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ABSTRACT

The use of timber in rigid frames has been hampered by the debate surrounding the rigidity of the
moment connections. Joint stiffness is a function of beam flexural stiffness, as well as of the rotational
stiffness of the connection. The level of joint rigidity, which is predictable from joint stiffness, sig-
nificantly affects the bending moments and forces that are transferred through the connection. We used
joint-test data from the literature and computer models to assess the effect of various parameters on
joint stiffriess. There is a continuum of joint stiffness for moment-resisting connections where the
deformed shapes of the becams in beam-to-column connections are described by pinned, semi-rigid,
and rigid behavior. Engineers can assess the level of joint rigidity during the design process so that
the resulting connections and frames meet performance expectations. It seems unlikely that a fully
rigid joint can be designed for use in timber portal frames because of stiffness orthotropy. However,
moment-resisting joints that are less than 50% rigid can be used in timber frames to develop frame-

like behavior.
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nections, computer modeling.

INTRODUCTION

Rigid unbraced frames resist lateral forces
by transferring reaction forces and bending
moments of the beams through the beam-to-
column connections to the columns and then
to the foundation. Portal frames are useful ar-
chitectural forms in that large open volumes
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Frames, semi-rigid connections, deformed shapes, timber, rigid connections, pinned con-

can be developed, allowing for functional op-
portunities, flow of people, and architectural
expression. A simple unbraced portal frame is
shown in Fig. 1. Unbraced portal frames are
widely used in both steel and concrete systems
because rigid joints are easily designed with
these materials. Some engineers have argued
that timber cannot be used in unbraced frames
because rigid joints cannot be designed for
timber.

Timber portal frames can be created by us-
ing glulam rivets, nailed steel-gusset plates,
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FiG. 1. A two-story, onc-bay unbraced frame where (A) all connections are rigid; and (B) the beam-column con-

nections are semi-rigid.

glued bars, and other technologies. Traditional
post-and-beam joints also provide a frame-like
structure. While the new and traditional con-
nection systems work for many applications,
they either are not acceptable for exposed ar-
chitecture or fail to meet the demands of com-
mercial-scale architecture. It is an architectural
preference to minimize the visual impact of
the connection, which simultaneously im-
proves the skeletal expression of the structural
system and represents an engineering solution
that maximizes the material efficiency.

One of the main issues in developing com-
mercial-scale architecture using timber frames
is the design of joints with a predictable level
of rigidity and the analysis of the structural
system at the stated level of connection rigid-
ity. In the timber engineering literature, con-
nections being tested have been identified as
rigid and semi-rigid. These reports give test
data and ultimately present moment-rotation
relationships for various connection designs.
However, several fundamental issues have re-
mained begging:

@ What constitutes joint stiffness?
@ What are the boundaries for the conditions
that are referred to as rigid and semi-rigid?

@® How are these connections differentiated
from pinned connections?

The objective of this research is to establish
a basis for quantifying the degree of joint ri-
gidity in rigid timber frames. It will be shown
that a continuum of joint rigidity exists for
moment-resisting connections. This continu-
um logically can be partitioned using de-
formed shapes from beams having pinned,
semi-rigid, and rigid boundaries.

TECHNICAL BACKGROUND

Basic structural analysis defines a rigid joint
as one in which the structural members in the
joint do not change position with respect to
each other as the connected structural mem-
bers are subjected to deformation—e.g., mo-
ment is transferred through the connection and
the joint rotates. This is in contrast to a pinned
Jjoint—one in which no moment is transferred
through the connection and the connected
structural members are free to rotate with re-
spect to each other under the forces that cause
structural deformation. The semi-rigid joint is
an intermediate condition where there is trans-
fer of moment and there may be member ro-
tation and limited joint rotation. The bending
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Semi-rigid

FiG. 2. Diagrams of beams having pinned, semi-rigid, and rigid end fixity: (A) loading, (B) qualitative bending

moment, and (C) qualitative deformed shape.

moment in a beam is affected by the degree
of connection rigidity, as is the deformed
shape (Fig. 2).

