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Man has been buildingith timber trussesfor over2,000 yearsThe Romans were the first to perfect
the art of spanning wide spaces with timber trusses. During the MedievaEagepearcathedral
buildersused timber trusses to span over their vaultedrst ceilings to support the cathedral roofs
above In a few rare instances, such as Westminster Hall, the trusses were embellished with ornate
carvings and left exposed. In North America, early meetinghouses and chwehebuiltwith timber
roof trussesn the European tradition.

The design of all pemdustrial timber trusses was based on tradition, trial and €fror Y R G KS OF N1JS
AylGdzAGA2y®d® ¢KSNBE 4gSNB y2 SyaiaAySSNA 2N SyaaAySSNAy3
intuition was flawed, leading to irrational or mongrel trusses, some of which have managed to survive.

With the industrial revolution anthe expansion of the railroads the second half of the nineteenth
century, engineers began to play a role in the design of mstjoctures. Many of the early engineers

were West Point trained Civil War veterans. Trusses used for railroad bridgeatgstbased on

patented designsEvery Inventor or amateur engine@ced to patent his own unique truss design in
hopes of makig his fortune off of the railroads. Naturally, each one of them named their truss design
after themselves to add fame to their anticipated fortune. Some of the patented truss shapes proved to
be structurally efficient, smart truss designs that actuallykea. Those are the ones with names that

we recognize and still use todgyHowe, Pratt,Town,Warren, and FinkOther patented truss bridge
designs were not so lucky and ended in catastrophic train wrecks.

The ndustrial revolutionalso brought
mill towns with large factories that
manufactured textiles and everything
else that a person could desire. The
mill buildings had robust timber
structures supported on thick brick or
stone masonry bearing wall3.he
roofs of the mills often featured
timber trusses that emulated
patented bridge trusses.

While timber trusses from centuries

past were built for function, today,

timber trusses argust as likely to be

designed as architectural elemerds

they are b be created for their structural advantagés many casesheir form is not driven by
structural efficiency, but by architectural fancy. Tbémpresent some challenges for the timber
engineer.

This document is intended to provide guidance to enginéesigning, evaluating, and repairing timber
roof trusses
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King Post Truss Queen Post Truss
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Howe Truss Scissor Truss

Fink Truss Hammer-Beam Truss

Common Timber Truss Types
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Ideal Trusses

Trusses are structuralssemblieshat respond to applied loads with peiraxial compression or tension
in their members. The top and bottom truss members are calleardsand the members between the
chords are callesveb membersWeb members that are in axial compression are cataas. Web
members that are in axial tension are calléss.

In an ideal truss, members meetm@mbdesor joints (also calleganel point$ that are idealized as hinges
or pins that are incapable of transmitting bending moments. Loads are applied to an ideal thyss on
its nodes Applying loads (and supports) only at nodes keeps the truss membersfsbeait helps,

too, that ideal truss analysis tended to neglect member-sgight. The centroi@dl axesof all truss
members meeting at a node convertgea discrée point.

Classical methods of analyzing trusses are only valid for ideal trassbgalworld timber trusses are

not very idealisticReal trusses respond to applied loads with a combination of axial stress, bending
moments, and shear in their memberReal trusses often have continuous chords that are not pinned at
the jointsand loads are often applied along the length of the choltis also common to intentionally
introduce eccentricities into truss joints for more efficient joinery.

IDEAL TRUSS REAL TRUSS
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Not all structural elements that look like trusses actually perform as trugsequalify as #ue truss, it
must be capable of responding to loads applied at the nodes predominately with axial stresses in its
members. If significant bending moments asttear forces are introduced into the members, it is not a
true truss. For instance, a hammlieeam truss behaves very little like a truSmilarly, a queeipost

truss is not always a true truss

The truss shown belofvom the roof of the First Congregatial Church in Canterbury, Connectidst,
not a true truss it is a mongrel The diagonal struts transfer roof loads to the bottom chord whbesy
areresisted by bendingg KA & Aa | oflaryd OF&AS 2F F OFNLISYyGdSNRa
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SourceEarly Connecticut Meetinghousdsy J. Frederick Kelly, 1948
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Classical Methods

It has been said that an engineenly truly understands the behavior of a structushen he can analyze
it on the back of a napkiar envelope Classical methods tluss analysis are simple and reliable. All
that you need is a pencil, a calculator, and of course, a napkin.

There are actually two classical methods for analyzing trustiesMethod of Jointsand theMethod of
SectionsSadly, few engineering schogskill teach these methods to their students. The principles are
similar for both methods. A frebody diagram is constructed feachindividual truss joint or a portion
of a truss. The truss axial forces are algebraically solved to satisfy static ragmilib

Classical methods are only valid for ideal trusses, so if you happen to be engineering a real truss with a
continuous top chord supporting distributed loads, it becomes a-$tap processThe frst step is to

analyze the top chord as a continudosam with each truss joint treated as a rigid support. This will

reveal the bending moments and shear in the top chéslthe struts and other web members are
themselves elastic structures, this represents an approximation; an excellent one, but nossthele
imperfect. The second step is to apply the beam reactions from step one to an ideal truss as point loads
at the joints. Then analyze the truss by one of the classical methods.

For a statically determinate truss, the analysis seldom takes an exped@&mgineer more than 10
minutes.As engineering practice has evolved to take advantage of computer methods, those
idealizations can be set aside with models that incorporate the elastic propestidtee members to
provide more realistic answers. Neverthss, fand calculations are a good check on a computer model
and will quickly identify if there was an error in the modeling.
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Graphical Method

At one time, the most common method of analyzing a truss was a graphical method referred to as a
Maxwell Stres Diagram This method harkens to an age when engineers drafted the drawings for their
structures and sat at drafting tables. The stress diagram for each load case would be included on the
truss drawings and was often required by the Building Official.akiad force in each truss member

could be determined by scaling the length of the line representing a particular truss member in the
stress diagram.

