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- f APPENDI X A:

RELIABILITY METHOD USED TO
DEVELOP DESIGN CRITERIA

The reliability method used to develop design criteria for glued-

laminated stringer bridges is essentially the same as that detailed

4 for steel stringer bridges in Appendix A of Design Cri teria for

Theater of Opera tions Steel H ighway Bridges , Volume II. 1 This appendix
describes the development of the one modification introduced, which

accounts for the load duration characteristics of timber.
Tests have shown that wood can carry substantially greater maxi-

mum loads for short durations than for long durations .2 This property

involves the wood ’s resistance as wel l as the duration of the load
effect acting on the wood. The expression for the ratio of the mean
resistance to mean load effect (R,n/Qm) appearing in the safety index
beta expression given in Eq A2 of Design Criteria for Theater of
Operations Steel Highway Bridges (Appendix A, Volume IL) must be ad-
justed to account for this property. Al though either Rm or could
be adjusted to account for this property, adjusting Q~ is more con-
venient.

In the approximate method of adjustment used, the 10-year con-

j tinuous or cumulative load duration was used as a base load duration;
the corresponding mean ultimate stress, based on 10 years, was cal led

t 

~m 
If a load duration other than 10 years is used, a mean ultimate

stress 
~mt 

corresponding to t years can be used; however, using 
~mInstead of 

~mt 
is more convenient. Use of with a t year load dura-

:11 tion can be approximately accounted for by adjusting the mean load -:

effect by a load duration factor T, which is equal to the ratio of

• ‘ 1. 1. Knab, et a l . ,  Design Cri teria for Thea ter of Operations Steel
Highway Bridges , Vol ume II, Technical Report M-195 (Construction

• Engineering Research Laboratory (CERL], 1977).
2 Nationai Design Specification for Stress Grade Lwnber and I ts

Fa stenings (NDS) (National Forest Products AssocIation, 1973)
Appendix H.

* A l oad effect is a member force such as a moment, shear, or axial
force.
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For example, if a load duration of• less than 10 years were
used 

~~ 
< 
~mt~ 

with 
~m’ 

the load effect would need to be decreased by

To demonstrate how the load duration property can be accounted for
In terms of the reliability analysis equations, the mean live load
effect adjusted for load duration, cal led Lmi is used:

t m = T1L,, (Eq Al)

where Lm = mean maximum lifetime live load effect adjusted for load
duration

TL = load duration adjustment factor for live load
L~ = mean live load effect not adjusted for load duration.

Eq Al is used only when a t year load duration Is used with 
~m’ 

the
mean ultimate stress for 10 years. Eq Al is not used for 10 years of
continuous or cumulative loading, since in that case T1 is taken as
unity and is equal to L,~. In the case of the 10-year load duration ,
the expression for R.m/Qm is:

RdQm = 
~ m/ Fa (L n/Lm) = 

~~~~~~~~~~~~ 
[Eq A2]

where V = the allowable stress factor, which Is the ratio of allowable
stress used to Fa~ the 10-year allowable stress; for a 10-
year load duration, V = 1.0 (for permanent structures)

= live load effect based on nominal code load.
For a t year load duration, the mean ul timate stress tmt (correspond-
ing to t years) can be used. In the live load case being discussed,
no adjustment is necessary for Rm If is used; T~ equals 1 and
equals L~. The expression for R,~/Qm then becomes

Rn/Qm = 

~ mt/ Fa )](I r/Lm) a mt~~~a~~~n’~~i~ 
(Eq A3]

8
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f If, for a load duration not equal to 10 years, the 10-year stress
is used Instead of 

~mt’ 
TL equals ~~~~ and Lm equals IiL~

. In this

f case

RdQm = [fm/ F a)][Ln1’(TL~ i)] [Eq A4]

f Note as a check that if T1 equals ~,i/~mt 
is used in Eq A4 , the result

is Eq A3.
The following example for live load is based on a 2-month load

duration, with 
~mt 

L
~
5fm (based on Appendix H of the National

Design Specification). This results in TL 
= 

~d~mt 
= 1/1.15 = 0.87.

Using T
~ 
equal to 0.87 in Eq A4 gives

RIQm = 

~ m1 Fa [Ln/O•87 L,~)1 [Eq A5]

If V is taken as 1.15 (representing a 15 percent increase in the 10-
year allowable stress--Appendix H of NDS), 

—

RdQm 
= n/Fa)0nu’~) 

[Eq A6]

which is equivalent to Eq A2 with V equal to 1.0 and TL equal to 1.0
for a 10-year load duration.

For a combination of loads with each load having a different load
duration, the load effect can again be adjusted by a duration of load

1 factor T. The mean maximum lifetime load effect for the dead and live
load effects, adjusted for load duration, becomes

:J *

Dm = T0Drn [Eq A7]

t m = TLLJ~ 
- [Eq A8]

2 -
~
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where TD’ TL 
= load duration factors 

~~~~~~ 
for dead and live load

respectively, used when the load duration is not equal
to 10 years and ‘

~m 
is used

• 0m’ Lm = mean maximum lifetime load effects for dead and live
load respectively, adjusted for load duration

D,~, L,~ 
= mean maximum lifetime load effects for dead and live

loads respectively, not adjusted fo~ load duration.
Al though this method is approximate for more than one load effect,

it does provide a rational basis for accounting for the load duration
property of timber.