In the analysis of a structure having semi-
rigid joints, the connector flexibility can be ac-
counted for by modifying the slope-deflection
equations for a beam element (Dhillon and
O’Malley 1999). The spring is assigned a ro-
tational stiffness, k = force X length/radian.
The columns are generally continuous and as
a result do not have internal flexible connec-
tions.

The interaction of frame geometry and ro-
tational stiffness of semi-rigid joints in sym-
metrically and asymmetrically deformed tim-
ber portal frames was investigated by Kikuchi
(1991). His work showed relationships be-
tween the moment of inertia of the columns
(1) and the beams (I,), the ratio of the joint
stiffness at the foundation and the beam-to-
column connection, and the length of the beam
(L) relative to the height of the column (H).
His results seemed to indicate that frame sway
was controlled by the rotational stiffness of the
connections, while the stresses in the columns
and the beams were a complicated function of

rotational stiffness of the connections and geo-
metric properties of the beams and columns.
McGuire (1995) examined the issue of
semi-rigid connections in dynamically loaded
beams of an unspecified material. His inves-
tigation focused on the minimum natural fre-
quency for beams of uniform mass as affected
by the joint stiffness—that is, whether the
beam was connected by pinned, semi-rigid, or
rigid connections. Using a finite-element pro-
gram to study joint stiffness, McGuire dem-
onstrated that the natural frequency shifted up
or down, depending on the mass and the flex-
ural stiffness (EI/L) of the beam, but that the
curve shapes were the same. Ultimately, he
developed a continuum for joint stiffness ver-
sus normalized minimum natural frequency

(Fig. 3). Joint stiffness, a;, was defined as

a; = kLIE, (1)

where k = rotational stiffness of the connection,
L = beam length, E, = modulus of elasticity of
the beam, and /, = moment of inertia of the
beam (Fig. 3). Furthermore, McGuire demon-
strated that semi-rigid pinned behavior occurs
when a; < 1.0 because the deformed shape is
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Fic. 3. The continuum of joint stiffness versus nor-
malized minimum natural frequency (McGuire 1995) and
the level of rigidity.

like that of a simply supported beam. He iden-
tified rigid behavior when a; > 100, because the
deformed shape looked like that of a beam hav-
ing fixed ends. Semi-rigid behavior was in the
range 1.0 < a; = 100, because the deformed
shape was not like that of a beam with either
pinned or fixed boundary conditions.

Recently, Dhillon and O’Malley (1999) de-
veloped an interactive design method for steel
frames having semi-rigid connections. By bal-
ancing span and end moments in a beam,
semi-rigid connections resulted in greater
economy. Furthermore, story drift increased
with connection flexibility.

In portal frames, when I, > I and the
beam-column joint is rigid, the column inflec-
tion point develops at approximately the mid-
height. When I. == ], and the beam-column
joint is rigid, the inflection point moves from
column midheight toward the beam-to-column
joint. In most timber design scenarios, 1. = I,
and the beam-column joint is not fully rigid;
therefore, the frame deformation may depart
from the previously stated conditions.

The literature demonstrates that, when al-
ternative structural scenarios are modeled, the

assumptions of joint rigidity will affect bend-
ing moments in the beams and, to a lesser ex-
tent, in the columns, in addition to story drift.
Then, for analyses of alternative structural sce-
narios to be comparable, equivalent levels of
joint rigidity are necessary for model input.

APPLICATION OF THE STIFFNESS CONTINUUM TO
TIMBER FRAMES

For a joint in a timber frame to behave as
a rigid joint, it must have the same deforma-
tion characteristics as the ideal rigid joint—
bending of the connected members, rigid ro-
tation of the joint, and transfer of moment.
Clearly, the character of the joint can be ma-
nipulated by changing the length, stiffness, or
cross-sectional geometry of the beam or by
changing the rotational stiffness of the con-
nection. Inasmuch as the dynamically de-
formed shapes of beams are approximately
those of statically deformed beams, and the
equations of motion can be reduced to the stat-
ic case, the results of McGuire (1995) can be
used for static analysis in timber portal frames.
The level of rigidity on the right vertical axis
of Fig. 3 was added to reflect this conclusion.

