PRACTICAL APPROACH TO MODELING OF WO0OD TRUSS
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ABSTRACT: The main objective of this study was to investigate a practical approach to model trusses and roof
truss systems using a commercially available software program, ETABS. The model developed in this study
takes into account the system behavior from load sharing and composite action, the semirigidity of the metal-
plate-connected joints, and joint eccentricity. The model was verified by comparing the predicted deflections,
member internal forces, truss strengths, and load sharing of roof systems with the full-scale experimental results

available in the literature.

INTROBUCTION

Meual-plate-connected (MPC) trusses are widely used in
light-frame construction as the main vertical load-carrying el-
ements in roof and floor systems. These trusses have tradi-
tionally been designed based on a tributary load distribution.
The current design method ignores connection semirigidity
and joint eccentricity in MPC trusses, load distribution by roof
sheathing from limber trusses to stiffer trusses, partial com-
posite action that exists between the top-chord member and
the sheathing, as well as the variability in the correlated stiff-
ness and strength properties of the truss wood members. The
inclusion of these factors could improve the design of MPC
trusses resulting in savings of natural resources, The objective
of this study was to include joint semirigidity and eccentricity
in truss model and load sharing and composite action in a roof
truss assemblies model by using a commercially available soft-
ware used by practicing engineers.

The long-term goals of this project are to investigate the
system petformance of MPC wood truss assemblies and de-
termine strength increase factors for wood members used in
russ construction. This paper describes the first step in the
research and demonstrates the applicability of a commercial
structural analysis program to investigate the system behavior
of truss assemblies.

LITERATURE REVIEW

There is strong evidence of load sharing in wood truss roof
systems. Full-scale roof truss assembly tests at the Forest Prod-
ucts Laboratory (FPL) in Madison, Wisconsin, revealed that
35-66% of the applied load was distributed to the unloaded
trusses when one truss was Joaded individually in truss roof
assemblies (Wolfe and McCarthy 1989; Wolfe and La-
Bissoniere 1991). The interactions between the sheathing ma-
teriaf and truss members, as well as the high variability in
stiffness of the wood members, contribute to the strength in-
crease of a truss system. A wood truss systern actually per-
forras better than expected using the current design method.
Therefore, it is of practical importance to find the system effect
in wood roof truss assemblies.
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Wolfe et al. (1986) tested full-scale individual trusses and
found that trusses have linear deflection performance up to
twice the design load and only slight deviations from linearity
up to three times the design load. King and Wheat (1987) also
found that load-deflection and load-member axial force curves
for nine MPC, parallel-chord trusses were linear up to the de-
sign load.

Cramer and Wolfe (1989) developed a three-dimensional
frame analysis program (ROOFSYS) 1o model a roof system
of trusses connected by plywood sheathing. Plywood sheath-
ing on each side of a pitched roof system was represented by
a single continuous beam having bending stiffnesses about two
axes. Nail slip between the sheathing bearn and the truss top
chords was assumed to have a negligible effect on system per-
formance and was ignored. The T-beam effect of the attached
sheathing was accounted for by using the bending stiffness
equation developed for the deflection of a simply supported,
partiaily composite T-beam by Kuenzi and Wilkinson (1971).
Although no atternpt was made to include connector plate
semirigidity, it was found that this model reasonably predicted
assembly load distributions.

LaFave and Itani (1992) developed a roof assembly model
by assigning rotational and uniaxial fixity factors to the MPC
wood members that provided a better prediction of roof as-
sembly behavior. The developed model did not require exper-
imentally derived connector plate parameters. :

Perhaps the most comprehesive model for the analysis of
load sharing and composite action is NARSYS (nonlinear
analysis of roof systems) developed by Mtenga (1991). This
model provided a reasonable prediction of the stiffnesses and
strengths of individua! trusses outside of an assembly, but load
sharing for a truss assembly was not verified.