The framework for the wood reliability analysis is’ thus repre-
sented by the equations previously developed in Design Criteria for
Theater of Operat ions Steel Highway Bridges (Appendix A , Volume II)
using, where appropriate, the definitions of Dm and Lm given by Eq A7
and A8 of this report. For example, for the 0 + L load case , Rm/Qm
becomes

• 
= )(

T~~~~

÷

T~~~ [Eq A9]

10

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ •_ ~~•



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ 
- _ _ _ _ _ _

• - —- —--—-———••--•-- -••‘•— - •.-~~~~ - - -

I

• APPENDIX B:

DEVELOPMENT OF RESIST A NCE ASSUMPTIONS

This appendix presents the resistance assumptions needed for the
reliability analysis. Table Bi suni~arizes the values of the ratio of
the mean ultimate stress for 10 years of continuous or cumulative
loading (tm ) to the American Institute of Timber Construction (AITC)
speci f ication ll7—74~ allowable stress for 10 years (F a ) and the coef-

ficlent of variation of the resistance 
~~~~ 

The following discussion
briefly describes the development of the information in Table Bi;
Table B2 suninarizes the actual data used to develop the assumptions in
Tabl e Bi.

Table 81

Suninary of Probabilistic Assumptions Used for Resistance

*Ratio of Mean to COV of Resistance
Resistance Property Al lowable Stress Property

F 
_ _  _ _ _ _

• Bending, Fb 1.73 0.14
-r Tension , Ft 1.51 0.23

Compression parallel  1 74 0 12to grain, Fc ) J **
- - Shear, F

~ 
1.73 0.14

* The COV of resistance (VR1 was assumed equal to COY of material
- J strength (VM) given in Table B2, since VM Includes the uncertainty - 

-

-
. in fabrication (VF) and strength prediction (Vp).

** Refers to fully braced column (i.e., column cannot buckle).
,

_ •,

-“I
- t

- 4.,.

Standard Specification for Structural Glued Lcj ninated Timber of
Ek7ugZas Fir, Western Larch, Southern Pine, and California Redwood,
AITC 117-74 (AmerIcan Insti tute of Timber Construction, 1974).
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Bending LFb.).

Data on the actual mean strength and coefficient of variation
(COy ) for nominal 2400f glulam beams (Table B2) were obtained by coin-
bining results of several studies of Douglas-fir beams conducted by

the Forest Products Laboratory, Madison , WI . A total sample of 86
beams from several different studies was adjusted to a cosiiiion basis
and grouped together.1’ Results were consistent with a similar number

of tests conducted in the 1940s. Equivalent 10-year strength values
were obtained by dividing 5-minute test values by a duration of load

f 

factor value of 1.62.

Shear (F~1
As no extensive data on shear exist, using actual data in devel-

oping the resistance assumptions was not possible. Rather, factors
s imi l a r  to those used for bending were assumed.

Tension (FtI

Equipment capable of testing multip le-ply glulam members in ten—
sion has only recently been developed; most of the data obtained using
the equipment to date have not been published . These data indicate
that the methods used to assign design stresses in tension in current
specifications are not consistent with those used for bending strength.
Data given in Table B2 represent the results of 180 tests of 13
Douglas-fir specimens with three or more laminations. 5 Additional data

~ R. C. Moody , Glula n Beam Design Criteria , Proposed U.S. Department - ... ~~~ 
‘
~~~~

of Agri culture Forest Service Research Paper (Forest Products Labor-
atory , 1976).

~ John Peterson, The Tensile Strength of L3 Douglas-Fir Laminated •

Members , -Unpublished Report (Oregon State University, undated).

I
- 1 13 
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• I

on other grades of Douglas fir indicate that relationships developed
based on 13 will be conservative for other grades.6

The same duration of load factor applied to bending was used.
It should be noted that design stresses In tension for glulam

are presently (1976) being revised so that the factors developed in
this report which relate to present specifications (AITC 117-74) wIll
need modification If they are to be used with subsequent industry
specifications.

Compression Perpendicular to Grain

Because moderate increases in the allowable stress for compres-
sion perpendicular to grain result in increased deformations rather
than structural collapse in nearly all applications, a specific analy-
sis was not performed for F~~.

Compression Parallel to Grain (Fri ~~~~

Unpublished data on two-ply members were used to evaluate current
design levels in compression parallel to grain.’ The duration of load
factor was assumed to be slightly less in this factor than in bending;
a value of 1.51 was used to relate 5-minute and 10-year loadings.

John Peterson, The Tensile Strength of One-, 2~,o-, and Three-
Lamination Members of 2 x 8 Douglas-Fir , Unpublished Report
(Forest Products Laboratory, 1975).

~ R. C. Moody , Ccnrpreseive Strength of 2~~- vs. Single-Ply Members,
Unpublished Report (Forest Products Laboratory, undated).

14
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APPENDIX C:

DEVELOPMENT OF LOAD ASSUMPTIO NS

The development of the load assumptions needed for the reliabi l-
ity analysis used in this study was similar to that given for steel
bridges in Appendix C of Design Criteria for Theater of Operations

- Steel Hig~~ay Bridges, Vol ume I I .

t 

Dead LoadkD)

j As in the steel analysis , the mean dead load effect (unadjusted
for load duration ~see Appendix A of this report) was assumed to be
equal to the nominal dead load effect, based on code specifications;
the coefficient of variation of the dead load effect 

~D 
was assumed

( to be 0.06 .
The dead load duration factor TD varies depending on the lifetime

of the structure. The values of T~ ~
=
~d~mt 

- see Appendix A) are
based on the relationship of strength to duration of load as given

- in Figure Hl , Appendi x H, of NDS. For 50- and 5-year lifetimes , the

values of T0 are 1.04 and 0.97, respectively.

Live Vehicle Load and P~yload (1)

The development of the assumptions for loads, all owable stresses,
and L~,/L~ va lues for both permanent (AASHTO) and temporary (military)

• 1 bridges Is similar to that for steel bridges. The assumptions used
for glued-laminated timber stringers (some of which are different than
for steel ) are given In Table Cl. -

~ Standard Specifi exitions for Highway Bridges (American Association
of State Highway and Transportation Officials (AASHTO], 1973).
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Coefficient of Variation Assumptions
for Live b aa Effect for_Permanent
and_T~~ppr~~y~~r id~~

Devel opment of the assumptions for coefficient of variati on of
the live load effect for permanent and temporary bridges was similar
to that used for steel bridges. Table C2 presents the assumptions
used for glued-lami nated timber stringers (some of which are differ-
ent than for steel).

