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ABSTRACT

The computational efficiency of a full-structure model for a light-frame building is enhanced by
replacing the continuum of the detailed connections with rotational and translational nonlinear springs
that are energetically equivalent between two bounds. This study examines the transformation from
the physical exterior-wall-to-cxterior-wall connection (a corner) of a light-frame wood structure, first,
to a two-dimensional finite-clement model and, then, to a set of nonlinear springs. Typical light-frame
details are used as the starting point, and the product is the characteristic moment-rotation and load-
displacement relationships for a 24-inch segment of the corner.
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INTRODUCTION

Although light-frame wood buildings are the
primary form of residential construction in the
United States, only recently have the load-
sharing capabilities of the various substruc-
tures in such buildings been studied. The
preferred way of analyzing a complete wood
structure is the finite-element method. How-
ever, modeling such a complex structure in
sufficient detail to accurately predict reactions
and deformations requires either a model with
many degrees of freedom (dof) or a reduced,
but energetically equivalent model. With re-
spect to computational time and efficiency, the
latter is the obvious choice.

One aspect of creating a reduced structural
model is the development of energetically
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equivalent intercomponent connections. In-
tercomponent connections join the various
substructures together and play a vital role in
the behavior of the structure. Previous re-
search has shown that the nonlinear charac-
teristics of the intercomponent connection re-
sult from the nails (Jenkins et al. 1979; Polensek
and Schimel 1986; Polensek and Bastendorff
1987).

The main objective of this paper is to present
a technique for reducing the number of dof
from a detailed finite-element model of an in-
tercomponent connection to a set of energet-
ically equivalent nonlinear springs that exhibit
the same moment-rotation and load-displace-
ment relationships between two bounds as the
actual framing system. These springs can be
used subsequently in a full-structure model to
replace the detailed modeling of the intercom-
ponent connection. This paper presents the de-
velopment of the detailed finite-element mod-
el, the verification of the finite-element results
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by comparison with full-scale testing, and the
subsequent reduction to a set of nonlinear
springs. The specific connection presented is a
corner where one exterior wall joins an or-
thogonal exterior wall.

OVERVIEW OF THE ANALYSIS

This study was part of a larger project that
demonstrated the method for modeling a full
structure to determine its load-sharing char-
acteristics (Kasal 1992). For that project, the
global full-structure model by Kasal (1992) was
compared with the results of a full-scale test
performed on a single-story light-frame wood
structure (Phillips 1990).

The structure consisted of four exterior walls
and two interior partitions, each orthogonal to
the adjoining walls. Each of the four corners
was fastened together in the same way; there-
fore, one model of the exterior-wall-to-exte-
rior-wall connection was sufficient to provide
the needed nonlinear springs for the full-struc-
ture model.

The physical connection consisted of three
Douglas-fir studs, plywood exterior siding, and
gypsum board on the interior surfaces of the
walls. Figure 1 shows the connection as well
as the next adjacent stud on each wall. Wall 1
was the end wall (Phillips 1990) and was ori-
ented parallel to the plane of the applied loads
in the structural tests. Wall 11 was the one to
which the loads were applied in the full-struc-
ture tests.

The process of replacing the continuum with
a set of nonlinear springs is described by three
steps:

® Identify the required rotations and transla-
tions.

® Develop a detailed finite-element model of
the connection and verify the calculation.

® Ifnecessary, modify the finite-element mod-
el and calculate the characteristic load-dis-
placement and moment-rotation relation-
ships by imposing the appropriate boundary
conditions.

In this project, the connection stiffnesses re-
quired for the full-structure model included
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FiGg. 1. Detail of exterior-wall-to-exterior-wall con-
nection used for testing.

the rotational stiffness as the connection was
both opened and closed (Kasal 1992). In ad-
dition, two separation stiffnesses were also re-
quired to make the model complete: Wall 1
pulled away from Wall II, and Wall II pulled
away from Wall 1.

The corner connection was built and tested
in the opening and closing modes. The actual
test specimen was then modeled according to
the finite-element method, which yielded mo-
ment-rotation relationships for comparison
with those derived with the experimental cor-
ners. The material properties used in the
finite-element model were then modified to
represent the properties of the materials in the
actual structure as described by Phillips (1990).
The results were the characteristic properties
of moment-rotation and load-displacement for
the quasi-superelements, which were nonlin-
ear springs.