Information from physical models

Several groups have tested moment-resist-
ing connections between timber beams and
columns (Inayami and Sakamoto 1989; Ko-
matsu 1989; Malhotra and Jin 1989; Batchelar
and Hunt 1991; Komatsu et al. 1991; Cheng
1996; Hyde 1996). These connections were
subjected to static and cyclic loading cycles.
Only the static moment-rotation relationship is
pertinent to this discussion. Table 1 shows ap-
proximate rotational stiffnesses determined
from the figures and data of these reports. Also
shown are some of the relevant details for the
test specimens, as well as the joint stiffness
determined from Eq. (1).

Although joints with high moment capaci-
ties (as much as 40,000 kNm/r) could be de-
signed and fabricated, none of the joints be-
haved as though fully rigid when joint stiff-
ness was defined by Eq. (1). Judging by the
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TABLE 1. Summarized results of rigid and semi-rigid connections testing.

Investigator £ (MPa) 1 (10° mm¥) L (mm) k (KNm/r) a; Comments
Batchelar and Hunt (1991) 9,000 — 5,600 27,024 0.04 matched beam and column, nailed

steel gusset

Cheng (1996) 10,300 596 980 1,718 0.3 glulam rivet, steel side plates
Hyde (1996) — — — 8,500 —  glued bars
Inayami and Sakamoto (1989) 12,000 195 1,400 4.800 2.8  column to steel foundation boot
Komatsu (1989) 9,000 1,562 3,000 11,300 2.4 dowels through stcel plate
Komatsu ct al. (1991) 9,000 1,562 3,000 39,650 8.4  nail plate
Malhotra and Jin (1989) —_ — 3 — traditional mortise-tcnon

level of rigidity shown in Fig. 3, the nail-plate
joint by Komatsu was approximately 50% rig-
id, given the geometry and material stiffness
of the system tested. Rigidity of the dowel
beam-to-column joint of Komatsu (1989) was
similar to that of the foundation connection of
Inayami and Sakamoto (1989), 20 to 25% rig-
id, even though the rotational stiffness for the
connections differed by a factor of approxi-
mately three. The rotational stiffness of the
nail-plate connection by Batchelar and Hunt
(1991) was larger than the other reported val-
ues (Table 1), but it had a pinned-like de-
formed shape because the EI of the beam was
large. The test report by Hyde (1996) does not
give material stiffness or beam geometry de-
tails. Hence, the joint stiffness cannot be de-
termined, even though the rotational stiffness
of the joint could be calculated from the mo-
ment-displacement diagrams.

In order for the rotational stiffness of the
connection to be assessed correctly, the beam
and column must be oversized, so that the de-
formation occurs in the connection, not as
bending deflection in the connected members.
The deformations of the Batchelar and Hunt
test (1991) probably met this criteria because
of the pinned-like deformation of the joint. It
is easy to show from Eq. (1) that the connec-
tion by Batchelar and Hunt could achieve a
high degree of semi-rigid behavior if the EI of
the beam was reduced or the beam length was
sufficiently increased.

Investigation by computer modeling

For the purpose of illustrating the interac-
tion of beam flexural stiffness and connection

stiffness in the joint stiffness, a simple beam-
to-column model was devised. A structural
analysis program (Multiframe®) was used as
the computational tool. This software uses a
linear stiffness method of analysis and pro-
vides rotational springs so that semi-rigid
joints can be modeled. Because the linear elas-
tic approach assumes that the deformations re-
main small, geometric and material nonlinear-
ities were not allowed. This strategy yields an
indication of what would be expected in the
design range.

