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ABSTRACT: A simple procedure is presented for computing the composite stiff-
ness of a wood bending member with sheathing attached nonrigidly to one or
both edges. To account for interlayer slip, it is only necessary to modify the
axial stiffnesses of the flanges and then compute the stiffness of the resulting
T-beam or I-beam by the “transformed area” procedure. Test data agreed very
closely with theoretical predictions. The method also provides reasonable es-
timates of interlayer slip. The procedure can be carried out on a hand-held
calculator and is therefore in a form which can be accepted by code writers and
easily implemented by designers.

INTRODUCTION

Light-frame structural components have long been designed by simple
methods that ignore beneficial interactions among the individual ele-
ments which make up a floor, wall, or roof. Recent investigations by
government, university, and industry researchers have addressed these
inefficiencies in traditional design, and a variety of models have been
developed. Most of the new models for composite behavior involve the
use of complex computer programs. Little has been done to develop sim-
pler analysis procedures.

It is the objective of this report to present a simple analysis procedure
which can be carried out on a hand-held calculator. Such a simple method
is more likely to be accepted by code writers and implemented by de-
signers than methods based on complex computer programs.

BB A C K G R O U N DA C K G R O U N D

The performance of wood components with composite action has been
investigated by a number of researchers. Amana and Booth (1,2) con-
ducted a study on the performance of stressed-skin panels constructed
with plywood, nailed or glued to wood ribs. Their theoretical formula-
tion was used by Polensek (11) in producing a finite element computer
program, FINWALL, which computes the performance of wood stud
walls. Goodman (4) and Hoyle (5,6) have also investigated the effects of
interlayer slip.

Comprehensive finite element computer programs for floor analysis
have been developed by Thompson et al. (12) and by Foschi (3). The
former, FEAFLO, uses a crossing beam solution while the latter, FAP,
includes rotational and torsional degrees of freedom not included in
FEAFLO.
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McCutcheon (8) presented a simple T-beam model for predicting the
behavior of a floor joist with a single layer of sheathing attached. De-
rived from earlier work by Kuenzi and Wilkinson (7), this T-beam model
reduces the computation of joist-sheathing interaction to a few simple
equations. A cooperative study (10) showed that this simple procedure
predicts average floor deflections which are virtually identical to those
predicted by the program FEAFLO. Recently, this procedure was ex-
tended to consider two-way action in floors, and to predict individual
joist deflections (9). Again, computed deflections were almost identical
to those obtained from the finite element program.

The T-beam model (8) and its extensions (9,10) have shown them-
selves to be excellent predictors of floor performance where there is a
single layer of sheathing attached to the joists. However, the theory (7)
upon which this method is based is not directly applicable to the case
where both sides of a member are sheathed, because the theory as-
sumes: (1) Each interface has the same amount of interlayer slip; and (2)
the bending moment is carried principally by the flanges. In a typical
wall stud or floor joist, neither of these assumptions will generally ap-
ply. What is needed is a procedure for calculating the composite stiffness
of framing members with sheathing attached to both edges.

SCOPE AND ASSUMPTIONS

This paper will present a simple computational method for predicting
the bending stiffness of a wood member with sheathing attached non-
rigidly to one or both edges. The framing members will be assumed to
be the principal load-carrying elements in the resulting T-beams and I-
beams.

The method will assume that all materials, including connectors, be-
have linearly and that the interlayer stiffness is much lower than the
stiffnesses of the framing member (web) or sheathings (flanges). Me-
chanical fasteners are evenly spaced and therefore provide uniform fas-
tener rigidity along the length of the beam. Gaps are also evenly spaced
along the beam; they disrupt flange continuity completely, but their
physical dimension (width) is small.

THEORETICAL DEVELOPMENT

The aforementioned T-beam theory (8) can be summarized by the fol-
lowing five equations:
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(4)

(5)

where EI = composite bending stiffness of the joist (web) and nonrigidly
attached sheathing (flange); EIu = bending stiffness if the web and flange
are completely unconnected, usually taken. as the stiffness of the joist
alone; EIr = bending stiffness if the flange is rigidly attached to the web;
Lf = distance between gaps in the flange; h = distance between centroids
of the web and flange; S = interlayer stiffness, equal to the load/slip
ratio of an individual fastener divided by the spacing between fasteners;
and EAf, EAw = axial stiffnesses of the flange and web, respectively.