TRUSS AND TRUSS SYSTEM MODELS

In this study truss and truss assemblies were modeled using
a widely available commercial software program, ETABS
(Computers and Structures, Inc., Berkeley, Calif.) This soft-
ware is used by practicing engineers to analyze a variety of
structures. Some of the techniques in modeling truss and truss
assemblies were obtained from the available literature as dis-
cussed later. o

MPC Fink trusses and truss systems were modeled with two
main types of elements; beam elements and spring elements.
Wood truss and plywood sheathing members were modeled
using beam elements. The heel joints and bottom-chord-ten-
ston-splice joints were modeled using ETABS spring elements.
The spring elements have no physical dimensions and were
used to represent semirigid behavior at the ends of wood truss
members connccted by metal plates, which are modeled by
“rigid"* links. Fig. 1 shows the semirigid truss model using
ETABS for a 3:12 slope, MPC roof truss.

The truss system madel included nine trusses connected by
sheathing beams. The plywood sheathing itself was treated as
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FIG. 2. Truss System Model Using ETABS

a deep beam with one of the principal axes aligned with the
top chord members of the trusses and the other principal axis
perpendicular to the plywood sheathing plane. In the truss sys-
tem model, plywood sheathing was divided into three sheath-
ing beam clements on each side by tributary areas and these
sheathing beam elements have the same thickness as the ply-
wood sheathing (Fig. 2). Therefore, there are six sheathing
beam ciements in the truss system model. The truss beam ¢l-
ements arc rectangular with cross sections the same as the
wood members and are aligned with the centroidat axes of the
members.

Spring Elements

Each plate-wood contact area for the MPC heel joints and
bottom-chord-tension-splice joints was modeled by a set of
three zero-length springs representing two axial stiffiesses and
one rotational stiffness. The stiffnesses of these springs were
derived based on experimental load-slip characteristics of
MPC connections, assuming that each tooth contributes
equally 1o the stiffnesses and the rotational spring stiffness of

. each plate-wood contact area is dependent on the correspond-
ing translational spring stiffnesscs. For simplification, the non-
lincar behavior of the MPC joints was assumed to be linear
and modecled using ETABS linear spring elements. The
ETABS spring element has six input stiffnesses. In the two-
dimensional analysis conducted for individual trusses, one of
the three axial stiffnesses and two of the three rotational stiff-
nesses (out of the truss plane) were set to infinity.

Spring stiffnesses of each plate-wood contact area for heel
joints and bottom-chord-tension-splice joints were functions of
the plate-wood contact area, the tooth density of the meial
platc, and the experimemtally determined stiffnesses of the
plate tooth-wood connection. There are two plate-wood con-
tact areas at each heel joint and tension-splice joint. Each con-
tact area was modeled by an ETABS spring clement. There-
fore, to include semirigiditics of two heel joints and one
tension-splice joint, six spring elements were used in the semi-
rigid truss model. The locations of the spring elements were
arbitrarily placed near the center of each plate-wood contact
area. For convenience in ETABS input, the spring ciement for
the plate-wood contact area at the top chord of the heel joint
was assumed to be located at the intersection between ceater
lines of the truss top chord and bottom chord. The spring el-
ement for the plate-wood contact area at the bottom chord of
the heel joint was assumed to be located at the intersection
between the vertical center of gravity line of the plate-wood
contact area at the bottom chord and the horizontal center line
of the bottom chord member. The spring elements for the
plate-wood contact area of the tension-splice joint were as-
sumed to be located at the center of gravity of each plate-
wood contact area. A spring clement for a plate-wood contact
area was connected to the spring element for the other plate-
wood contact area from the same metal plate through a rigid
link. A rigid link was assumed to have the same dimensions
as the truss wood member with a modulus-of-elasticity value
the same as steel.

Foschi (1977) developed a model to relate MPC joint stiff-
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nesses to plate orientation with respect to grain direction of
the wood members and the load direction. Use of Foschi’s
model requires the determination of the three parameters to fit
the experimental load-disptacement curves for four standard
joint configurations. Foschi’s parameters for any other cases
can be obtained by using a Hankinson-type interpolation (Fos-
chi 1977). For directions along the plate major axis (axis 1)
and plate minor axis (axis 2), the Foschi parameters are

f = kaakaz
V7 ko Sin®® + ko cos'P

14y

and

. keekee
7 ke sin®® + kg, cos™P

@

Here k, and %k, are any one of Foschi's parameters at orienta-
tions parallel to the plate major axis and minor axis, respec-
tively; kae, kag kga and kg are Foschi's parameters for the
four standard joint configurations; and ¢ is the angle between
the plate major axis and the grain direction. Because metal
plates were placed horizontally with the plate major axis (axis
1) in the horizontal direction and the plate minor axis (axis 2)
in the vertical direction, spring stiffnesses along these two axes
were used as axial stiffnesses of the ETABS spring elements
(which only allow vertical or horizontal axial stiffness input).