Load Duration Factor kT
~).

Currently, the allowable stresses corresponding to 10 years of
continuous or cumulative loading are used for permanent bridges, which
have design l ives of about 50 years. Since temporary bridges have 2-

• 
-~~ to 5-year design l i ves, using a live load duration factor TI. correspond-

ing to 2 years appears to be reasonable. Hence a T1 value of 1.0
was used for permanent bridges (corresponding to a 10-year load dura-
tion), and a T1 value of 0.94 was used for temporary bridges (cor-
responding to a 2-year load duration). The T1 val ues are given in
Appendi x H of NDS.

I

4
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Table C2 
-

Sumary of Coefficient of Variation Assumptions for Live Load

VIM VL2B V12 = ‘412A + V
~2B VL = +

0.11 0.10 0.15 0.18 0.21

where

V1 = COV of live load effect

V11 
= uncertainty In the vehicle load

V12 
= uncertainty In transforming the live load into a load 

—

effect

V L2A = actua l observed uncertainty In the transformation of
vehicle load into a load effect

~L2B 
= uncertainty introduced In predicting the transformation

of the vehicle load Into a load effect .

Appendix C of Design Criteria for Theater of Operations Steel~

Highway Bridges , Volume II , explains the symbols in greater detail.
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APPENDIX D:

DEVELOPMENT OF ALLOWABL E
STRESS RECOPtIENDAT IONS

The information in Appendices A, B, and C was used to calculate
safety index (beta) values for Fb) ~~ 

F
~ i i  and Ft for the dead plus

I live load case. Tables Dl through D4 show the beta values for each
resistance type for various combinations of V and L,./L~ (developed in
Appendix C and listed in Table Cl). The values of the mean dead to
live load effect ratio Dm/Lm shown in the tables are 0.0, 0.1, 0.3,
1.0, and 25.0. The Dn./Lm values of 0.1 to 1.0 represent the typical
design range; the 0.0 and 25.0 values are given to show beta values

• for extreme load effect ratios. The beta values are graphically
- shown in Figures Dl through D4 for the four resistances and for Se-

lected V and L~/L~ val ues. The load effect scale (DdLm) of the
figures consists of a series of linear portions to show trends over a

wide range of

Bending (F1,J

A value of V of 1.35 for Fb for temporary bridges appears

reasonable and is reconinended provided that the lateral load distri-
bution formulas reconinended In Appendix E and the moments caused by
the normal military crossing are used for design. The following

- • 

justification for V = 1.35, based on a comparison of beta values at
0.10, is provided. The beta value for L~/L~ equal to 1.25

.~~• (case 5, Table Cl), Dn,/Lm equal to 0.1, and V equa l to 1.35 Is 2.11
• (Table Dl). The beta value of 2.11 is 0.69 beta units above the AASHTO

overload (case 1 , Table Cl) of L~/L,~ equal to 1.25 and V equal to
1.50; 0.20 beta units above the AASHTO overload with permit (case 2)

• of L,.,/L,~ equal to 1.25 and V equal to 1.33; 0.56 beta units above the
illegal AASHTO overload (case 3) of L,,,/L~ equal to 0.83 and V equal to 1.0;

- f 
____________  _____

-. I ~ Al so see Appendix A of Design Criteria for Theater of Op erations
- • Steel Highway Bridges, Vol ume I I •
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refers to permanent bridge criteria; aU other V and 1~/L,~ combina-tions are for temporary bridge criteria.

Figure Dl . Beta versus DP,/Lm for Fb for various V and L~/L’• combinations .
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Figure D2. Beta versus Ddlm for F
~ 

for vari ous V and L~/L,~combinations.
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and 0.98 beta units beneath the AASHTO normal crossing (case 4) of

• L~/L~ equal to 1.25 and V equal to 1.0. Hence the recomended V of
• 1 .35 results In a reliability level which exceeds the current AASHTO
-

~ overload crossings arid Is beneath the reliability level of the normal
AASHTO crossing.

Shear LF~.).
The fol lowing ana lyses and recommendations asstaue the use of the

recommended procedure for determining shear force given in Appendix E
- ( for glued—lami nated timber).

An ~~~~ value of 0.80 (Tabl e Cl , case 12) represents a stringer
designed using a shear force based on a norma l class military crossing

but with the stringer actually loaded by a caution military crossing
(vehicles 25 percent heavier tha n norma l class). An L~/L~ value of

• 1.0 (Table Cl, case 11), however, represents a stringer designed using

I 
the larger of the shear forces based on the caution crossing or the

• normal crossing.
A V of 1 .15 appears reasonable and is recommended If the larger