DEVELOPING AND VERIFYING THE
FINITE-ELEMENT MODEL

Corner fabrication and tests

The test involved rotating the intercompo-
nent connection so that the two walls opened
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FiG. 2. Apparatus used to test the exterior-wall-to-ex-
terior-wall connection.

and closed relative to one another. The testing
setup used to evaluate the exterior-wall-to-ex-
terior-wall connection is shown in Fig. 2.

The studs were cut to a length of 24 in. and
ran the full height of the connection. Studs 3
and 4 were fastened together with five 16d nails
spaced 6 in. o.c. The gypsum wallboard (Y2-
in.) was fastened to the studs with four drywall
nails per row, spaced 6 in. o.c. Six rows of 6d
nails fastened the exterior sheathing (Y2-in., T1-
11) to the studs. Studs 1, 2, and 5 and the xz
surface of Stud 3 (see Fig. 1) each had four 6d
nails spaced 6 in. o.c. The edges of Studs 3 and
4 each had five 6d nails spaced 6 in. o.c. to
fasten the exterior sheathing to them. All of
the nails used in the connection were hand-
driven without the use of pilot holes. The outer
layer of the exterior sheathing and the paper
on the gypsum board both had the fibers run-
ning parallel to the length of the studs. The
interior corner was not taped or finished.

The load was monitored by a load cell
mounted between the hinge and the crosshead
of the testing machine. The displacement mea-
sured was that of the crosshead as it was low-
ered or raised to load the connection.

The crosshead speed in both directions was
0.1 in./min. Although the global model of the
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Fic. 3. Typical values ofload vs. displacement for tests
of the exterior-wall-to-exterior-wall connection: (A) close-
open-close and (B) open-close-open.

complete structure did not require cyclic be-
havior, a load and fully reversed load were
applied.

A total of six assembled corners were tested.
The first corner was loaded in closing until the
crosshead was lowered 0.5 in. The crosshead
was then raised 1.0 in. to open the corner,
giving a net crosshead movement of 0.5 in.
Finally, the crosshead was brought back to the
original unloaded position to complete the
hysteresis loop. The next specimen was loaded
in the opposite sequence; the corner was first
loaded to open, then closed, and finally opened
to the neutral position. This pattern was fol-
lowed until each corner was tested.

Typical results of the testing are shown as
the hysteresis loops in Fig. 3. The average hys-
teresis loops of the exterior-wall-to-exterior-
wall connection were used to verify the finite-
element model.
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Developing the corner model

The finite-element model was devised to
predict the behavior of the corner connection
under the test conditions. Comparison of the
experimental results with the model served to
verify that the model was an acceptable pre-
dictor of corner behavior.

Studs and sheathing materials. — The wood
and gypsum wallboard were modeled using
four-node plane-stress isoparametric solid el-
ements. Each node had two dof, which were
translations in the x- and y-directions. Mate-
rial properties consisted of two moduli of elas-
ticity (E, and E,), Poisson’s ratio (v,,), and the
shear modulus (G,,) (Delsalvo and Gorman
1989).

The plywood and gypsum board were tested
in bending to establish the necessary material
properties for the finite-element model. The
method followed the guidelines outlined in
ASTM D3043-87 (ASTM 1989). This method
was used for both the exterior sheathing and
the gypsum board because ASTM C473-87a
(ASTM 1990), Standard Test Methods for
Physical Testing of Gypsum Board Products
and Gypsum Lath, does not provide test meth-
ods for determining the modulus of elasticity
(E) of gypsum board sheathing.

The values for Poisson’s ratio and the shear
modulus for the sheathing materials were ob-
tained from tests performed by Polensek and
Schimel (1986). Material properties for the
studs were obtained from the data of Bodig
and Jayne (1982).

Nuails and gaps. —Each nail in this model was
represented with a pair of two-node, nonlinear,
force-displacement elements (Fig. 4). These el-
ements have only one dof per node, which is
a translation in either the x- or y-direction.
Each element can be thought of as a spring that
either elongates under tension or becomes more
compact under compression. Each nail in the
model required a separate spring element to
represent the shear and withdrawal resistances.
The force-displacement relationships were de-
fined by piecewise linear curves such as that
in Fig. 4. The load-slip relationships were ob-
tained for the nails from two sources: Phillips

Load
A
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Unloaded In Tension
Displacement
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In Compression

Fic. 4. Two-node, nonlinear, force-displacement ele-
ment used to model the nails and gaps.