In all, five analyses were carried out on the
beam-to-column assembly. Three analyses
were conducted to demonstrate the effect of
the beam on the joint stiffness, assuming a rel-
atively rigid column. Figure 4 shows the ge-
ometry and the boundary conditions of the
model; Table 2 gives the numerical values for
member stiffness and size. The flexural rigid-
ity of the column was made to approximate
infinity, and the I, was manipulated to dem-
onstrate the effect of beam E,I, on the joint
stiffness and the degree of rigidity. In Case 1,
the joint stiffness was in the midrange of semi-
rigid behavior; in Case 2, the joint stiffness
was at the boundary where the joint would
appear to have a fixed deformed shape. The
same frame geometry was used in Case 3, but
the high 7, would cause the joint to approach
a pinned deformed shape. The rotational stiff-
ness k = 10 MNm/r was arbitrarily selected
and used in all five models because it was an
attainable level of stiffness in timber engi-
neering.

In application, the deformation and rotation
of the joint are affected by both the beam and
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F1G. 4. The model used to assess the cffect of beam
and column stiffness on the joint stiffness and frame be-
havior: (A) column-and-beam frame model having a ro-
tational spring, showing the load and boundary conditions
for the five examples, (B) the deformed shape for Case 1,
and (C) the deformed shape for Case 5.

the column and the rotational stiffness of the
connection, k, which we know from Kikuchi
(1991) and basic analysis. We cannot isolate
the rotational stiffness of the connection and
the beam, as did McGuire (1995), and still
have a correct solution to the problem, be-
cause the column may be less than rigid rel-

ative to the beam. Two additional models were
developed to demonstrate the effect of flexible
columns, such as those that might be found in
a design solution for a timber portal frame. In
Case 4, the column was 250 X 250 mm, a
design solution for a frame we were recently
examining. Here the E . was approximately
five times greater than the E,I,. In Case 5, the
I of the column was reduced so that the E /.
= E,I,; the column was 160 X 160 mm. Both
Cases 4 and 5 used the same beam geometry
and stiffness as in Case 1. The a; for Case 5
is shown in Table 2 as >6 because it was ex-
pected that the frame would attain a more rig-
id-like shape than the frame of Case 1; how-
ever, the actual a; could not be determined be-
cause the boundary conditions departed from
those of Eq. (1).

The results of the analyses are summarized
in Table 3. In Cases 1, 2, and 3, the same
moments occurred at the beam-to-column con-
nections and at the foundation connections for
all three models. This is because the rotational
stiffness of the joint was the same in each
model and governed the beam-to-column mo-
ment. However, the vertical deflection of the
beam at the load point was nearly zero for the
beam having a pin-like deformation (Case 3)
and large for the beam having rigid-deforma-
tion characteristics (Case 2). This indicates
that the greater percentage of vertical displace-
ment results from beam bending, and not nec-
essarily from joint rotation. Interestingly, in
order for the joint to deform as though fixed,
the beam flexural stiffness must be low—so
low that the member would fail both resistance
and serviceability functions of most design sit-
uations.

In Cases 4 and 5, the column was made less
than infinitely rigid relative to the beam. When
the column was five times stiffer than the
beam (Case 4), the column appeared to be
nearly rigid relative to the beam—hence, the
small joint rotation. This led to a condition in
which nearly all deformation occurred as
beam bending, as in Case 1, with some addi-
tional deflection caused by joint rotation
through column bending. Here the estimate of
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TABLE 2.

The material and geometric parameters used in the structural models;

= 10M Nm/r for all models.

Column size (mm) for each case appears in parentheses under 1y, or 1.

Case E;, (MPa) I, (106 mm*) E. (MPa) I. (105 mm?%) a

1 11,500 58 (210 X 75) rigid — 6

2 11,500 44 (220 X 50) rigid — 100

3 11,500 34,952 (1,280 X 200) rigid — 0.01
4 11,500 58 (210 X 75) 11,500 326 (250 X 250) ~6

5 11,500 58 (210 X 75) 11,500 58 (160 X 160) >6

joint stiffness from Eq. (1) leads to the same
conclusion about apparent joint behavior as in
Case 1. Case 5 shows the result of having the
deformation occur in the column and the beam
where a; = 6. In Case 5, vertical deflection
was increased and the connection moments
decreased. The beam-to-column joint exhibit-
ed joint rotation, which is a rigid-like behav-
ior, and simultaneously had a reduction of mo-
ment at the connections relative to the cases
having columns with greater flexural rigidity
values.