Although (1) and {2) apply to all of Foschi’s parameters,
here only the initial stiffness & is used to determine spring
stiffnesses because of the linear modet used in this study. The
spring stiffnesses K of a metal plate-wood contact area in the
horizontal (r-axis) and vertical (z-axis) directions can be ex-
pressed as functions of the stiffness of a single tooth (Mtenga
(1991)

Ko=k-AB 3)
K= keAB )

The rotational spring stiffness of a metal plate-wood contact
area can be derived from the two transiationa! spring stiff-
nesses as (Mienga 1991)

Keowson = Bk Iy + kpo 1) (5)

where &,, &, = Foschi parameters for the initial stiffnesses of
a single tooth along the horizontal (x-axis) and the vertical (z-
axis) directions; K,, K, = translational spring stiffnesses for a
plate-wood contact area along the horizontal (x-axis) and the
vertical (z-axis) directions; A = plate-wood contact area; B =
tooth density of the metal plate; and [, I, = moments of inertia
of plate-wood contact area.

From these equations, the stiffnesses of the spring element
at hee! joints and tension-splice joints were calculated (L.i
1997).

Top Chord Elements

The bending stiffnesses of truss top chord members were
tncreased to take into account the partial composite action be-
tween the plywood sheathing and top chord members. Kuenzi
and Wilkinson {1971) developed an equation relating the de-
flections of a partially composite beam with that of a com-
pletely composite beam. In this method, the deflection of a
partially composite T-beam for a floor joist (web of T-beam)
nailed with sheathing (flange of T-beam) is given by

A=A.[l+f‘(—g—‘-—l)] ©

where A = deflection of the partially composite beam; A, =
deflection of the completely composite beam (the components

of the beam are rigidly connected); fa = 10(L%* + 10); L =
beam span; o = functions of A, 5, Ely, Ely; h = distance be-
tween the centroidal axesoftlwﬂangcandweb;s=loadper
unit length, which causes a unit slip in the nail; Ef, = beading
stiffness if the components are rigidly connected; and EI, =
bending stiffness if the components are completely uncon-
nected.

The effective stiffness, EI, of a partially composite beam
can be expressed in terms of Ef; and Ef,. Noting that A/A, =
EIIEL (6) can be rewritten as (Kuenzi and Wilkinson 1971)

Ely
El(l — fuVEl, + fu ™

In roof truss assemblies, the truss top chords function as
partially composite beams and the increased bending stiff-
nesses of truss top chords can be approximately determined
using (7).

El =

Sheathing Beam Elements

Not only does the plywood sheathing contribute to an in-
crease in the stiffnesses of truss top chond members due to
partial composite action, but it also functions as a distributor
beam to transfer the load from loaded or stiffer trusses to un-
loaded or more limber tusses. The plywood sheathing in this
project was modeled by sheathing beam clements, which are
three-dimensional beam elements having six degrees of free-
dom at cach end and are connected to the top chord member
of each truss in the assembly. The gaps in the plywood sheath-
ing were taken into account by discontinuing (using a pin
joint) those sheathing beams at the trusses that approximately
correspond to the gap locations. Fig. 2 shows the continuity
of sheathing beams in a truss system model.

Joint Eccentricity

When there are more than two truss members connected
through a MPC at a truss joint, the center lines of the members
usually do not intersect at one point. This causes an eccen-
tricity at the joint. Eccentricity occurs in the heel joints and
web joints, as well as in the ridge joints in the pitched Fink
trusses. If these connections are simplified as common nodes
that join wood elements together, the eccentricities are ig-
nored. This simplification may lead to errors in analyzing the
structure. The input of eccentric joints in ETABS is compli-
cated; therefore, for practical consideration only, the eccen-
tricity of the heel joint was modeled in this project. At the
heel joint, the intersection point between the top chord and
bottom chord members is offsct some distance along the bot-
tom chord from the intersection point between the center linc
of the wuss bearing plate and truss bottom chord. This was
modeled by adopting one node for each intersection point at
the heel connection (Fig. 1). Also, two very short column el-
ements represemting the truss bearing plates were used in the
model. The locations of these columns were the same as the
center lines of the truss bearing plates. These columas have
very large out-of-truss plane stiffnesses. Within the truss plane,
one of the column elements is very rigid to represent the pin
connection at one end of the truss. The other column element
is very flexible to represent the rolier connection at the other
end of the truss.