The Maxwell stress diagram was a very quick and efficient method once you mastered the technique.
The popularity of the method faded in the 1970s with the introduction ofttaadheld calculator. Once
personal computerand cheap analytical softwakgere ntroduced in the 1980s, the method became
extinct.

Trusses 10'c. ¢.
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Timber Roof Truss drawing with Maxwell stress diagr&osrceThe Design of Simple Roof Trusses in
Wood and Steeby Malverd A. Howe, 1903
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Squire Whipple (1804 -1888)

No authoritative treatise ortrusses can fail to pay homage to Squire
Whipple who wrote the book on rational calculation of forces and
stresses in trusset 1830, #ter graduating fromUnion College
SchenectadyNY ,Whipple conducted surveys for several railroad and
canal projects and made surveying instruments. In 1840 he invented a
lock for weighing canal boats. In the next years he turned his
attention to bridges and invented two new truss designs employing
iron as vell as timber In 1853 he completed an iron railroad bridge of
146-foot (44-metre) span near West Troy (now Watervliéd)y.In the
following year appeared hi&/ork on Bridge Buildingthe first
significant attempt to supply a theoretical means for calculating
stresses in place of the rute-thumb methods then igeneral

practice The book, which he expanded and peralbnprinted in 1869
under the titleAn Elementary and Practical Treatise on Bridge
Building, facilitatedthe rational use of wrought andast ironand was
widely used in railroagngineeringor decades.
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There are currently several software
options available for truss analysis, mang
of which also incorporamore
sophisticatedrinite Element Analysis
(FEARnd even dynamic and ndimear
modeling The intense modeling involved
in mostFEA software tends to be overkill
for the vast majority of timber trusses,
particularly when comparetb using
method of sections to quickly find
member axial loads by hantfluch as

with drafting, analytical effortperformed
on the computer does aid in quick
revisions, detailed record keeping, and
investigating thestructural complexity
that commonly aries in modern design.

A truss can be easily and accurately modeled in two dimengnshree-dimensional analysis

helpful whenseveral similatrusses resist more than just vertical gravity loadscommonsituationin

open frame pavilions or whie a trussservesto drag a lateral force betweemi shear wall segments.
Ultimately, trussanalysis software should be viewed as a tool available for developing proper member
sizing and axial loag@hich can baisedfor detailingjoinery andspecifyingasterers. Like all tools,
operator knowledgeexperienceand attention to detail are paramount for accuraaad meaningful
structural analysisvith computer software As with any powerful tool, in the wrong hands, structural
analysis software can lrather dangerous.

Determining the boundary conditions supporting the model are an extremely important first step in
analyzing any timber truss. A true truss resolves all outward thrust or horizontal foteesally; not
relying onsupport reactionsThis mans that gravity loadingsuallyresuts in only vertical load
reactionsat the truss bearing pointsJust as witlperforming a beam analysis, the truissisually
modeled as sittingn a pin support on onendand a roller support on thether. Settinghe model on
a pin/pin connection suggests that the truss is sitting within two figurative canyon walls, whbidd
yield erroneous member forces, particularly for a scissor truss

Once the member isither modeled within the software or importettom aBIM mode] care should be
taken to confirm that all members are the correct specgade size and orientation It is also a good
idea to confirmthat the software's preset design characteristfos a selected speciesre accurate
Review of thegpreset materialunit density iSmportant, since it can significantlgffectthe selfweight
deadloads.

Similar tostructuralboundary conditionst supports member end fixiesshould be reviewd as well.
As mentioned earlierall jointsare usuallyanalyzed as a hinge or pinned connectiewen thoughmost
mortise and tenon joints do provide some moment fixity, and might most accurbéatyodeled as
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springs There is some variation mow conrections are labeletetween software platforms, but
ultimately all joints should be free to rotate. Continuous members that-plassigh nodes will also

need to beidentified at this point. Some software makes eankembersegment independent, requiring
the analysis tdix any midspan nodes to represent a continuous member. Other software recognizes
continuous members if the member center line is drawn continuously through the node. tldre la
methodcanbecome an issue if the center line model is impdras a CAD file, as continuous lines are
typically lost in the impoihg processresulting in segmenting all members at every node.

Similar to analytical calculation methods performed by hand, computer softgemerallyrequires that
diagrans be drawn as center line models if drawn within the program itself. This certainly aids in
simplifyingthe analysis and future modification of member dimensions,ibaan be problematic in
creating an accurate depiction of the realistic load paths tiglothe truss. This is typicaliybigger
hurdle when erforming threedimensional analysis of full timber fram#hat incorporates trusses,
rather than inthe simple review of a single twdimensional truss. Stacked timber connections or
continuous perpadicular members bisecting truss elements, are common sources of this dileamcha
often require finesigof the node locations with an understanding of prolbxial loading.

Manyanalysigprograms provide a member offset function to handle the seatkmber connections

while maintaining proper member planes for area loading. But bisecting members, such as continuous
eave and ridgdeamswhich have becomenore common place in modern desigrmarticularly for

supporting gable overhangs, present grficant trap during analysis. Modeling software typically has a
difficult time distinguishing when truss axial load patis been broken, and often will continue to

analyze the elements as an ideatizi real truss even when members are not even joitagkether.

But because the center line mo@elmembers share a common node, the software has a difficult time
distinguishing a break in the truss continuity. Tteisdencyis likely a result of most software's multiple
material platform, as these typed axial loadransferringthrough bisecting members is much less
problematic in steel and concrete,ah when dealingvith the nuances and design capacities of wood.