By rearranging the above equations, it is possible to reinterpret the
theory. Substituting Eqs. 2-4 into Eq. 1 and simplifying yields

(6)

Substitution of Eq. 5 into Eq. 6 gives

(7)

(8)

(9)

(10)

Thus, the composite stiffness (EI ) can be computed by Eq. 9, which is
of the identical form as Eq. 4 for computing the stiffness if the web and
flange are rigidly connected. The calculation only requires that the axial
stiffness of the flange is first modified by Eq. 10; this simple preliminary
calculation accounts for the nonrigid attachment of the flange to the web.

We can extend this concept to the stiffness of a beam with sheathing
on both sides by first calculating the reduced stiffness (or area) of each
flange and then computing the I-beam stiffness by the transformed area
method. Thus,

(11)
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FIG. 1.—Nomenclature for Composite I-Beam: (a) End View; (b) Side View

(12)

where EA1, EA2 = top and bottom flange stiffnesses, respectively (Fig.
1); Sl, S2 = top and bottom interlayer slips; and L1, L2 = top and bot-
tom gap distances. The total area of the transformed section is

(13)

and the neutral axis is located by

(14)

where h1, h2 = distances from the web centroid to the flange centroids.
The composite bending stiffness is then equal to

(15)

(16)

The magnitudes of the interlayer slip can be estimated by assuming
that the beam deflects as a half sine wave (Fig. 2).

(17)

The rotation at any point is
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FIG. 2—Assume a Half Sine Wave for Estimating Interlayer Slip

(18)

At either support (x = 0, x = L) where the slip is maximum, the end
slip is equal to the rotation times the distance of the slip plane from the
neutral axis:

(19)

(20)

where δ1 , δ2 = top and bottom slips, respectively; d = beam (web) depth;
∆ = midspan deflection; L = span; and = distance of the neutral axis
above the web centroid. Eqs. 19 and 20 assume that there are no gaps
in the flanges (L1 = L2 = L). For flanges with gaps, the average slips are
computed by multiplying Eqs. 19 and 20 by L1 / L and L2 /L, respectively:

(21)

(22)

EXPERIMENTAL EVALUATION

The validity of the theory was checked by constructing and testing 12
T-beams and 24 I-beams (Fig. 3).

The beams were constructed from two sizes of No. 2 spruce-pine-fir
webs (38 × 89 mm × 2.44 m and 38 × 184 mm × 2.44 m (nominal 2 ×
4 in. × 8 ft and 2 × 8 in. × 8 ft)] and employed two types of flanges
[19-mm (3/4-in.) CDX plywood and 11-mm (7/16-in.) oriented strand-
board]. The flanges were all 406 mm (16 in.) wide. 8d common nails
spaced at 152 mm (6 in.) were used to fasten the flanges to the webs.
A double layer of polyethylene was inserted in all slip planes in order
to reduce variability due to friction between the webs and flanges. The
beams were tested on a 2.13-m (7-ft) span under third-point loading.
Load levels were selected to ensure that the beam (web) stresses re-
mained below their allowable values. Thus, the 89-mm (4-in) T-beams
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FIG. 3.—Experimental Evaluation of Composite Action in an I-Beam (M 840 406-1)

were loaded to about 1,780 N (400 lbs), the 89-mm (4-m) I-beams to
2,450 N (550 lbs), the 184-mm (8-in.) T-beams to 6,000 N (1,350 lbs), and
the 184-mm (8-in.) I-beams to 6,675 N (1,500 lbs).

For each web size (2 × 4 and 2 × 8) there were three replications each
for

T-beams with plywood (PLY) flange
T-beams with oriented strandboard (OSB) flange
I-beams with PLY top, PLY bottom
I-beams with PLY top, OSB bottom
I-beams with OSB top, PLY bottom
I-beams with OSB top, OSB bottom

Each T-beam was tested twice: first with a continuous flange and slip
measured at points A (Fig. 4); second with the flange cut at midspan
and additional slip measurements at points B. Each I-beam was tested

FIG. 4.—T-Beam Deflection (∆) and Slip (A,B) Measurements

FIG. 5.—I-Beam Deflection (∆) and Slip (A,B,C,D) Measurements
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three times: first with both flanges continuous and slip measured at points
A and B (Fig. 5); second with the bottom flange cut and slip measure-
ments also at C; third with the top flange also cut and slip measured at
D.

Prior to the T-beam and I-beam tests, material property tests were run
on the 2 × 4's and 2 × 8's (static bending to determine web stiffness),
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sheathings (axial tension and compression to determine flange stiff-
nesses), and nails (lateral load/slip tests with each type of sheathing to
determine interlayer slip properties).

Bending tests on the 2 × 4's and 2 × 8's were conducted in the same
manner as the T-beam and I-beam tests: 2.44-m (8-ft) specimens tested
on a 2.3-m (7-ft) span under third-point loading. Loads were 1,110 N
(250 lbs) for the 89-mm (4-in.) material and 4,890 N (1,100 lbs) for the
184-mm (8-in.). The results of these tests are listed under “web” in Ta-
bles 1-4.