RESULTS AND DISCUSSIONS
Model Verification

Next, the semirigid truss and nine-truss roof system models
were verified by comparing the predicted deflections, member
internaf forces, truss strengths, and load-shariag of four nine-
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truss roof systems with the experimental results. Member in-
ternal forces for Fink trusses were not available from the lit-
erature; therefore, member internal force verification was
conducted through comparisons between the predicted and the
tested member internal forces for parallel-chord trusses tested
by King and Wheat (1987).

Deflection and Member Internal Force Verification

Deflection comparisons were made between experimental
and predicted deflections from the semirigid models. Twenty-
four residential roof trusses with Fink configurations of 3:12
and 6:12 slope tested at the FPL (Wolfe et al. 1986) were used
for this purpose. These 8.5-m-span trusses were constructed in
three stiffness categories of low, medium, and high modulus
of elasticity (MOE) values. Fig. 3 shows the deflection com-
parisons when these trusses are subjected to a uniform load of
800 N/m for 3:12 trusses and 960 N/m for 6:12 trusses along
the truss top chords. These deflections are the average values
measured at the five truss node points (four web joints and
one crown joint). As shown in Fig. 3, most of the predicted
average deflections are within 7% of the test results.

King and Wheat (1987) tested nine MPC parallel-chord
wood trusses with three different configurations (three trusses
for each configuration). All trusses were designed using nom-
inal 38 mm X 89 mm lumber with 20-gauge metal plates and
were loaded uniformly to the design load of 1,170 N/m along
the top chords. Detailed notes and measurements were made
on all trusses and truss deflections along the bottom chords
and member internal forces were recorded. The ETABS semi-
rigid model for these parallel chord trusses is shown in Fig. 4
(all dimensions are along the web center lines of truss mem-
bers). The semirigidities of all MPC connections are included
and each plate-wood contact area is modeled with an ETABS
spring element located at the intersection between the web
center line and the horizontal center of the gravity line of the
plate-wood contact area. The sizes of metal plates in actual
trusses range from 76 X 76 mm to 152 X 102 mm and an
average size of 102 X 102 m was used to calculate the stiff-
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nesses. Member axial forces and member bending moments
from tested results, Wheat’s analog 4 model using fictitious
members, and the ETABS semirigid model for one truss are
compared in Fig. 5. The other comparisons are given by Li
(1997). The comparisons show that for axial forces most pre-
dicted values are within 10% of the test results, but for bend-
ing moments, larger differences are observed for some mem-
bers. It is also clear from Fig. 5 that the ETABS model predicts
axial forces close to the experimentally obtained axial forces
and the ETABS model predicted nonzero bending moments
reasonably well in the web members.

Strength Verification

To determine strengths of trusses and truss assemblies, it is
essential to have an understanding of the relationship between
strengths and stiffnesses of truss wood members and the fail-
ure criteria for different loading conditions.

The strength—MOE relationships given by Gerhards (1983)
were used in determining the strength of wood members. The
following failure criteria for wood members were used in this
study.

For combined bending and axial tension
. fITS + f,/BS > 1.0 ®)
For combined bending and axial compression

(f./CS) + f,IBS > 1.0 &)

122/ PRACTICE PERIODICAL ON STRUCTURAL DESIGN AND CONSTRUCTION / AUGUST 1998



OTEST m MODEL

401

TCh
T

Strength (kN)

M7

Truss Identification

6ML  6M2 6M4  6M7  EHI 6H2 GHOG BHY

Strength (kN)
v
[=1
o
—
m
191
-
u
=
]
=]
m
[
MR
T
T2
(3]
3 Tl
T
W Wh3
TC2
WE
TCI
TC
#”“
TCh
TCh