A common example to better illustrate igpoint is a kingpost truss versus a structarridge supported

by a segmented central post and a full span header. When initially modeled in a structural software
both frames will look and analyze similarly unless additional steps are taken. In this scenario the
structural ridge will likely simplipad the midpost in compression, but the analysis might often continue
to show the post in tension, similar to a kipgst in the true truss. This can be simply resolved by
restricting memberssuch aghe mid-post to compression only. Failing to recognize laswed model
glitchwould create a significant misrepresentation of the realistic load path in the analysis. Part of the
keyto truly understanding and grforming accurate software analysis is to cleanylerstandwhena
labeled truss isn't really a truss at all.
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The move toward better integration between Building Information Modeling (BIM) desigtelmand
structural analytical software might reduce these types of misrepresentatlmstswvill alsoinevitably

create new hurdles to be discovered and cleared. As with all,tagsodprior understanding of the
expected results will go a long way tosgproperuseand accurate analysis. Being able to step back
and take a deeper dive into a result that does follow truss expectations is key to truly unlocking the full
potential of the various software platforms.

Aside from proprietary engineeringrgplates created by individual firmthere is no commercially

available software that will analyz® designtimber connections.When engineering timber trusses, the
computer modeling or hand calculations to determine member forces is the easy parteSiyn @f the

truss connections is the real challenge. Connection engineering must be done by hand and requires no
small measure of experience and ingenuity.
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Truss Deflection and Camber

Methods for calculating truss deflections were developed thatRouldo S NB I RAf & R2 G
NEtASR 2y GKS O2yOSLIi 2F a@ANIdzrf ¢g2NJ € | yR O2
Y2RSY O2NNBALRYRAY3I (G2 + G@ANLdzZ £ €2FRE LI AS
array of truss dtections under load, almost none of the software includes any distortion at the
connections. Modeling the connections as springs adds enough work and uncertainty as to make it very
rare. This is not to say, though, that slip and crushing at connedimnst influence truss deflection.

Some older texts acknowledge this and offer unsatisfying, but real, suggestions to double the deflection
caused by axial stretch and shortening in the members.

Cambering trusses is an arcane but crucial topic. Eadg fratents; notably the Long; included this

ability as a significant feature. Wedges and shims were intended to prestress the internal components,
reducing their forces when under design loading. Threaded rods, in Pratt trusses, make for ready
adjusiment of the truss sag even as it increases while dead load is being added. The recommended
truss camber offered ikleavyTimber Constructior(1963) is = K3/H + kL%H, where the camber is
measured in inches, dhe center of truss. L is span in feet; H is height of truss in feet, at center; K
0.000032 for any type of truss; K 0.0028 for flat or pitched trusses or 0.00063 for bowstring trusses
(that is trusses witout splices in upper chord)
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As many truss designs have their origin in early timber bridges, their names are better explained first by
starting adiscussion of parallethord trusses.

< . . < < . To illustrate, we start with two parallel chords, with
verticals that subdivide the spanto geneally identical
rectangles.

2 ! < & 2 Under load, each of thesectangularsections distorts,
with one diagonal becoming shorter and the other
i {4+ becoming longer. In this case, if we assume all of the

applied loads are the same, only the middle bay remains
undistorted. If there IS a middle bay. Even numbers of bays avoid this.

Two truss typeg Howe and Pratt resolve to prevent
this distortion in opposite ways. In a Howe truss,
diagonal web members are introduced to prevent the
opposing corners of each bay fnogetting closer to one
another. The result is diagonal members in compressi o ¢
As the middle bay will only be loadednd tend to
distort ¢ if the loading is unbalanced, it is typical to see
Howe truss with only an even number of bays, or with
diagorals in both directions at the center span:

Where the diagonals will be in compression, these members must be stout enough to resist buckling,
and so timber trusses of the Howe type include timber diagonals. As this results in the vertical members
actingin tension, with the advent of iron and steel, it is common to see steel or iron rods as verticals,

and this results in an aesthetic that emphasizes the diagonals.

o o o o 3

Conversely, one could prevent the corners of each
\ - square bay from getting farther apdby tying the

= corners together with web members that would be in
tension. This is how the Pratt Truss works. Further, as
— | | diagonal web members in tension can be tQithey do
not have to resist bucklingthe Pratt Truss often
employs steel or iron rodssadiagonal web members.
This results in compression in the vertical members,
requiring timber members stout enough to resist buckling, and the resulting aesthetic emphasizes the
verticals with lightweight diagonals. As an added bonus, the verticalshogter than the diagonals, so
shorter timbers are permissible. Further, as the vulnerability to buckling is decreased for shorter
members, the verticals can typically be smaller than they would have to be if they were oriented
diagonally. Finally, it fairly straightforward to detail a joint between wood members when they meet
at right angles. For these reasons, a Pratt Truss is often a good choice where a-gavadlétuss is
desired.
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A Warren Truss deviates from both the Howe and Pratt
by foreging vertical web members, favoring instead, a
simple zigzagging diagonal pattern. In a Warren Truss,
the outer diagonals are in compression and the inner
ones are in tension. If steel or iron rods are used for the
web members in tension, the resultingsthetic may
reflect this.

Finally, and especially for those who look at covered timber bridges, the most familiar patented truss is
likely the Town Lattice Trus#n addition to their widespread use in covered bridges, these trusses can
be found supprting town hall and other building roofs. At present, approximately half of the extant
covered bridges in Vermont rely upon Town Lattice
Trusses. One way of looking at a Town Lattice is
imagine superimposing three or more Warren
Trusses on top of onanother as so:

With this as background, in the case of roof trusses with sloping top chords, some of the names given to
the truss forms are slightly different from those assigned to the pareheld versions described here.
However, this may serve &sickground for later chapters on each roof truss type.

