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Abstract

This paper aims to demonstrate a typical optimization process that
is applicable to the design of timber structures. A load bearing
timber-framed wall is optimized with the objective of minimizing
the use of wood. The results of our study indicate that the amount
of wood needed to build a single story wall increases dramatically
at bay sizes larger than about 90 cm. This seems to correlate well
with common notions that framing systems that use smaller lumber
dimensions spaced at shorter distances are more efficient than
heavy timber systems. The efficiency of such light framing systems
however does not seem to be affected significantly when decreasing
bay size to very small dimensions, This may suggest that more
efficient manufacturing procedures can be more instrumental if
we wish to decrease cost of simifar wall assemblies.

Introduction

During the early 19th century, wood light framing largely replaced
heavy timber construction as the prevailing method for constructing
residential buildings in the United States. This transition is often
assumed to have occurred very rapidly, being triggered by such
factors as rapid urban expansion, scarcity of resources, or lack of
skilled labor. Also, the development of water-powered sawmills,
and new methods for making nails are among the technological
factors often mentioned in this context [1]. Some of these
assumptions however have recently been questioned. For example,
evidence that balloon framing existed during the late 18th century
might suggest a more gradual transition. Also, it is suggested that
the quantities of nails or amount of dimension lumber in a balloon
house are not always significantly greater than in a timber frame
house [2]. The question remains whether wood light framing truly
represented a more optimum design relative to heavy timber
construction in terms of material consumption. While such question
is of interest from an historical perspective, it may also be important
for more practical reasons. According to a study performed by the

Worldwatch Institute, fifty five percent of the wood cut for non-
fuel uses is used for construction worldwide [3]. Being able to
determine relative efficiencies for various types of framing systems
may therefore have important economic and environmental
consequences. It is surprising to note that house designs are seldom
consciously optimized to minimize consumption of materials. This
is in sharp contrast to for example the aerospace or automotive
industries were design optimization approaches are routinely used.
In light of the above, this paper aims to demonstrate a typical
optimization process that is applicable to the design of timber
structures. A timber-framed wall is optimized with the objective of
minimizing the use of wood. This study will also provide a framework
for identifying certain trends in conventionally framed wall systems
made from wood.

This Study

In this study, a single story 10-meter long wall composed of typical
wood members and exposed to both vertical and lateral forces is
optimized (Figure 1). Optimal dimensional parameters were
calculated for different bay sizes with the objective to minimize
the total volume of wood being used to build the wall. The total
volume represents the sum of the volume of vertical, horizontal,
and the infill members as expressed in Equation 1. Three cases
were considered: In Case a, it is assumed that both vertical and
horizontal wood members have the same dimensions and are placed
in one plane (Figure 2a). This configuration conforms to current
practice in the US. In Case b it is assumed that the vertical and
horizontal members remain of the same dimensions, however the
top member is rotated 90° accommodating a more optimum
structural placement for that member (Figure 2b). In Case ¢ both
vertical and horizontal members were allowed to evolve
independent from each other (Figure Zc). All three designs were
assumed to be loaded in the same way. A uniformly distributed load
was applied to the top member. This load was assumed to come
from a flat roof 6 meters deep and 10 meters in length, half of this
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applied to the top member. This load was assumed to come from
a flat roof 6 meters deep and 10 meters in length, half of this
foad was applied to the wall being studied. A lateral wind foad
was further applied to the wall enclosure. Roof and wind loads
were calculated according to the international building code (see
Appendix A). The deflection for each member was constrained to
11360 of the member's length; this upper limit was used for all
three cases. The upper bound for lumber size was set at 30 cm,
while the lower bound was set at Tmm. The material was
further assumed to be solid wood. All joints were considered to
be pinned connections. A more detailed description of the
optimization follows:

Fig. 1. Simple housing frame
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An aptimal design is defined as the structure
having the least volume, while satisfying strength and
grometrical requirements The volume, ¥, of the
structure is compited as follow:

V =2abL + (n+ 1H - 2bYhk + FHdL {1}
where n is the 1otal number of bays and m s the 1otal
number of infill.

1.  Geometry constraint

a)  For the design 1o sy connected, the following
eguations are applied.

nf =L {21
me=H 13}

bl  Thelength ofk must be less than the length ot h.
k<h 14}

2 Deflection

3} Deflection of Companent 1

=“fifﬁu {m} (5

Maximum deflection, (3 |
ST 3R

:E‘
whete g4 = %RL (NS, Low %r(m‘)

The deflection is limited ta {span length /360)

!
5 & — 16}
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madeled 2 & distibuted orce gwer the length by
seuliplying the distibuted farce by the infill width,

Sgd”
2
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Manimum deflection, {& (ml
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Where g, =We, [, =

. As stated shove, the deflection is limited to épan
Figure 3; Lompanent 1 lengthr360)
(8,), S — 1)
B} Deflection of Companent 2 ‘ 360
$Aaximum defiection,
' : SglH =267
8 ) Tt m) 7
(6u) =
i
where g, =IW, I. :E{L(mﬁ
- 12
The deflection Is limited to (span lengthy360)
H=~1h Figure §; Comgponent 3
{ THAX }’v = H [B%
' 360

3. Euler Buckling

To prevent buckling, the reaction force, R, nests to be
bess than the critical farce for buckling, P,. which can -
be omputed using AFPA farmulas

j‘}m’ B 1 e A = G gl ‘kk ﬁ”