of the shear forces resulting from the caution or the normal load
cases (i.e., L~/1~ = 1.0) Is used. This Is equivalent to using the
recommended procedure for determining shear force given in Appendix E.
This reconinendation for V is based on the following j ustification. The

-

~~~~ 

• 

beta for Ln/L~ 
equal to 1.0 (case 11 , Table Cl), D

~
/L
~ 

equal to 0.1, and
V equal to 1.15 for the temporary criteria is 1.92 (Table 02). The beta

1 
of 1.92 is 1.35 beta units above the AASHTO overload case (case 6) of

- J L~/L~ equal to 1.0 and V equal to 1.50; 1.16 beta units above the illegal
AASHTO overload (case 8) of L~,/l~ equal to 0.67 and V equal to 1.0; and
0.32 beta units beneath the normal AASHTO load case (case 10) of
equal to 1.0 and V equal to 1.0.

• 
If the normal military load case only is used* to determine the

shear force (case 12, Table Cl), a V of 0.95 is recommended, since an

.5

* This is equivalent to rep1ac1n~ the Hl.2514 coeffici ent in Tabl e E8.
- 

- Appendix E, wi th 1.00.
30
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• L,~/L~ value of 0.80 can occur. The j ustification is similar to the
shear for V equal to 1.15 and L~/L,~ equal to 1.0. It should be noted
that the allowable stress for shear should be reduced about 20 percent
(from V = 1.15 to 0.95) if only the normal crossing is used to deter-
mine the shear force. —

Compression I4entersJF~j i1
Either the caution or the normal crossing can be critical (i.e.,

produce the larger compressive force). If the larger of the compres-
sive forces resul ting from either the caution or the normal crossings

t 

is used, L~/L~ is equal to 1.0. If the compressive force is based

only on the normal crossing, L~/L~ can be as low as 0.80.

A V value of 1.15 for L~/L,~ equal to 1.0 appears reasonable and
is recommended, based on the following justification. The beta value

for L~/L,~ equal to 1.0 (case 11, Table Cl), Dn/Lm equal to 0.1, and

V equal to 1.15 Is 2.05 (Table D3). The beta value of 2.05 is 0.54

beta units above the AASHTO Illegal overload (case 9) of L~/L,~ equal

to 0.80 and V equal to 1.0; and 0.33 beta units beneath the AASHTO

norma l crossing (case 10) of Ln/L~ 
equal to 1.0 and V equal to 1.0.

A V of 0.95 is recommended for Ln/L
~ 

equal to 0.80 (case 12,
Table Cl) for similar reasons as for V equal to 1.15 and L~/L~ equal

• to 1.0. Again, note the 20 percent reduction (V = 1.15 to V = 0.95)

In allowable stress required if only the normal crossing is used to

determine the compressive member force.

Tension Members (FtI
Similar arguments can be made for tension members as for compres-

slon members. For Douglas fir grade 13, a V value of 0.90 Is reason-

able for Ln/L,~ 
equal to 1.0, and a V value of 0.75 is reasonable for

H L
~./L, 

equa l to 0.80. The beta value for L
~
/L
~ 

equal to 1.0 (case 17, 1
Table Cl), Dm/Lm equal to 0 1 , and

3: 

equa l to 0 90 Is 1 91 (Table D4) 
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The beta of 1.91 Is 0.27 beta units above the AASHTO Illegal overload
(case 15) of L~/L,~ equal to 0.80 and V equal to 0.75; and 0.40 beta
units beneath the AASHTO norma l crossing (case 16) of L~/L~, equal to

1.0 and V equal to 0.75.
Recent studies and developments indicate that the current (AITC

117-74) allowable stresses in tension for permanent structures need

revision; a proposed set of allowable tensile stresses for industry Is
being considered. The average ratio of the proposed industrial allow-

able stress to the current (AITC 117-74) tensile stress level is about —

0.67. ThIs is lower than the 0.75 fIgure used in Table Cl (see note 1),
which corresponds to the 13 grade of Douglas fir (Table B2) used In
the analysis. As a result, a reduced value of V of 0.80 

~
= 

~~~~ x 0.90)
is recommended for all grades in tension for the case of I IL’ equal

067 n m
to 1.00, and V equal to 0.65 (= 0:75 x 0.75) is recommended for all
grades in tension for L~/L~, equal to 0.80. AgaIn note the reduction
(V = 0.80 to 0.65) in allowable stress if only the normal crossing force
is used.

Summary~ of the Recommended Al lowable
Stresses for Temporary Bridges

Tabl e 05 summarizes the recommended allowable stresses and design . 
3

procedures.

* See tension discussion in Appendix B. 
1-

I
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Table D5 -

Summary of Recommended Allowabl e Stresses and Design Procedures
for Temporary Glued-Lami nated Timber Bridge Members

Member (Resistance) Type Additional Requirements

I 
Bending (F ) • 

1.35 Use reconinended lateral load distribu-b tion fonnulas (effecti ve nLnt er of

• stringers) in Appendix E. Use moment
- 

- corresponding to a normal milita~~crossing in AppendIx 0, TM 5-312
I Shear (F ) 1.15 Use reconinended procedure for glued-V laminated timber in Appendix E to

- 
determine shear force

• — • Compression parallel to
- 

- grain 
~ c I I~ 

-

I 1 .15 Use larger compressive force resul ting
from the normal or caution militaryFor fully braced crossingscompression members ___________________________________________

I (buckling prevented ) 0.95 Compressive force determination based
on nonnal military crossing only

1.00 Use larger com pressive force resul t-• ing from the normal or cautionmem- military crossings

• buckling 0.80 Compressive force determination based
on normal military crossing only

Compression perpend lc- 1.15 Use larger compressive force resulting
• • ular to grain (F ) from the normal or caution military

crossings

0.95 CompressIve force determination based
on normal military crossing only

Tension parallel to 0.80 Use larger tensile force resulting
- grain (F,) from normal or caution military cross-

-~~~~ 
- ings

• 0.65 Tensile force determination based on
normal military crossing only

* Ratio of reconinended allowable stress for temporary bridges to
that of the AIIC 117—74 allowable stress. That is, the allowablestress for temporary bridges, f, becomes: f ~ YF where V is given

• above and F is the AITC 117-74 allowable stress for 10 years of
continuous or cumuittive loading; F shall Include all NDS modifica-

- 
• . tions of stresses (except load duration) including moisture con-

• - 

- 

tent, size effect (bending), lateral stability (bending), buck-
-~~~~ 

__ ling (compression members), and bearing.
-

~~ 
P#Wtar~i Fixed aJ ’idq.., N 5-312 (Department of the Army, 1968),
with changes 1 and ~~~. 