In these examples, the height of the column
was held constant and it was assumed to be
fixed at both ends, but clearly, as the boundary
conditions and length parameters are changed,
the column characteristics will affect the so-
lution in a fashion that parallels the beam ef-
fects. If the column boundary conditions were
modified to represent pinned connections or
the column was lengthened, some additional
deformation would occur as joint rotation, a
result of column bending. Modification of the
rotational stiffness of the beam-to-column
joint will change the deformed shape of the
frame, giving a more rigid-like shape if the
rotational stiffness is increased (forcing beam-
or column-bending deformation for the same

TABLE 3.  Summarized results from the structural model.
. . . Moment (kNm)
Joint rotation  Displacement
Case (r) (mm) Joint? Foundation®
1 0 40 10.0 5.0
2 0 70 10.0 5.0
3 0 <1 10.0 5.0
4 0.00182 44 9.1 4.6
5 0.00748 55 6.3 3.1

4 Moment at the beam-to-column joint in the column.
® Moment at the column-to-foundation boundary.

energy input) and a more pinned-like shape if
the rotational stiffness is decreased (less beam-
or column-bending deformation).

Potential for rigid joints in timber structures

Inasmuch as the rigid behavior of the joint
in the timber system is described by the con-
nection rotational stiffness (k) and the beam
geometry (I,), stiffness (E,), and beam length
(L), the relationship between the k and the
E,I/L. of the beams must be carefully bal-
anced. Failure to assess these parameters cor-
rectly may lead to performance deficiencies at
the designed connections.

In a parametric study of joint stiffness ef-
fects on moments and forces in columns and
beams of a 3-story rigid frame (Leichti 1998),
the joint behavior was modified from fully rig-
id to 50% rigid by reducing the k-value in Eq.
(1) so that a; = 8. The change of rotational
stiffness led to changes in numerical values for
moments and forces and a reduction of re-
quired beam and column dimensions for the
governing load case, while maintaining the
requisite frame-like behavior. This result par-
allels that of Dhillon and O’Malley (1999) and
suggests that timber frames may not need mo-
ment-resisting connections with levels of ri-
gidity >50%. Additionally, analysis using the
semi-rigid connection provided an optimized
design solution for a frame with a known level
of rigidity. The orthotropic stiffness of wood
makes it very difficult to develop a connection
with rigidity >50% (a; = 8). This is because
the embedment deformation around the dow-
els (or nails) occurs at a load level that is small
relative to the longitudinal stiffness of the
structural member.
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Our investigation used experimental data
from the literature. It would have facilitated
the research if the tests had been conducted by
a standard methodology and reported in a
standard format. Civil engineers researching
connections in Europe are developing a stan-
dard protocol and report format as an activity
of the European Cooperation in the Field of
Scientific and Technical Research (COST),
Working Group 4-Database (COST 1998).
The major details to be specified in a standard
test protocol would be a range of joint stiff-
ness for evaluation of rotational stiffness;
boundary corditions; and test configuration,
loading practice, and measurement methods.

SUMMARY

Joint stiffness (a;,) is a function of the con-
nection rotational stiffness and beam flexural
stiffness. Column characteristics also enter
into the function; however, because columns
in rigid timber frames are often stiffer than the
beams (. > I,), and shorter as well, the joint
stiffness is largely controlled by the character-
istics of the beam, rather than those of the col-
umn. A continuum of stiffness that can be
used to determine the degree of rigidity in
semi-rigid joints extends from pinned-like de-
formed shapes through rigid-like deformed
shapes. The function for joint stiffness is a
qualitative tool that will be useful to those
seeking to investigate structural performance
at a given level of rigidity. It would be useful
to develop a function for joint stiffness that
incorporates the beam, column, and joint char-
acteristics.