(1990) provided load-slip results in tests per-
formed on a 16d nail joint fastening two Doug-
las-fir studs; the load-slip relationships for the
drywall and 6d nails used to fasten the gypsum
board and exterior sheathing to the studs were
provided from the data of Polensek and Bas-
tendorff (1987). The load-withdrawal curve
used for the 16d nail was taken from Groom
(1992).

The gaps between the sheathing and the studs
were modeled by force-displacement curves
made up from load-withdrawal curves and the
associated pull-through data of Groom (1992).
The two curves were combined in series so that
each part carried the same load and could dis-
place independently of the other, thereby rep-
resenting the actual behavior of the sheathing
joint.

Assembling the model. —The two-dimen-
sional finite-element mesh used to model the
exterior-wali-to-exterior-wall connection is
shown in Fig. 5. The boundary conditions were
accurately modeled by fixing only one node
(Node A, which served as the corner of Stud
1) against translation. This node was fixed in
the x- and y-directions but was allowed to ro-
tate about the z-axis (see Fig. 1), thereby sim-
ulating the hinge action of the test fixture. The
finite-clement loading was accomplished by
forcing Node B (the corner node of Stud 5) in
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Fic. 5. Finite-element mesh used in the exterior-wall-

to-exterior-wall connection model.

a straight line toward Node A. The reaction
loads at Node B were recorded, and the re-
sultant load in the line of the imposed dis-
placement represented the load recorded by
the load cell.

Verification of the corner model

Close-open-close. —The first case simulated
the corner subjected to hysteresis loading ini-
tiated by closing the connection. The hysteresis
loop in Fig. 6A is the result of 40 load steps.
Ten load steps closed the corner a total of about
0.5 in. Twenty load steps then brought the
corner back through the zero displacement
point and continued until the connection was
open a distance of 0.5 in. Finally, the connec-
tion was brought back to the starting position
to complete the hysteresis loop.

Most of the bending resulted from the
sheathing materials flexing while the studs re-
mained undeformed. Models of typical defor-
mations of the corner in open and closed po-
sition are shown in Fig. 7.

Figure 6A shows the load-displacement re-
lationship at Node A as the model was loaded.
This curve is comparable in shape to the cor-
responding curve (Fig. 3A) derived from clos-
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Fig. 6. Load vs. displacement loops obtained from a

finite-element model of the exterior-wall-to-exterior-wall
connection when the loading sequence is (A) close-open-
close and (B) open-close-open.

ing the actual corner specimens, although the
toad values for the simulation of the closing
portion of the curves tended to be high. The
average loadhead displacement and load in the
actual specimens were 0.487 in. at 118.1 b in
closing and 0.515 in. at 47.8 1b in opening. At
the same displacement values, the finite-cle-
ment model predicted a closing load of 171.3
Ib (45.0% error) and an opening load of 46.4
1b (2.9% error).

The large error with closing and the small
error with opening are related to the assump-
tions of the model; all gaps between the ma-
terials were assumed to be zero. Therefore,
when the model was forced into closure, the
simulated wallboard and studs that made up
the corner assembly were instantaneously re-
sisting the movement. The character of the
actual connection was different in that gaps
existed between the materials, a result of im-
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perfect construction. These gaps could have
arisen from warped or twisted members, cuts
that were not perfectly straight, and misalign-
ment of the materials during construction.
Therefore, when the actual connection was
closing, not all of the materials were making
contact from the start. As a result, the resisting
load of the actual connection was lower than
that of the finite-element model. When the
model was loaded in tension, forcing the sim-
ulated connection to open, the status of the
initial gaps did not play a role because the
materials were continuously separating.

Open-close-open. —The second case simu-
lated was that of the corner connection being
subjected to a hysteresis loading initiated by
opening the connection. The boundary con-
ditions for this case were identical to those of
the previous case. The loading was accom-
plished similarly except that the load path was
started by opening the connection instead of
closing it. Forty load steps were used to open,
close, and return the connection to the un-
loaded position.