-~~~ - ~~~~~~ • •~~~~
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APPENDI X E:

DEVELOPMENT OF MOMENT DISTRIBUTION
AND SHEAR FORMULAS FOR MIIJTARY
BRIDGES USING SOLID-SAWN AND
GLUED-LAMINATED TIMBER STRINGERS

The distribution of wheel or track loads is a critical factor In
designing the floor systems in military hi ghway bridges. This appen-

• dix evaluates the criteria for determining this distribution for both
moment and shear In the stringers of tImber stringer military bridges
and suggests changes or new criteria to improve their validi ty.

Currently, the criteria for distri bution for both military (TM
5-312) and civilian (AASHTO ) timber bridges are based primarily on
research and experience on bridges with solid-sawn timber stringers
with nailed- laminated decks. Al though use of glued-laminated timber
stringers and deck sections has increased recently, research on the
distribution of loads in bridges with these units Is very limi ted.
Thus this study was conducted to consider glued-laminated construction.

This appendix discusses the distribution of loads for moment and
shear separately. In each case, the basis for the current military
criteria is discussed, current research evaluating load distribution
ind icated, new approaches to distribution outlined, and finally, the
validity of these criteria discussed with changes recommended where
appropriate.

In general , the approach was the same as that used in evaluating
load distribution for moment and shear in steel stringer military
bridges (Appendices H and I of Deeign Criteria for Theater of Opera-
tione Steel Fiigvay Bridgee, Vol ume II). Additional details on the
approach are availabl e in that report.

This study was limi ted to an evaluation of load distribution
using currently available methods of analysis and field test data. As
new research results--particularly on glued-laminated systems--become
availabl e, the recommendations should be reevaluated.

34
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Bridge Configurations
• The first step in this study was a review of the types of timber

bridges currently being used by the military . The only reference for
this review was the 1969 edition of iN 5-302. ~ Since these data were
extremely limited, civilian bridges we re studied to obtain the basic
information on possible types of timber bridges . A broad range of
standard bridges developed by the American Institute of Timber Con-
struct ion, ’° the Canadian Institute of Timber Construction,” and the
Bureau of Public Roads, 2 as wel l as selected bridges from the U.S.
Forest Service ’3 were studied to obtain an indication of the range of
design parameters which can be expected in timber military bridges .
Table El summarizes the bridges reviewed.

Distribution for Moment

The primary thrust of the study of distribution of live load for
moment design was related to bridges wi th glued-laminated stringers;

• however , limi ted evaluation indicates that the results are also
applicabl e to closely spaced solid-sawn stri ngers .

Previous studies ’s have shown that the distribution of wheel
loads for moment in the beams of a solid deck bridge can be evaluated

‘ Cone truction in the Theater of Operations , TM 5-302 (Department of
the Army, 1969).

‘° Glul~n Bridge Systems-—Plane and Detai ls (American Insti tute of
Timber Construction, 1974).

“ Modern Timber Bridges—-Some Standards and Details, 3rd ed. (Canad-
ian Institute of Timber Construction, Ottawa , Canada, 1970) .

12 Standard Plan for Highway Bridges , Volume I I I , Timber Bri dges (U.S.
Department of Transportation, Federal Highway Admi nistration, 1969).

13 Miscellaneous Bridge Plans (U.S. Forest Service , Engi neering
Di vision). 1’

‘~‘ W. W. Sanders and H. A. Elleby, Distribution of Wheel Loads on -
Highway Bridges , Report No. 83 (NatIonal Cooperative Highway Re-
search Program, 1970); and L. I. Knab et al., Design Criteria for
Theater of Operations Steel Highway Bridges , Volume II , Technical

• Report M-l95 (CERL, 1977), AppendIces H and I.

35
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Table El

Range of 0 for Typical Tinter Bridges

Width of Span of Relative Flexural
RoacMay Bridge Sti ffness Param-

-J Type of WRa L eter bStringer (ft ) (ft) Loading 0 (

Solid_sawnC 14 12-49 HS2O 0•36_0~97d —

20 15—29 HS2O 0.82—1.18
24 13-39 HS2O 0.68-1.59
26 20-36 HS2O 0.68-1.10
30 15-29 HS2O 1.20-1.71
24 11—21 H20 1.53-2.24

- 14 13-49 HS3O 0.40-1.09 - •

24 13-39 HS3O 0.68-1.89
14-18 Class 50-100 1 .47-2.46

24 14—18 Class 25—60 1.31—2.54
Gl ued-
1aminated~ 26 20—80 HS15 0.69-1 .29

34 20-80 HS15 0.89-1.71
26 20-80 HS2O 0.58-1 .04
34 20-80 HS2O 0.75-1.32
25.2 25—65 H15 0.52-0.81
25 25-65 H20 0.56—0.91
14 27-49 HS2O 0.31-0.50

- • 24 39-49 HS2O 0 .71-0 .83

28 49 HS2O 0.78
49 HS2O 0.94

14 13-39 HS3O 0.48-0.80
• 14 20-55 U90 0.51-0.83

a W = W R + 2
b 0 is defined In Eq El; development of 0 is discussed In W. W.

- - Sanders and H. A. Elleby , Distr ibution of Wheel Loads on Highway
Bridges , Report No. 83 (NatIonal Cooperative Highway Research Pro-
gram, 1970).

- - c Stringer spacing ranged from 1.31 ft to 2.92 ft (typically about
2.0 ft).

d High value for shorter spans.
e Deck is 3-in, plank (all others wi th solid-sawn stringers are

nailed-lami nated).
f Stringer spacing ranged from 4.0 ft to 7.0 ft (typically be~~een6.0 and 7.0 ft). Decks are either nailed-laminated or glued- .,~laminated w$th thicknesses from 5 in. to 8 in.