Worrall covered bridge in Rockingham, Vermdriie Town Latticeusswas patented in 1820 by Ithiel
Town, a prominent architect from Connecticut. Town never actually built a bridge himself, but he sold
the rights to use his design to covered bridge builders. He charged a royalty of one dollar for every foot
of bridge span. If he caught someone buildingown Lattice bridge without having purchased the rights
to the design, he would impose a penalty of two dollars per foot of span.
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KING POST

(woop)

A TRADITIONAL TRUSS TYPE WITH 175
ORIGING IN THE MIDOLE AGES.

LENGTH zo 4O FEET
-18 METERS

PRATT

18%% - ZOTH CENTLRY

DIRGONALS /N TENSION, VE{I‘/CIISW
COMPRESS/ON,
ICALS ADIACENT 7O IWCLINED END.
LENGTH® _w 2.4'0 FEET
75 METERS

EXCEPT FOR HIP V)
M?s)

BALTIMORE (PETIT)
1871~ EARLY ZOTH CENTURY
LRATT WITH U8 - 37€0TS
50 karr mirh 35
cenarh . 2se \SoG wax
3758 hesies

WARREN
1848~ 207H CENTURY

TRIANGULAR 1N OUTLINE, THE DIAGONALS
CA/ kk)’ 607’!1 COMPRESS]!
7?1/5 WAL

1L ATERAL TRIANGLES.

LENGTH ! 50-400 FEET
75- /20 METERS

QUEEN POST

(woo0)
A LENGTHENED VERS ION OF THE KING ROST.

LENGTH * 20 -80 FEET
&-24 METERS

PRATT HALF-HIP

LATE [STH-EARLY 2OTH CENTURY

A FRATT WITH INCLINED END POSTS THAT 00
NOT HORIZON TALLY EX TEND THE LENGTH
OF A FULL PANE.
LENGTH ' 30 »/59 FEET
945 METERS

PENNSYLVANIA (PETIT)
1875 EARLY ZOTH CENTURY
A A PAKKER WITH 5UB -STRUTS.
B 4 PARKER W/TH 5UB-TIES.
LENGTH * 250~ 600 FEET
75+ 180 METERS

WARREN

WITH VERTICALS
MID (9TH- 20TH CENTURY

DIAGONALS CARY BOTH COMPEESSIVE MO
. VERTICALS SERVE AS BRIC
Y P WED SYSTEM

LENGTH . 50 - 400 Fi
72 e s

/A

" BURR ARCH TRUSS

1804-LATE /9TH CENTURY
(woop)
COMBINATION OF h WOODEN ARCH WITH A
MULTIPLE KING POST, ([ARCH 4L50 COM~
BINED WITH LATER WOODEN TRUSSES).

" TRUSS LEG BEDSTEAD

LATE 1974 -EARLY 2OTH CENTURY

ED IN THEIR FOUNDATIONS

4 LOATT WITH VERTICHL END 05T IMBEDD-

LENTICULAR (PARABOLIC)

1878 EARLY ZOTH CENTURY

A PRATT WITH BOTH TOF AND BOTTON.
ARRATOL (L TOYRVEL OB THEM b

DOUBLE INTERSECTION WARREN
MID 19TH~ ll'g;/:(céfj NTURY

STRUCTURE /S INDETERMINATE . MEMBERS ACT
IWBOTN CEPRRIRICN AND. TRNEION, TWo
TRIANGULAR WEB

TS0 SN K OTHEE W% OF WA VERTIENS:

TOWN LATTICE

1B20- LATE TH CENTURY
woop}
A SYSTEM OADEN | DUAGHALS WITH
ol miiaces “Ha R
CONARESSIAN ~ AND  TENSION
LENGTH 50220 FEET
b6 METERS

MID-LATE 197TH-20TH CENTURY

A PRATT WITH A POLVGONAL TOP CHORD

LENGTH 40-250 FEET
/2- 75 METE®S

1834 - EARLY ZOTH CENTURY

PRATT TRUSE WITH THE DIAGONALS RE-
PLACED BY AN INVERTED BOWSTRING TRUSS

LENGTH 75- 250 FEET

23- 75 METERS

LENGTH ; 5O- 175 FEET LENGTH | 30100 FEET ;éwﬁw, m 360 FEET LENGTH ' 75 - 400 FEET I
1 5-50 METERS F-30 METERS 511 O METERS 23- /2O METERS
NV e |
§552§§éx ‘
PARKER GREINER PEGRAM |

1887 - EARLY 2OTH CENTURY

A HYBRID BETWEEN THE WARREN AND PARKER
TRUSSES, UPPER CHOROS ARE ALL OF EGUAL
LENGTH.

LENGTH ' 150+ 650 FEE
#5-

[F ies

RAR 44

HOWE
BEO + 207TH CENTURY
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0\
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/932 MID-LATE 2OTH CENTURY
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The kingpost truss is the most common
truss form for short span applications.
Kingpost trusses are those with a
principal vertical web member at the
center of the span.Some have
suggestedhat a kingpost truss must
have a heavy timber in that vertica =
positionand if a steel rod is used

instead of a timber, it is no longer considered a true Kdogt truss

A kingpost truss used for a short bridge would typically be loaded along the bottom chord, possibly with
a transverse beam connected to the base
of the king post. In a roof truss,
however,roof loads are typically applied
to the top chord through purlins or
structural panels. In such instances, the
king post is a zerstress member and
only serves to carry the dead load of the
bottom chordunless there are loads

=) applied to the bottom chordlif the king

post truss is modified to include diagonal

strutsor braces the roof loads applied to the top chord are transferred to the Kdogt which becomes
a tension member. The modified version of a kpagt trussg as shown at left may at once be called a
king-post truss with braces, but mafsobereferred to as a Howe truss.

In the diagram shown above, the king post is a timber, and the top has been shaped to fit between the
top chords in a mannelesembling the keystone in an arch.

Kingpost pory truss bridge. The roadway is
supported by a cross beam that is suspend
from the kingpost.
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Example of a kingost truss supporting a CLT roof deck
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With similar origins in bridges, the
gueen-posttruss is notable for having

two principal verticals instead of the

single for which the kingost gets its
name.