Figure 6B shows the load-displacement re-
lationship for the simulated loadhead. The
curve begins at the origin; as the connection
opens, the curve proceeds until a displacement
of 0.495 in. and a load of 46.2 1b are reached.
(The average of the three tests when actual
specimens were loaded in the same sequence
was a load of 42.8 1b for the same displace-
ment, indicating that the model was in error
by 7.9%.) The model was then loaded in com-
pression, closing the connection until the load-
head moved 0.515 in. past the starting posi-
tion. That displacement required a load of
175.8 1b for the finite-element model and 140.5
1b for the average load of the three tests, in-
dicating that the model was in error by 25.1%.
Again, because of the effects of the gaps in the
actual specimens, the model performed more
like those specimens when loaded in tension
than when loaded in compression.

TRANSFORMING THE CONTINUUM

The nailing schedule and material properties
of the finite-element model were then modified

A

Fic. 7. Finite-element model of the deformed corner
in the (A) open and (B) closed positions.

to correspond with the connection details as
described by Phillips (1990) or Groom (1992).
However, the finite-element mesh was not re-
vised. It should be noted that these results were
for a 24-in. section of the connection. If these
results were to be expressed as springs ap-
pearing every 12-in. in the global structural
model, then the loads or moments would be
divided by two.

Characteristic load-displacement
relationships

Separation of Wall I from Wall II in the
y-direction. — The characteristic load-displace-
ment relationship for this separation was ob-
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Fic. 8. Characteristic load-displacement relationships
for (A) separation of Wall I from Wall II in the y-direction
and (B) separation of Wall II from Wall Iin the x-direction.

tained by moving Wall I and holding Wall 11
stationary. The boundary conditions and di-
rection of loading are shown in Fig. 8 A. Fifteen
load steps were applied in 0.01-in. increments,
for a total of 0.015 in. The displacement was
found by recording the translation of the center
of Stud 2 in the y-direction as the load was
applied. The results of the loading and bound-
ary conditions are shown in the tracing of Fig.
8A.

Separation of Wall 1I from Wall I in the
x-direction.—The characteristic relationship
for this separation was obtained in a similar
manner. The loading and boundary conditions
are shown in Fig. 8B. The corner nodes of Stud
5 were forced through 15 displacement steps
of 0.01 in. each in the x-direction. The slip of
the exterior siding was used as the measure of
displacement and is shown plotted with load
in Fig. 8B.
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Characteristic moment-rotation
relationship

This relationship was obtained by setting the
same boundary conditions as in the original
finite-element model. Node A was fixed against
translation but was free to rotate as Node B
was displaced toward it (Fig. 9). Unlike the
original model, the modified model was not
loaded to form a hysteresis loop. Instead, it
was first loaded to close the corner. As with
the earlier model, the closing stiffness was much
greater than the opening stiffness. The results
are shown in the tracing of Fig. 9.

The rotation for this relationship was ob-
tained by following the paths of the mid-site
nodes located on the edges of Studs 2 and 4.
For Stud 2, these two nodes were followed in
the y-direction and divided by 3.5 in. to give
rotation in radians. A similar procedure was
followed to obtain rotation of Stud 4. The two
rotations were combined to find the rotation
of one stud relative to the other.

The centers of rotation for the connection
are about two separate points, depending on
whether the connection is closing or opening.
When the connection is closing, the connection
rotates about the point where Studs 2 and 4
contact. However, when the corner is opening,
the center of rotation is about the outside cor-
ner of Stud 3. Because of this duality, the mo-
ments for each load case were found in a dif-
ferent way: The load was always in the same
location and acting at Node B on the line be-



Groom and Leichti— TRANSFORMING A CORNER TO NONLINEAR SPRINGS 35

tween A to B; the moment arm for each case
was the distance from the center of rotation to
where it intersected the line of force at a right
angle. This distance was 11.3 in. when the con-
nection was closing and 12.7 in. when the con-
nection was opening.

CONCLUSIONS

The finite-element model made it possible
to obtain characteristic nonlinear load-dis-
placement and moment-rotation relationships
to be used as nonlinear springs in a full-struc-
ture model of a light-frame wood building.
With this method, each 24-in. section of the
connection can be replaced by a set of ener-
getically equivalent nonlinear springs com-
prised of just two nodes. The benefits to the
computational efhiciency of the full-structure
model are obvious when one considers that
the original detailed model included 182 nodes
at each connection. The other connections in
the full-structure model may be obtained by a
similar process.
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