36
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using the orthotropic plate theory. The distri bution is related to a

relati ve flexural sti ffness parameter 0 and a relative torsional sti ff-
ness parameter a. Since a is usually very low and relati vely constant
(or a low value is assumed, which results in a conservative result),

primary consideration was given to a study of 0:

I 4/ ~
_ 

-

[Eq El)

where W = width of bridge floor (out- to-out)
L = spa n of bridge 

-

t W/ L = aspect ratio
- D

~ 
= 

~~~~ 
flexural rigidity per unit width in x direction

-

• 
Dy = EyIy~ flexural rigidi ty per unit width in y direction

1x , 1y = moments of inertia in the x and y directions

~~ 
E~ = modul i of elastici ty in the x and y directions.
A detailed review of the available bridge types (Table El)

showed that except for a few bridges , the value of 0 ranged between
0.25 and 1.25. Except ions are generally bridges wi th aspect ratios
greater than 1 .0, for which 0 may approach 2.0. A study of Tabl e El
shows that, in general , for glued-laminated or nailed-lami nated deck

bridges

single-lane bridges : 0 0.30-0.85
double-lane bridges : 0 0.50-1.25

I Although the decks varied in type (nailed-lami nated, plank ,

:1 mul tiple-layered, and glued-laminated), the deck was assumed to be

- j  solid (I.e., glued-lami nated) for the purposes of the initial study.
The effect of the actual type of construction is discussed later.

Using the analytical procedures developed for the NCHRP s tudy

and fol l owi ng the approach used In the study of steel stringer
- - br idges , a broad spectrum of bridges wi thin the ranges of 8 was eval-

uated. As noted above, the NCHRP research Indicated the validity of

- 
- 37
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the procedure for steel stringer bridges; however, before the pro-
cedures were used for timber bridges, the validity was checked with ¶
results of available field tests of several timber bridges.’5 The
results of this comparison indicate that these procedures are appli-
cable to solid-deck timber bridges if an average a value of 0.16
(torsional constant ) is used .

The major ana lyses were made for class 60 vehicles , although a

limi ted study was made for class 80 to 90 vehicles (Table E2) . Each
-~~ single—lane bridge was analyzed for the vehic le being placed f u l l y

eccentric on the roadway (El) and for the vehicle being centered on

the roadway (Cl) (hereafter referred to as the “caution crossing

posi tion case”). Each double-lane bridge was analyzed for three con-
di tions: one lane eccentric (El), two lanes centered (C2), and one
lane centered (Cl) (Figure El). Two lanes eccentric is not possible •

1

for minimum-width bridges, as the two vehicles essentially cover the
entire bridge.

Table E2 shows that:
1. The smaller the 0 value, the better the distributi on is

(i.e., the effective number of stringers NE is larger)

2. Larger class vehicles result in better distribution because

of the larger track width
3. The critical loading case for single-lane bridges is with the

vehicle eccentric (El)
j  4. The critical loading case for double-lane bridges is two

-
~~~~ vehicles centered (C2), with one vehicle eccentric (El) being the next

most criti cal . The single vehicle centered (Cl), which is equivalen t
I,

‘
~~ C. V. Hale , Field Test of a 40-ft  Span Two-Lane Weyerhauser Pane l—

ized Wood Bridge, Report No. RDR-045-1092 (Weyerhauser Co., 1975);
Load Di8tribution of Stringer Bridges, Report on Project 8-67-01-
400 (U.S. Army Research and Development Laboratories, 1967); and
E.C.0. Erickson and K. M. Romstad, Distribution of Wheel Loads on
Timber Bridges , Research Paper FPL 44 (U.S. Forest Service, 1965).

I

k~~Y
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Table E2

Suninary of Theoretical Distributions__NE/NS and Equivalent AASHTO “D” Values

_ 
_ _ _ _  _ _ _ _ _

Single-Lane Double-Lane

j  

BrIdge 60 80. 90 60 80, 90

El Cl - El Cl El C2 Cl El C2 Cl

NEINS
0.25 .895 .959 .622 .490 .927
0.50 .772 .842 .779 .870 .528 .466 .803 .508 .463 .820
0.75 .672 .726 .484 .436 .675
1.00 .587 .622 .445 .403 .584
1.25 .509 .530 .414 .375 .525
1.50 .439 .453 .453 .536 .385 .347 .482 .412 .331 .493
1.75 .381 . 391 .395 .473 .357 .329 .446 .389 .297 .446

• 1 2.00 .335 .344 .349 .423 .329 .297 .414 - .365 .276 .404
Equivalent MSHTO MD’

0.25 6.94 7.43 8.09 6.37 12.05
0.50 5.98 6.53 6.62 7.40 6.87 6.06 10.44 7.36 6.71 11.89
0.75 5.21 5.62 6.29 5.66 8.77
1.00 4.55 4.82 5.78 5.24 7.59 -

~~ 

1.25 3.95 4.11 5.39 4.88 6.82

~~ 1.50 3.40 3.51 3.85 4.55 5.00 4.51 6.27 5.98 4.80 7.15
1.75 2.95 3.03 3.36 4.02 4.64 4.17 5.81 5.64 4.30 6.47
2.00 2.60 2.66 2.97 3.60 4 .28 3.87 5.39 5 .29 4.01 