However, unless the interior rectangle is o7 o

braced with one or two diagonals, the

gueen post tuss is not really a truss, but a frame, where the interior rectangle can distort under

asymmetric loading. Although this diagram shows a

gueen post in a gablerbof shape, it is not uncommon

to find a queen post truss without the sloping upper

chords asshown atleft. It is common to have purlins

> e aligned with the queetposts supporting the roof
structure.

Typically, a queen post truss may be desired where there is to be an open area under tha tofifor
attic. As such, there is likely a distributed load acting on the bottom chord and this must be sized
accordingly for bendingWhere the principal rilers extend to the peak, andnder uniform and
symmetric loading, the presence of the midight crossing member helps support the sloping top
chordsbut increases the tie force in the bottom chordinder wind load or asymmetric snow load,
however, the &ck of diagonals in the interior rectangle causes an increase in bending in the bottom
chord. It is this induced bending that explains why a queen post truss is not really a truss.
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Example of a queepost truss
supportingthe secondfloor structure
of a barn to provide a column free
space below. Purlins supporting roof
rafters rest on the queeiposts.

131"
REF

7x1 | Hamlock Maet Gut 250 819

1 7-7"

REF
g
13-10"

7x7 Hem Wal Post | 2-10 1/2' 8TS
=
5 g
7%7 Hem Wall Post 12-10 1/2* STS

2e-1"

]
]
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The Howe truss, patented by William
Howe in 1840, is the most pofau,
practical, and efficient truss form for
moderate span applications. In its
simplest form it is really a modified
king-post truss.The Howe trusss
characterized by diagonal compressio =
struts and vertical tension members.

The advantage of a HoweuBss for use in a roof derives from the efficiency of using steel rods as the
tension members. However, in the diagram above, the tension members to both sides of the middle
theoretically carry no force unless the bottom chord is loadédr example, by &eiling or an attic

floor. Even in the absence of loads applied directly to the botthiord, these rods may help support
the selfweight of the bottom chord.For structural efficiency, the slope of the diagonal struts should
match the roof slope.
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As noted above, a Pratt Truss resolves the need for triangulation through the combination of diagonal
members in tension and vertical members in compression.

The advantage of Bratt Truss for use in a roof derivaspartfrom the dficiency of using steel rods as

the tension membersFurther, by shortening the compression web members, these elements can
generally be smaller in crosection than those used in a Howe Truss. Unfortunately, and especially for
a roof truss with slopig top chords, the vertical web members meet the top chord at an angle, making

the design of these joints complicated. It is likely that a Pratt Truss is better suited to use as a parallel
chord structure.
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The Fink truss is a practical teuorm for
long-span applications. The major
advantage of a Fink is that each half of th
truss can be fully assembled in the shop
and shipped to the site for final assembly
In some instances, the bottom chords car
be sloped similar to a scissor truss for
architectural drama.

Compound Fink truss made up of two
smaller trusses joined in the field.

TFEC 42020 Page27



SAEOOI O 4000

The scissor truss is a structurally

inefficient truss form that is very

popular with architect@and timber

frame patrons. Much like theeviled

YR GNRdzof Saz2y$sS at

GNHzaaé¢ o1y2e6y a ¢

colloquially), scissors trusses can add t.

the open feeling of a space, by raising the lowest member above the most effective logatidime
eave line.Characterized by sloping bottom chords that cross at-smdn, a scissor truss allows for an
elevated ceiling. In early Gothic Cathedrals, where the masonry vaulting extended above the height of
the side walls, the scissor truss made room for the vaglbw liberating the space where a horizontal,
eavelevel bottom chord would have interferadlith the perceived stone ceiling

In considering the behavior of a scissor truss, the most important attribute is likely the change in loading
in each of the cresing timbers. Between thtep chordand the crux so-named because of its

importance and because it occurs at the center of the tiias&l because most all the tough design
decisions are made herejhe portion ofeachcrossing membeisin compression Between the crux

and the heel joint, the portiof eachcrossing membeisin tension. When drawing a frdeody

diagram of the crux, this results in a significant need foupwardvertical force to counteract the four
converging forces, each of whincludes a downwardcting componentThe essential vertical member

at the center icommonly referred to as the king, possibly reflecting its importance, but also it

resembles the king post in a kipgst truss.

Another way of have explaining the tean in the king is that itestrainsthe kink in the bottom chord

GKIF G aglyitaég G2 Nzy Bhékidstha éitical membeRilva sBisgs@russ.2 S| 9S
CNBAY 3 G2 2 YIANE S\él za OA2aNg 2-NIa (AP S & trinds, Bind R Brataliz2g SNJ g A (
frame, with severe bending in the

diagonals right where they are often

halved by dados, and lame, sloped bearing

face tension transfer between the

diagonals. Do not leave out the king for

spans greater than ten feet. We are, also,
assuming the diagonals ahalf-lappedat

the crux. They can, in fact, also be cut off

and all pasted back into the nodal mess

with cover plates.

Do not omit the king from a scissQever!

Scissor trusses exhibit the annoying habit of elgtfhg horizontally at the truss heels, causing the

support posts or walls to spread. As the slope of the bottom chord increases (and approaches the slope
of the top chord), the horizontal deflection and the chord forces increase dramatically. When ngpdelin

a scissor truss, it is crucial that the supports be modeled as a pin and roller. Otherwise, the calculated
member forces will be erroneous.
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A N Exploded View of the Scissor
L E Truss with Forces acting at the
7,’4\ \_\\ l\ /e ’;\R crux Generally, the lower
K AP " diagonal forcesire substantially
/ € P e

\ larger than the uppers.
P / \ ~ g pp

It is common to build a scissor truss with continuous crossing members, each carved to allow passage by
and connection to the alternate member. As a result, if there is any flexibility in the overall truss, there
will be bending concentrated at the crueqd in the absence of a vertical tie, the resulting bending is the
only means by which the scissor truss can functiGonsidering how much bending can occur at the

crux, and given that it is common to remove half of each crossing member to make themwngass

another, it is typically wise to allow for some adjustment in the vertical hanging element. Further,

making the connection between the crux and the vertical can be challenging when the vertical is also a
timber.