Eo il -2 k<1
-1 qH -2k
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; Hr”ﬁ;fl], "'%}J;gg]

s
Figire 4; Component {12

€) Deflection of Companent 3

The maximum deflection of the infill is computed by
madeling the indill as a beam. The force over the area is Thus. the design constraint that nesds to be
satisfied is as in Equation 1.8.
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R P {13)
Side Constraints

{umber sge i Iimited 1o certain ranges as describe
helow

{amponent 1:
Yoo 039"y £ b € 30 48cm(12") (14}

Compoaent 2
Loerr{ 003947y £ Ak <30 38can(12") 15)

Lamponent 3.
'y wﬁmﬁ%lm (18}

e
L 0.0394" ) £ d £ 30 4Bemi{127)  (17)

Optimization Problem Statermnent
min ¥ = Jabl +{n+ NI - 2bwk - Hdl, {18a)
$labject to
=1 {188}
mo= {180
ksh {184
, ! :
& g — 18e)
) H-2h
G . ) < - {18h
(B ) €
X I .
8 £ — !
(8w b 50 (189
Rs P, {18k}

Lm0 03947y = g b < 30.48cm(12") {180
Trim{.03947) < £ 30.48em(12™)  (18))
[ran{0 394" S Bk S 30 48%em (12" 118K)

The following additional case specific constraints are
apphied:

Casea
a=h {19a)
b=k {108}
{ase a
ag=k {20a)
b=} {20k}

There are no additional constraints for Case c.

Results and Discussion

Table 1 provides the optimal results for the three different
scenarios. Figures 6.1, 7.1, and 8.1 represent changes in wood
volumes with increasing numbers of bays for Cases a, b, and ¢,
respectively. Figures 6.2, 7.2, and 8.2 provide the various optimal
lumber dimensions for different numbers of bays for Cases a, b,
and ¢, respectively. As might be expected, the results for Case b
and c indicate that the design with more independent wood
sizing yields the most optimal solution. Our results show that the
volume of wood needed in Case ¢ is approximately 10 % less
than for Case a, and the results in Case b used about 5% less
wood relative to Case a.

Traditional wood light framed buildings use dimension lumber of
approximately 2x4 inches or 5 by 10 cm. The maximum spacing
distance for these is typically 40 to 60 cm (16’ to 24”) depending
on loading conditions and height of the studs [4]. From Figure 6.2
we can see that the design of Case a yields almost the actual
dimension of such traditional design for both vertical and
horizontal members of the frame. The common spacing
distances of 40 to 60 cm (16 to 25 bays for our 10-meter wall)
also correlates well with the results presented in Figure 6.1. In
general, the results for all 3 cases indicate that the use of wood
starts to increases dramatically at n-values between 12 and 14,
this represents a bay size of approximately 90 cm. Hence, it is
clear that in our study the wood light framing systems are in
general more material efficient than the heavy timber systems.
For n-values starting at about 14 and higher, results further
indicate that the optimal designs for each of these different n-
values are very close to each other in terms of amounts of wood
needed. The difference between the most and least efficient
design in this range is only 0.117 m3. Any solution within this
range is relatively close to the optimum solution. As the bay size
increases in length we note that the cross-sections of the lumber
become more square-like (Figures 6.2, 7.2, and 8.2). This
correlates well with what we can observe in heavy timber
structures, were square pieces of lumber are more commonly
found. So while heavy timber systems are less optimal than
wood light framing systems, they do tend to gravitate towards
optimal cross sectional dimensions for their specific bay sizes.
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Table 1: Optimum result for Housing Frame

n aim b hime  kmy Hm i il (mh
Case a OO0 DD8TT D02 GHSTY 0042 (3333 Glee (5240
Case b SGOMG 00dde 0857 O0857 0046 0333 OHEG 44877
Case 280000 GOAL G041 0439 90463 03571 QRO 0.4454

Fig. 6. Optimal solutions for Case 1.
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Fig. 7. Optimal solutions for Case 2.
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Fig. 8. Optimal solutions for Case 3. to decrease cost of similar wall assemblies.
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Appendix A

Stryctural Loading
Fallowing values are cbtained from the Building Official Cade and Administratians {BOCA).
1. Deadhad
1 cornputieg the dead Joad, DL, the actual weght of the matenal i utidized. This is base ta 100 jists Of
geametry 2x14 inch (0.0508x 0.3556m) pasition on top of the rafter. Dead load is computed as follmws:

DL = (FOOWO 05080 1016M DY & W density Y+ (Volwme of top plywood)
(LKD)
1 lweload
The live load, 1, Is computed based on the Following formala These parameten ane abtalned from
Intemational Building Code.
. =0.96R R, (kNim'}
R,=0.6 for trbutary ama of 10x60 i,

=1

3. . Snow load
The snow |nad, P, & based on expasure D. The assumption of no pand is building on top of the rocd is taken
into corsideration, The tatal spow load is computed based on the follawiing sauations,

P, =CCIP, (kNim)

€,=0.7 for dully expised building~ exposure B,
=1, Themnal factor.

1= 1; Snowr load impartant factar.

P50 paf (2.395 kN, Ground snow load,

Total Roof Load, Rl=DL+ L+ P,
= (LBE6 kNim'

4, Windlcad
The win load, P is ako basad on exposure D The total wincward wall pressurefload is computed bised on the
follcasring equaticns. '
P=FHK GO - KGO i)
P =25.6 psf {1.2262 kim?) for wind at 90 milesihr

i=1.1; Thermal factor,
K = Kh=1.] far exposure D
6L, =025
Total Wind Load, W=P (kNim?)
= 1.8938 kN'm?
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