the glued component as that of
the nailed component. It can be obtained by Amana and Booth's theory.
For the single skin type. -The equations for the two-layered beam are applied.
For the double skin type. -The equations for the three-layered beam are applied.
For the double or multiple rib type. -These types of component may be regarded
as a series of linked I or T-beams. Therefore, it may be sufficient to calculate one
such unit.
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FIG.13. Effect of' thickness of plate on stiffness.

EXPERIMENTS

Test specimens and testing method
Four types of nailed stressed-skin components as shown in Fig. 4 and Table 1
give the specimen information which was tested to examine the validity of the
procedure.
The rib was selected from kiln-dried 2 by 4 western hemlock, and was planed
again to reduce the effect of friction at the contact surfaces. The finished cross
section was 36.9 mm by 84.2 mm. The nominal 7.5-mm-thick Lauan plywood
was used as skin. The actual thickness was 7.9 mm and the width was 450 mm.
The plywood was placed over ribs with the face-grain of the plywood parallel to
length of the rib. The nail used was CN50, which is defined in JIS A5551, and is
almost equal to the 6d common nail in the USA.
The central point load or the two point loads were applied to the components
with 1800-mm span as shown in Fig. 5. The deflection at each point divided the
span into eight equal lengths and the slip displacement at the beam ends was
measured by displacement transducers.
The special instrument which had been used in the first part of this study was
used again to measure the slip displacement of each nail.
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FIG. 14. Effect (of depth of rib on stiffness.

The load-slip characteristics for a single nail were obtained by the nailed joint
test as shown in Fig. 6. The Young's moduli of the plywood were obtained by
the compression test.
Comparison of calculated results with experimental results
Deflection.-Figure 7 shows the typical load-deflection curves. Comparison
shows that the calculated results including the approximate solution agree with
the experimental results. This can loe seen for the other test specimens. For all
test specimens, the ratio of experirnental load to calculated load when the deflection at midspan is 6 mm (L/300) or 18 mm (L/100) was shown in Table 2.
From this table, we can see that both calculating procedures predict well the
nonlinear bending stiffness of the nailed stressed-skin component.
Figure 8 shows a typical deflection curve along the span. The deflection curve
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of the nailed stressed-skin component is almost equal of the solid beam. The
calculated curve agrees well with the observed result.
Slip of nail.-Figure 9 shows a typical load-slip at the beam ends curve and
Fig. 10, the slip distribution along the span. The good agreements of the calculated
results with the experimental results show that the calculating procedures can also
predict well the slip displacement at the contact surfaces of the nailed stressedskin component.
NUMERICAL EXPERIMENTS

It might be useful for the design of the component to investigate the effects of
various parameters on the bending behavior of the component. The solutions are
now used to study their effects on the behavior.
Excellent investigation on the effect of some parameter on the effective breadth
has been already conducted by Arnana and Booth. Therefore, in this study, attention is focused on the particular aspect of the effect caused by the nonlinear
characteristics of the nailed joints.
Except where specified otherwise:, the results apply to the single-rib single-skin
component for the following parameters and conditions.
Skin: thickness = 9 mm, breadth = 450 mm, effective breadth ratio = 0.55,
MOE in bending = 90,000 kgf/cm2,MOE in compression (span direction) = 70,000
kgf/cm2.
Rib: depth = 89 mm, breadth = 38 mm, MOE = 90,000 kgf/cm2.
Nailing: nail = CN50, spacing = 90 mm.
Loading: two point, span = 1,800 m.

The load-slip curve for a single nail used in this study is shown in Fig. 11. This
curve is assumed to be independent of the thickness of plate and the depth of rib
and is approximated by the composition of fourteen connected straight lines.
The following factor might express well the contribution of the connectors to
the stiffness of the component:

where P, Pg and Po are, respectively, the load of the nailed component, of the
glued component and of the no connections component corresponding to the same
deflection.
When there is no connection, K is zero. When there are infinite multitude of
connectors, K reaches its maximum value, 1. If K is 0.5 for example, this means
that the resistance of the nailed component is just middle between that of the no
connections component and that of the glued component for the same deflection.
K is the factor that varies depending on the corresponding deflection because of
the nonlinear characteristic of the nailed joint.
Figure 12 shows the effect of the number of nails on K. In case of this component,
an increase in the number of nails per length 100 mm of beam from 0.5 (spacing =
200 mm) to 2.0 (spacing = 50 mm) produces an increase in K for deflection 6
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FIG. 15. Effect of span on stiffness.

mm from 0.49 to 0.88, an increase of 0.39, and for deflection 18 mm from 0.19
to 0.52, an increase of 0.33.
Figure 13 shows the effect of the thickness of plate on the load and K when the
deflection is 6 mm. An increase in the thickness of plate produces a comparatively
remarkable rise in the load of glued component. This results in a reduction in K.
From Figs. 12 and 13, we can see that the increase of the number of nails has
greater effect on the stiffness than the increase of thickness of plate.
Figure 14 shows the effect of the depth of rib on the load and K when the
deflection is 6 mm. As the depth of rib increases, the load of nailed component
increases. This is mainly due to the increase in the second moment of area of rib.
In fact, an increase in the depth produces a decrease in K. The increase in the
second moment of area of rib produces also a decrease in the ratio of the second
moment of area of plate to that of rib, which results in the decrease in the stressedskin effect. Because of this, for the component with large depth rib, enlargement
of K by reinforcement of plate-rib joints gives slight effect on the stiffness. For
such a component, both reinforcement of plate-rib joints and increase of thickness
of plate are needed to increase the slressed-skin effect.
Figure 15 shows the effect of the length of span on K when the deflection is 6
mm. From this figure, we can see that the contribution of connectors increases
as the span becomes long.
CO'VCLUSIONS

The analytical procedures includirig the approximate procedure for predicting
the nonlinear bending behavior of the nailed layered beam developed in the first
part of this paper were applied to the nailed stressed-skin component. In the
calculation, the effective breadth was used instead of the actual width of plate.
The effective breadth was obtained by Amana and Booth's theory.
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Experiments were conducted to examine the validity of the procedures and
showed that both procedures gave excellent agreement with the experimental
results.
The solution was used for investigating the effect of some parameter on the
stiffness. The following results were given; In order to strengthen the stiffness, it
is enough to increase the number olf nails for the component with comparatively
small-depth ribs. However, for the component with large-depth ribs, thickening
of plate is needed besides the increase of the number of nails.
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