One strategyif all timber faces mst end up flush with one another, is to dado the three timbers into

thirds as they pass through the crux, with the king third occupying the center path. This at least allows

F2N) GKS 1Ay3aQa GSyairzy (2 0SS I LlLJokt®eRiagorals, 02 YLINS & .
without doing further damage to théhird-lappeddiagonals. Another method that extends this scheme

involves upsizing and splittinhe vertical to wrap around the crux and effectively support the center

from below. This accentuates tivertical and relieves the designer of the need to make a hole through

the crux, where each of the crossing members has already typically lost half itssertigs. The added

surface relief between the king and the other members allows for discrete mexeand misfits.An

example of this approach is shown in the section on connections.

King post trusses with curved bottom chords can be viewed as a specialized form of scissors trusses. The
good news about using curved bottom chords is that the overlagppurfaces between upper and lower
chords are longer, allowing for more effective transfer of the shear force there, between the tensioned
bottom chord and the compressed upper chord. One downside is that the curved chord will straighten

as it is stretcld, further increasing deflection (ridge sag and eave spread) in a truss form particularly
prone to deflection. The curved bottom chord, itself, offers challenges to the designer and fabricator
(dealt with in another section of this work). The claspimg lconcept can be applied in these trusses,

too, in ways to nearlgliminate joinery damage to the crucial center of continuous (glulam we fervently
hope) bottom chord.
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Example of timber scissor trusses
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Hammerbeam structures are by far the
most structurally inefficient, problematic,
and celebrated of all timber roof types.
They behave very little like trussead

their members are subjected to significan
bending moments and shear, particularly
the columns.

When modeling a hammeryeam
structure, it is crucial that the column
bases be restrained in both the X and Y
direction.If one of the bases is — _
inadvertently modeled as a roller, the 1r T
calculated moments in the columns will b

unrealistically huge.

In considering the portion of the hamméeam truss that extends above the eave line, it is reasonable

to think of the structure as similar to rafters that bear on the exterior walls, lean against one another at
the ridge line, and require a crossing tiesome other means of resisting the natural tendency to thrust
outward at the eaves. Just as raising the height of the necessary tie increases the demand on the tie, it
likewise alters the demand on the other intersecting elements. In the diagram attw/eavelevel

thrusts are transferred to the columns and knee braces, placing significant demands on these elements.
As described below, historically, masonry buttresses would typically resist the outward thrusts. These
may be built into the wall, orsaflying buttresses spanning over side aisles. Whenever possibly, such a
strategy may still be exploited, as when there are side aisles or perpendicular wings that abut the space
over which the hammebeam trusses span.

Out of plane bracing essentialThe hammeibeamhas a tendencyo buckle laterally. Bracing can be
accomplished with vertical knee braces from purlins to the hammer posts, or with horizontal knee
braces from the wall plates to the hammer beanttammerbeam structures should never beadon
exterior walls subject to transverse wind loadg fan be avoided.

Tied hammetbeam trusses perform much
better than a common hammedseam
structure. A steel rod with a turnbuckle is
commonly used as the tie element, but that i
seldom ararchitecturally acceptable solution,
The photo to the right shows a chain used ag
atie element.

Often ties are added later, after the eaves
spread or the posts bow owtor both.
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Westminster Hallin Londonis not really a cathedral. It is part of angpus of buildings that make up the
Parliament. It is where British state events, such as coronation of kings, have been held. The timber
hammerbeam roof structure was commissioned by Richartt Was built by master carpenter Hugh
Herland and completedh 1397. Thémmensely thiclexterior stone masonry walls were repurposed
from an earlierAngloNorman Hall built in 1097 during the reign of William II.

The exposed timber structure was actually budget driven since it was a fraction of the cost dkd vaul
stone ceiling. The timbers were ornately carved to resemble stone. Westminster Hall is the largest and
most famous medieval hammdaeam structure in Europe.

The stone masonry walls are over six feet thick and they are reinforced with buttresses exteher.
The horizontal thrust is resisted by the masonry walls and the timber harwe@m structure behaves
much like an arch, with all of the members and joints loaded in compression.

When hammeibeam structures are adapted to modern applications with the massive masonry walls
replaced by slender timber columns, the structusehavior is profoundly different.
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Example of a contemporary

hammerbeam structure.
Saint Patrick Church,

Connecticut.

Redding,

woRy

o
‘P
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In considering trusses, we will be principally concerned with roof trusses that support gabled roofs.
These trusses span transverse to the ridge line with top chords that slope, and where the top chords
maysupport purlins, or they may support the roof sheathing (or panels) directly. However, roofs may
also be built with parallethord trusses, where the trusses span parallel to the ridge line, or where they
may form the uppemmost portion of a timber walfirame.

LN\

Howe Truss

Pratt Truss

Warren Truss

Commonparallel chordruss types are Howe, Pratt, and Warren.
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The Howe truss is by far the most popular. The diagonals are compression struts and the verticals are
tension ties. Often steel rods are used foetverticals. When the timbers season and shrink, the tension
ties can become slack, resulting in unanticipated deflections. It is crucial that the nuts on the tension
rods be accessiblend periodically tightened until the timbers have fully seasoned.

With a Pratt truss, the verticals are the compression struts and the diagonals are the tension ties.

With a Warren truss, the diagonals alternate between compression and tension, making for very
challenging connections.