- 5.85

:1 - 

-
~~~~ 

_ _ _ _ _

• ‘ - Class 60 Class 80. 90
Sing le-lane 13.5 15.0
Double-lane 24.0 27.0

NE • niM.er of effectfye stringers (to carry v.Ii IcTe
- total number of stringers

W - W ~~+ 2

.• , 
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*

to the caution crossing position case, results in the lowest stresses

(highest NE).

P iBCUBBiOf l  of R~’AJ Ult8

Table E3 defines the load ratio and shows the effect of 0 and

load position on it. The results in Table E3 show that:

) 1. For a single—lane bridge , the Cl case (caution crossing posi-
tion) will permit about an 8 percent higher load than the eccentric
case (El ), which controlled the development of the current TM 5-312
military criteria and the recommended criteria for steel stringer
single-lane bridges .’6

2. For a double-lane bridge, the two lanes centered case (C2)

is cr itical , with the singl e lane centered (Cl ) case, which simulates
the caution crossing position , permitting a 40 to 90 percent higher
load (C1/C2). If a single vehic le is placed in the most cri tical p0-
sition (El), a 27 to 49 percent higher load can still be permitted
wi thout changing the maximum stress. -

-
• Table E4 shows the relationships of the current military load

t distribution criteria in TM 5-312 to those specified for civilian
bridges (AASHTO ) and to theoretical distribution factors developed

previously.
Table E4 also shows the effecti ve number of stringers NE for the

TM 5-312 and AASHTO speci fications along wi th those for the various
cases studied . The comparison, which is shown for an expected range

• of stringer spacing, indica tes that the current military criteria for
single-lane bridges are more conservative than the AASHTO criteria and
substantially more conservative than predicted from the theory. For

* Relates to lateral position ; does not include 25 percent increase
in vehicle class for caution crossing loading.

16 L. I. Knab et al., Design Criteria f o r  Theater of 0~,eratione Steel
Highway Bridges, Volume I!, Technical Report 14-195 (CERL, 1977),
Append ices H and I.

I
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Table £3

Effect of Number of Vehicles and Vehicle Position (Class 60)

Load Rati o*

0 Single-Lane Bridge Double-Lane Bridge

Cl / E1* Cl /El * El / C2* Cl /C2*
__•

0.25 1.07 1.49 1.27 1.89

0.50 1.09 1.52 1.13 1.72

0.75 1.08 1.39 1.11 1.55

1.00 1.06 1.31 1.10 ‘1.45

1 . 2 5  1 .04  1 .27  1.10 1.40

1 . 5 0  1 . 0 3  1 . 2 5  ‘1.11 1.39

1 . 7 5  1 . 0 3  1 . 2 5  1 . 1 1  1 .39  J
2.00 1.03 1.26 1.11 1.39

* The load ratio is the ratio of load that can be carried by vehicle
in position indi cated by numerator of ratio to that with vehicle in

• position indicated by denominator of ratio.

H
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Table E4e

- 
Relationship of Specification Capacity and Theory Capacity (Class 60)

at Minimian Width for Single-Lane Glued-Laminated Timber Bridges
(0 = 0.25 to 0.75, ~ 0.l6)--Capacity in Terms of

p EffectIve Number of Stringers

¶
Basis for N Wide S Na rrow S

- 5 S

( Stri nger spacin g S~ = 4.50 ft - S5 = 2.70 ft

Number of stringers N5 = 4 N
~ 

= 6

I 
Mil i tary N1 2.11 2.85 

-

-
~ AASHTO 2.22 3.70

t 
Theory (El ) 

-

.
- 

Ful l range - 0 2.69-3.58 4 .03—5.37
**Mos t co~iaiion - 8 3.09 4.63-

Theory (Cl ) -

Ful l  range - 0 2.90-3.84 4.36—5.75

Most commo n - 0 3.37 5.05
* D = 5.0 ~ir timber deck (stri p 6 in. or more thick) , interior

stringer.

t 
** Most coninon 0 = 0.50 for single-lane bridges.

1 
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Table E4b

Relationship of Specification Capacity and Theory Capacity (Class 60)
at Minimum Width for Double-Lane Glued—Laminated Timber
Bridges (0 0.25 to 1.25, a = O.l6)—-Capaclty in Terms

of Effective Number of Stringers 
-:

Basis for N Extra Wide S~ Wide S5 Narrow S~

Stringer spacing S5 
= 8.00 ft S~ 

= 6.00 ft S~ 
= 2.40 ft

Number of stri ngers N
~ 

= 4 N
~ 

= 5 N5 11

Military N1 
- 1.63 1.83 3.08

Military P12 1.50 1.88 4.13

AASHTO (one_ lane) * 1.60 2.00 4.17

AASHTO (two_lane)t 1.14 1 .42 3.54

Theory (El )

Full range - 0 1.66-2.49 2.07-3.11 4.55-6.84

Most coninqn - 0~~ 1.94 2.42 5.32

Theory (C2)

Ful l ra nge - 0 1.50-1.96 1.88-2.45 4.13—5.39

Most common - 0 1.74 2.18 4.80

Theory (Cl )

Ful l range — 0 2 . 10— 3 . 7 1  2 .63—4.64  5.78-10.20

Most common - 0 2.70 3.38 - 7.43
* Does not apply, since N2 > N1.

** D = 5.0 for timber deck (strip 6 in. or more thick), interior
- 

- stringer.
t 0 = 4.25 for timber deck (strip 6 in. or more thick), interior

stringer.
tt Most common 0 = 0.75 for double-lane bridges.

Ii’. 
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double-lane bridges, the military criteria are more conservative than

the AASHTO criteria at narrow S~, but less conservative (compared to
theory) at extra wide spacing. In any case, the current military
criteria are equally or more conservative than any theory case con-

/ sidered.
I Table £5 shows a more realistic comparison of the current miii-

I tary load distribution compared to real behavior and other criteria.
This table shows the relationship between NE (the number of effective

stringers) as predicted by theory and that predicted by current mill-

tary criteria. ~t should be remembered that the theoretical val ues
assume the deck to be solid (i.e., glued-laminated). Many timber decks

- (nailed- laminated, plank, etc.) will result in poorer distributions.
Table E5 shows that for single-lane bridges, the caution loading

— case (defi ned in Tabl e E5) Is cri tical. Assuming that 125 percent
of norma l one-way class loading would be permitted in that case , the

ratio of Ntp~~ry/Nmj ij tary (N E/NM) ranges from 1.10 to 1.61 (i.e., the
true class withoi~t actually exceeding the design stress 

is 110 to 161

/ percent of design class), with it normally expected to range from 1.28 to

1 1.42. This compares with a range in that ratio from 1.27 to 1.88 for the
general loading case (normally from 1.46 to 1.62).

Table E5 also shows that the general case is critical for double-

t., lane bridges. In this case, the ratio ranges from 1.00 to 1.75, wi th a

j  most likely range of 1.16 to 1.56. For the caution loading case (defined

in Table E5), the ratio of ~~~~~ to 14~1l1tary 
ranges from 1.03 to

2.65, wIth the typical value being between 1.33 and 1.93.

Unusua l Caaee
-

- When the width of bridges becomes relatively large with respect
• to the span (i.e., aspect ratio W/L greater than 1)~ the values of

0 approach the upper part of the range of 0 val ues considered (0 =

0.25 to 1.25). In fact, e values can be higher than 1.25. A review
of Tables E4 and E5 Indicates that at these higher values of 0 the

_ 
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current military criteria for load distribution are reasonably ac-

curate in predicting behavior for the critical loading cases.. How-

ever, for extreme cases (a short-span, double—lane bridge) with wider
stringer spacing, the current military criteria may actually be un-

— 

conservative compared to theory.
- Bridges wi th large aspect ratios are generally short double-lane

bridges . It Is not likely that large aspect ratios will occur often

in sing-ic-lane timber stringer bridges (particularly those with glued-

/ laminated stringers). -

( Naile4-Lan,inated Decks -

Al though the deck was assumed to be solid (I.e., glued-laminated)

in the analyses discussed above, it is expected that decks which are
-
• 

not “solid” will be used in theaters of operations in many instances.
These decks will generally be nailed-laminated decks, which research

has shown to be initially less efficient in distributing load than
the “solid” glued-laminated deck.’7 In addition, the nails tend to

work loose with time, causing a further reduction In distribution
capabilities due to loss of torsional rigidity.

The review of field tests of military bridges with timber decks’

Indicated that an a value (torsional constant) of 0.16 Is realistic
for a timber deck bridge. This value of a was determined from studies

• t’ of bridges with narrow stringer spacings. It is expected that wider

spacings may be used, particularly for glued-laminated stringers , and
would possibly result in lower a values . If this rigidity is reduced
to zero (no torsional rigidi ty), an indication of the effect of loss

- ‘‘ •E.C. 0. Erickson and K. H. Romstad, Distribution of Wheel Loads on
Timber Bridges, Research Paper FPL 44 (U.S. Forest Service, 1965).

18 
~~~• I. Knab et al., Design Cri teria for Theater of Operation . Stesi