Sheathing specimens were cut from two sheets of each type. The ten-
sion specimens were 76 mm (3 in.) wide by 914 mm (36 in.) long with
axial extension measured over a 305-mm (12-in.) gage length. Compres-
sion specimens were 25 mm (1 in.) by 102 mm (4 in.) with a 51-mm
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(2-in.) gage length. Results of the sheathing tests are reported in Ta-
ble 5.

Lateral nail test specimens were assembled from 305-mm by 51-mm
(12-in. by 2-in.) pieces of sheathing and 305-mm (12-in.) long pieces of
framing (web) material. The pieces were overlapped 102 mm (4 in.) and
fastened with one 8d nail. A double layer of polyethylene was inserted
in the slip plane. The load at 0.38 mm (0.015 in.) of slip was chosen to
define the nail stiffness; this is the approximate median slip level in the
T-beam and I-beam tests. Results are presented in Table 6.

RESULTS AND DISCUSSION

The results of the T-beam and I-beam tests (Tables 1-4) are reported
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FlG. 6.—Histogram of Theoretical Predictions versus last Results for Stiffness
of T-Beams and I-Beams

FIG. 7.—Histogram of Theoretical Predictions versus Test Results for Nail Slip

as load/deflection ratios for the composite beam stiffnesses, and load/
slip ratios for the interlayer slip measurements. Sample calculations are
presented in Appendix I.

The T-beams and I-beams with continuous flanges were considerably
stiffer than the webs alone, from 9% stiffer for one of the 184-mm
(8-in.) T-beams to 109% stiffer for one 89-mm (4-in.) I-beam. In general,
the theory gave very good estimates of composite beam stiffness. Of 96
stiffness computations, 50 (52%) were within 5% of the test values and
another 29 (30%) were within 10%. Only five predictions (5%) were off
by more than 15% (Fig. 6).

The interlayer slip predictions were not as accurate as the beam stiff-
ness predictions. Of 168 slip predictions, 47 (28%) were within 5% and
another 46 (27%) were within 10%. Twenty-three calculations (14%) were
off by more than 20% (Fig. 7).
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FIG. 8.—Typical Load/Slip Curve for 8d Nail (1 in. = 25.4 mm)

The test results indicate that the theory gives good estimates of com-
posite beam stiffness. Considering the natural variability in wood-based
materials, the predictions were very good indeed.

The interlayer slip predictions were not as close as those for stiffness,
but they were not expected to be. The theory assumes a linear nail load/
slip relationship, whereas such behavior is actually highly nonlinear (Fig.
8). This does not have a strong effect on T-beam and I-beam stiffness,
where the primary element is the web, but is of critical importance in
estimating the slip itself. Given that a linear approximation was made
of a nonlinear phenomenon, the results were quite respectable.

The fasteners used in the tests, 8d nails at 6 in., are representative of
conventional construction practices. Polyethylene was used in the slip
plane to reduce variability due to wood-sheathing friction. Therefore,
the interlayer stiffnesses in the tests were probably lower than would
occur in a newly nailed structure. However, in actual construction,
shrinking and swelling of the wood materials and working of the joints
would reduce their stiffness over time to values near those used in the
tests.

CONCLUSION

This paper has presented a simple procedure for computing composite
action in a wood member with sheathing attached nonrigidly to one or
both edges. To account for the interlayer slip, it is only necessary to
modify the axial stiffnesses, or areas, of the flanges (Eqs. 11 and 12) and
then compute the stiffness of the resulting T-beam or I-beam by a simple
"transformed area" method (Eqs. 13, 14, and 16). Test data agreed closely
with theoretical predictions. The method also provides reasonable esti-
mates of interlayer slip (Eqs. 21 and 22).
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APPENDIX I.—SAMPLE CALCULATIONS

To illustrate the T-beam and I-beam computations in Tables 1-4, con-
sider the second test (continuous top flange, gap in bottom flange) of
the first 8-in. I-beam with plywood top and OSB bottom flange (Ta-
ble 4).

The flange and nail properties determined experimentally and used in
all computations were:

In this beam

From Eqs. 11 and 12 the reduced flange stiffnesses are

The beam stiffness, from Eqs. 13, 14, and 16,

For third point loading,

Therefore,
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Combining the above equation for P/∆ with Eqs. 19 and 20 gives

APPENDIX II.—REFERENCES

APPENDIX Ill.—NOTATION

The following symbols are used in this paper:
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