Parallel chord trusses addten used for long span conditioms excess of 50 feett is often necessary to
camber the trusses to manage deflecticarsd to allow for adjustment with drying/shrinking and settling
with dead load

When proportioning a parallel chord truss, the depthspan ratio is normally in the range of 1:10 to
1:12.

The photo above shows a space truss for a church in Brookfield, Connecticut. Similar to a space frame, a
space truss is a thregimensional structure. Four glulam timber trusses (two in eackction) clear
span 92 feet. The trusses intersect at four points.
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The trick and art to designing a timber truss is how you put the timbers together. The rest of the stuff is
easy. It has often been said that a timtarss is really nothing more than a bunch of truss joints that
happen to be separated by chords, struts, and ties. Timber trusses with practical connection details are
usually coskfficient and easy to fabricate and assemble. Whereas, poorly conceiveection details

will often result in an overly costly structure plagued with difficulty.

Many engineers who are inexperienced at timber engineering will design truss connections that rely on
steel gusset plates and bolts to transfer axial forces at . jditmile this type of connection is efficient in
structural steel construction, it is a poor choiime a timber truss. Besides the aesthetic issues

associated with exposed steel plates and bolts, these types of connections sometimes perform poorly.
The seel connection plates tend to restrain the seasoning shrinkage of the timber and can cause the
timber to split. If bolts pass through oversized holes that are not tight fitting, unanticipated truss
deflection can result.

When designing timber truss joing there are a few fundamental rules that you should keep in mind:

Rule #1- The geometry of the joint should have mating surfaces that allow all structural loads to be
transferred in bearing of one member against the othd?egs are best used to holgoint together
rather than to resist structural loadBolts or steel rods should be used to resist tension rather than
shear.Let the geometry of the joint do the work, not the fastenarsenever practical

Rule #2 The wood removed to create the joisthould not unduly weakemany of thetimbers being
joined. The timber section of all members connected at a joint must be reduced in some fashion to
create the joint. The challenge is to strategically remove wood only from the portion of each member
that isnot highly stressed.

Rule #3 The geometry of the joint should not be altered by shrinkage of the wood and bearing
surfaces should remain in tight contaetfter seasoning This is the rule that is most often forgotten.

Rule #4 Anticipate all potenial modes of failure and provide sufficient strength to resist each
potential failure mode This is a rule that naturally applies to any structure not just timber truss joinery.
The challenge here is that you must think of everything. Failure to anticgpptaential failure mode

can have dire consequences.

The engineering of timber truss joinery is not a cookbook process of following overly prescriptive codes
and standards. It requires no small measure of ingenuity, creative energgxaedience. These rules
arenot limited to trussjoinery, but actually apply to all types of timber connections.
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Howe Truss Example
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The trick is to configure the joints so that tension forces are resisted by notches and shoulders that are
in compres®nN. You canot always make that trick work, but it is great when you can. To illustrate, here
are some common truss joints for a timber Howe truss.

The heel joint is the most challenging joint in any truss

/ because the member forces in the timber chords
converging at the heel are substantial. The top chord of the
truss is in compression and the bottom chord is in tension.
The top chord bears against arclined notch in the
bottom chord(see rule #1)Since the bearing surface is not
square to the axis of the top chord, there is a component
of the top chord force acting parallel to the bearing surface
which exceeds the frictia resistancef the bearng
surface Bolts acting in tension resist that component of
the force.The shallow notch in the top of the bottom
chord leaves sufficient net section to resist direct tension
(see rule #2). The shape of the joint will not change
significantiywhen the tinbers season and shrink (see rule
#3). The notch in the bottom chord must be far enough
from the end of the timber so that the end of the timber
v doesnot fail in block shear (see rule #4).

An alternative heel joint detail is shown to the
right. This d&il only works if thebottom chord can
run long and extend beyond the support post. The
bearing notch allows more direct transfer of the
top chord force to the bottom chord.
Consequently, the tension force in the bolts is ver
small. The notch must be dpeenough that the
compression stress on the aeng surfaces is not
excessive. The bottom chord must run long enouc
to provide adequate resistance to block shear.
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The joint where the top chords join to the king
post is similar to the heel joint. Ehop chords
bear oninclined notchesn the side of the king
post. The boltglamp the joint together,
preventing the bearing surfaces from slipping
The net cross section of the king post at the
notches must be capable of resisting the tension
in the king post.Resistance to block shear in the
king post often controls the connection design.

\\Jl

The joint where the king post meets the

bottom chord is the same idea. The diagonal
compression struts bear against an inclined
shoulder on the side of thking post, called a
joggle, converting their compression forces into
tension in the king post. The member forces
take a short cut and bypass the bottom chord
Ff 023SGKSN® ¢KS 062032y OK?2
of all of the action happening just inches above
it. While in theory, the king post does not even
need to connect to the bottom chord, the
connection provides lateral bracing to the king
post and resists any incidental gravity loads
applied to the bottom chord.
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Scissor Truss Example

TFEC 42020 Page40



For a scissorrtiss, thecruxjoint where the bottom chords and king rod join is a challenging joint. Five
truss members meet at the joint and three of them have large tension forces. By half lapping the bottom
chords, all of the member forces are transferred in bearing.
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ScissorTruss with a Clasping King

If the diagonals really must be flusaced, then the only real option is to dado them into one another

(laying up thin glued veneers that alternate continuity past the crux is an interesting and pricey option).