These results show that true rigid behavior
(moment transfer and deformed shape) may be
neither possible nor desirable in timber
frames. This is not to say that connections of
sufficient rigidity cannot be designed to resist
moments and forces in frames using current
technology, such as nailed steel-gusset plates,
glued bars, and doweled or bolted plates. The
designer needs to recognize that the moments
at the connections are a function of beam ge-
ometry and stiffness, as well as of rotational

stiffness of the basic connection. An analysis
that incorporates these variables will lead to
design of moment-resisting connections that
will meet performance expectations.

A standard test protocol and reporting meth-
od for assessment of moment-resisting con-
nections would facilitate further research and
possible implementation of results in design
practice.

REFERENCES

BATCHELAR, M. L., anp R. D. Hunt. 1991. Composite
plywood and steel gusset plates for moment resisting
joints in timber frames. Pages 3.104-3.109 in Proc.
1991 International Timber Enginecring Conference, vol.
3. Timber Research and Decvelopment Association,
High Wycombe, UK.

CHENG, J. J. R. 1996. Moment resisting glulam rivet joints.
Pages 2.161-2.168 in Proc. International Wood Engi-
necring Conference '96, vol. 2. 1996 International
Wood Engineering Conference, New Orleans, LA.

CosT (EUROPEAN COOPERATION IN THE FIELD OF SCIENTIFIC
AND TECHNICAL RESEARCH). 1998. The COST/cl Action:
Control of semi-rigid behavior of civil engineering con-
nections. www.vtt.fi/rte7/costcl.html.

DHILLON, B. S., anp J. W, O’MALLEY, IIL. 1999. Interac-
tive design of semirigid steel frames. J. Struct. Eng.
125(5):556-564.

Hype, R. A. 1996. Innovative timber construction: A
study of portal frame prototype development for hous-
ing. Limited distribution report, Department of Archi-
tecture, The University of Queensland, Brisbane, Aus-
tralia.

INAYAMI, M., AND 1. Sakamot0. 1989. Development re-
search of new wooden rigid frame structure. Pages 19—
23 in Proc. Second Pacific Timber Engincering Confer-
ence 1989, vol. 2. University of Auckland, Auckland,
NZ.

KikucHl, S. 1991. Stresses and deformations of timber
frames with semi-rigid joints. Pages 2.383-2.390 in
Proc. 1991 International Timber Engincering Confer-
ence. Timber Research and Development Association,
High Wycombe, UK.

Komatsu, K. 1989. Performance of timber moment-re-
sisting joints. Pages 25-30 in Proc. Second Pacific Tim-
ber Engincering Conference, 1989, vol. 2. University of
Auckland, Auckland, NZ.

, N. Kawamoto, K. HORIE, AND M. HARADA. 1991.
Modified glulam moment-resisting joints. Pages 3.111-
3.118 in Proc. 1991 International Timber Enginecring
Conference, vol. 3. Timber Research and Development
Association, High Wycombe, UK.

Leicati, R. J. 1998. Structural analysis of rigid timber
ladders and towers for commercial-scale architecture.




Leichti et al.—CONNECTION RIGIDITY IN TIMBER STRUCTURES 19

Limited distribution report, Department of Architecture, Timber Engineering Conference 1989, vol. 2. Univer-
The University of Queensland, Brisbanc, Australia. sity of Auckland, Auckland, NZ.

MALHOTRA, §. K., AND Y. JIN. 1989. Behavior of mortisc ~McCGUIRE, J. 1995. Notes on semi-rigid connections.
and tenon joints used in traditional Chinese timber Goddard Space Flight Center, NASA. Greenbelt, MD.
frame construction. Pages 31-36 in Proc. Second Pacific 7 pp.

NOTICE TO AUTHORS AND SUBSCRIBERS

Increased publication costs make it necessary for the Society to increase page charges and subscrip-
tion prices for Wood and Fiber Science as follows: Effcctive with manuscripts received in July 1999
or later, page charges will be $90 per page for members of SWST and $110 for nonmembers. In the
case of multiple authors, only one author nced be a member for the member rate to apply. Changes
in proof will be billed to the author at $3.00 per line. Effective with Volume 32(1) in January 2000,
the subscription cost of the journal will be $125 per volume.

Robert L. Youngs, Editor