Truss Identification

FIG. 6. Strength Comparisons for Trusses Tested by Wolfe et
al. (1986)

where f,, f,, and f; = tensile, bending, and compressive stresses
in members, respectively; and TS, BS, and CS = tensile, bend-
ing, and compressive strengths of members, respectively. Al-
though Fink truss tests at the FPL (Wolfe and LaBissoniere
1991) revealed that Fink trusses mostly failed at the heel
joints, joint failures in this study are considered at heel joints,
tension-splice joints and web joints at bottom chords. The fail-
ure criteria for these joints are
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where the P values are the axial compressive force in the top
chord of the heel joint, the bottom chord tensile force for the
tension splice joint, and the web tensile force in the tension
member of the web at the bottom chord joint. P, values are
the corresponding failure loads for these joints. The failure
loads (Pey) for these joints were taken from Gupta (1990),
who tested 56 heel joints, 52 tension-splice joints, and 55 web
joints at the bottom chords. '

The strengths for 24 trusses tested outside of roof assem-
blies are compared with the strengths predicted by the semi-
rigid model. These trusses were made from southern pine no.
2 and tested at the FPL by Wolfe et al. (1986). The failed
member in each tested truss is also compared with the pre-
dicted failed member from the truss model. Joint failure is not
considered in the strength modeling of these trusses, because
these trusses were overplated at heel joints and tension-splice
joints with 16-gauge plates and strength data for 16-gauge
MPC joints were not available from the literature. Fig. 6 shows
the strength and failed member comparisons where the term
“model’’ refers to the semirigid model used in this study.
Truss strength predicted by the ETABS model is generally
within 9% of the tested strength and the model almost always
predicted the correct member failure.

Load-Sharing Verification

Load-sharing results from two series of full-scale roof truss
assemblies tested at the FPL by Wolfe and McCarthy (1989)
and Wolfe and LaBissoniere (1991) were used for comparison
with load-sharing predicted by the truss system model. These
two series are truss assemblies with high stiffness variability
and truss assemblies with low stiffness variability as for con-
ventional construction. Each series included two truss assem-
blies, one with a 3:12 slope and the other with a 6:12 slope.
In the truss assemblies with low stiffness variability, one of
the previously failed trusses tested outside the assembly was
sheathed with plywood and used as an exterior truss (truss 9)
in the assemblies. Each truss in the assembly was loaded uni-
formly one at a time, except for the exterior truss made of the
failed truss. The vertical reaction forces at the supports were
recorded. Load-sharing was found by dividing the sum of the
vertical reactions for each truss by the total applied load. This
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Load-Sharing Comparisons for Assemblies Tested by Wolfe and McCarthy (1989) and Wolfe and LaBlssonlere (1991)
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gives the load distributed to cach truss when one of the trusses
is loaded in the roof assembly. Modulus of elasticity for each
wood truss member used in the FPL assembly tests was used
in the truss system model. The experimental and predicted load
sharing are shown in Fig. 7, where the terms Test and Model
refer to the tested and predicted results, respectively. The MOE
values for wood members in the exterior failed truss were
arbitrarily increased five times to model the very rigid truss
sheathed with plywood.

Each bar in these figures shows the load carried by the truss
when it alone is loaded in the truss assembly. Comparisons of
load carried by the other trusses in the assemblies are given
by Li (1997). Comparing the predicted with the experimental
load sharing, the maximum percentage difference for load dis-
wibuted to the loaded trusses is 15% for 3:12 slope truss as-
semblies with an average value of 8%, and 10% for 6:12 slope
truss assemblies with an average value of 6%. For more re-
alistic loading, where all trusses are loaded in the assembly at
the same time, the predicted load distribution is very close to
the tested load distribution. For example, when all trusses in
the 3:12 slope truss assembly with high stiffness variability
were loaded, the test load carried by the middle truss is 13%,
whereas the predicted load carried by the middle truss is 15%.

CONCLUSIONS

Computer models for MPC trusses and truss assemblies
were developed using a commercially available software,
ETABS. Model verification includes deflection, truss member
internal force, truss strength, and load-sharing comparisons of
predicted with experimental results, and showed that a com-
mercially available structural analysis software can be used to
investigate the system behavior of truss assemblies. It also
shows the potential application of a2 commercially available
program used by practicing engineers to mode) and design roof

systems. Thus, truss system design may be improved by in-
cluding system behavior directly, rather than using system
modification factors to design single trusses,
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