These memberaow have lost half their bending and axial capacities, as well as adopting an eccentric

axial load path that induces yet another bending stress. The challenge is to do no more damage to them

at this point; specifically, by not having to rout in chanrietsa centered rod. One way is to split the

1Ay3a alLRadé YR alyRgAOK Ad FNRdzyR GKS RIFER2SR RALl
converted into compression bearing on the underside of the diagonals at the crux, and without further

damage tahe diagonals. This method also avoids the flush joints at peak and crux that can prove so
unforgivingly unflush with any distortion or shrinking among
the in-situ members. &

p

Y &Y LSt 7 Y i <
The photos are courtesy of South Mountain Company, using
recycled heavy planke craft the trusses. They took the
extra complicating step of spinning the king®4bout its
lEA&Y a0SOldzaS (KSe O2dzZ Roe
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Block Shear

Block shear strength often controls the design of truss joinery. Block shear acts parallel to the grain at a
bearingnotch. The shear stress distribution is assumebddriangular. Consequently, the calculated

block shear capacity is one half the allowable shear strength multipli¢hle shear area (section 3.6 of
TFEC-2019.

The referenced design values for sheaength contained in the NDS are intended for beam shear, not
block shear. There is an extra factor of safety of 2.0 built into the referenced design values to
compensate for the potential of a split or check at the end of a he@aansequently, using ¢hvalues

from the NDS to calculate block shear capacity is conservative, unless a seasoning check happens to
coincide with the potential shear plane, in which case it is unconservative.

A block shear failure of a connection is a sudden-dhactile failue mode. This was first observed in
truss heel joint tests performed at MIT in 1897.

It is reasonable to assume that reinforcing
a timber with screws can make a block
shear failure more ductile and can help to
prevent a seasoning check from forming
at theshear plane. Thblock shear
capacity should be calculated based on
the shear strength of the timber alone
and the screws should be viewed as
improving the performance of the
connection. It is unwise to expect load to
be shared between the timber and the
I N\ _> __>  screws. The reinforcing screws should be
o o &\ just long enough to cross the potential
shear plane with 2 inches dfread
engagement beyond the shear plane.
Using screws that are too long can
restrain shrinkage and induce splitting.

8_
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Results ofull-scale load tests of timbdrussheel joints performed at the engineering laboratory of the
Massachusetts Institute of Technolo@WiT)in 1897.
Sourceg Structural Details or Elements of Design in Timber Franbgddenry S. Jacoby 1914
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Friction in Joinery

Any bearing face that is at anything other than perpendicular to the axis of the force being transmitted

through bearing is inevitably relying on frictigrhistorically an unpredictablandunreliable

phenomenon. As RJ Brungraber, Ph.D., ByS, i1 his authoritativ®verview of Floor SliResistance

Research d! f 6 K2dzZAKX adl NIAy3I 6AGK [ S2yFNR2 RI #AyOAx
over the centuries, it still remains one of the most familiar and yet least understoodsfatet
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avoided by reasonable designers and builders. However, some traditional joinery details rely on some

friction and some modern practitioners seem deated to those details, soigworth our time to be as

thorough as is possible.

About the best information we have on the nature of friction between pieces of wood is from the
slightly lessknown researchers H. Messiter and R.C. Hanson, in theilyaslightly more contemporary
1894 work on the topic. They found coefficients of friction that ranged from 0.215 for sanded pieces, to
0.365 in rougksawn timbers. They found roughly the same values for sanded pieces that were trying to
slidealongsidegrain and ones that were bearing end grain to end grain. Among researchers who knew
what they were doing, it is rare to find a coefficient of friction much above 0.4 between timbers.

Relying on friction in a structure seems a bad id&a actually do itn almost all modern high strength

steelbolted connections. The highly tensioned bolts induce such reliable clamping that they do not bear

on the hole edges, but the friction between the connected pieces does the job. What if they do slip?

Well, the bols can still work in shear, when the hole slop runs out as the surfaces slide under the

applied load. Similarly, I suppose, many of the sloped bearing faces | have seen are associated with
GSy2ya Ay Y2NIlAasSa GKF G O2 dzreR difie@ht Gobriection $dkiedne thf A RA y 3
check and, frankly, a bit desperagdetter to use an angled clamping bolt.

What is this measure of stickiness we call @aefficient of Frictigh Thankfully, we will deal solely with

the static coefficient of friction. Those of you who had a good high school physics class, or even pursued
higher education in such arcane topics, might recall the distinction between static and dynamic (often
termedd At ARAY 3¢ 0 O2STFFAOASYyGaod {OASYyGAaGa y2¢ dzy RSN
objects not moving relative to one another, dynamic coefficients are a function of the speed of their

relative motiong friction is not a simple dichotomyf atill/moving phenomenon. Not to worry, not

another word on norstatic states of being.

At its simplest, the coefficient of static friction is expressed as a simple ratio of the largest available force
(given the nature of the body interactions at thedring surface) to resisting an induced slidducing

force, and the normal (pressing) force acting between the two bodies. One aspect of this ratio is that it
measures ratios of forces, not pressures. This means, among other things, that the ataitzbte

resist any tendency to slide is NOT a function of the bearing area between the two bodies. Doubling the
bearing area between two timbers does not double the available friction resistance to sliding a

smaller timber does not increase theaable friction force, either, until the compressed timber actually
penetrates the other surface, and causes some inadvertent mortise and tenon shear action.

This ratio of forces can also be viewed as an agtiie angle at which an axially loaded memiet

slide along the surface of another. How flatly can you tip that ladder, on a smooth surface, before you
are utterly reckless even to put a foot on it.
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A bare angle joint is, clearlyl| advised Perpendicular is reasonable. So. any beveled bearoegisa at

its root, a move fronrecklesgoward reasonable. Much like positioning collar tiegsmart/minimum

tension is available down at eaveoolisty infinite tension hits collars placed at the peak. So, the
guestion becomes how close do you care to, g@foolish This is the decision being made by designers
who slope the bearing table, but stop well short of getting to a notch with a bearing face perpendicular
to the compressed timber axis. To sum up the friction physics and factors of safety nigailEsigners

who use bearing faces more than%f@om perpendicular to the compressed timber aslis soat their

own peril.
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