1 Highway Bridges, Volume II, Technical Report 11-195 ICERL, 1977),
Appendices H and I.

_ _ _
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of laminating characteristi cs can be obtained. Using the resul ts of
the NCHRP s tudy, It Is estimated that a reduction In NE of ‘$0 to 15
percent can result from the-loss of torsional rigidity. Thus, the
average difference between “true class ” and that computed by current
military criteria (Table E5) will be reduced to about 100 to 130 per-
cent with a typical value of about 110 percent.

Special Studies

Al though the general study was directed toward class 60 to 90
bridges, the results should be applicable to both higher and lower
class bridges. Al though the lighter class vehicles have narrow wheel
spacings (track), the 0 values for bridges of these classes (20-40)
are lower than expected for classes 60 to 90. The lower values of
o have the highest conservatism.

For the heavier class bridges (up to class 150), the 0 va l ues
are still within the range studied, and the wider track would assist
in providing better load distribution. Thus, it is felt this study
shows trends which should be appl icable for all classes of vehi cl es .

SUrf lf lY2T ~S

The results of the study can be suninarized as follows. The
results are based on the ranges Of variables studied, but it is felt
that, within general limi ts, they will apply to most timber military
bridges. The results apply to lateral load distribution criteria and
specifications only; other criteria, such as allowable stress, are not
considered. Unless otherwise stated , use of “criteria” or “specifi-
cation” refers to the military requirements in TM 5-312.

1. For most military bridges, the current criteria for the design
of beams for flexure (moment) generally underestimate the load—carrying
capacity of the bridge.

48
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( *2. For typical sIngle-lane, solid-deck bridges, the true moment
for the general loading case (Table E5) is at least 20 percent less
than predicted by current criteria. The moment for the caution cros-

**sing position case averages about 10 percent higher than that for
the general loading case. For the caution crossing position case with
a 25 percent increase above the normal crossing class, the true capa-
city is at least 10 percent higher than predicted by current criteria.

— 3. For typical double-lane , solid-deck bridges , the true moment
capacity for the general case (Table E5) i s generally from 15 to 55
percent higher than predicted by specification; however , for wide spac-
ings’ this percentage can become very low. For typical bridges, the
Increase for the caution crossing position case with 25 percent in-
crease In class from the general case is at least 15 percent.

4. The current cri teria seem to adequately predict the behavior
of bridges wit h high aspect ratios (i.e.1 W/L > 1, where W = wi dth

of bridge floor, I span length). In some cases , however , if W/L is
signifi cantly greater than 1, the current criteria can actually become

unconservative .
5. The AASHTO load distri bution criteria do not appear to pro-

vide any signifi cantly better indication of behavior than the current 4
military load distribution cri teria. However , both criteria appear to
be conservative for most bridges. 

-

6. For typical- single-lane, solid-deck bridges, the caution
crossing position case with 125 percent of normal one-way crossing is
critical . For double—lane , sol id-deck bridges, the general loading

~~

‘ ( case (using current criteria for N1 and N2) is critical . For the
critical case for single-lane, solid-deck bridges the ratio of N by

~~~~ 1ued-iaminated’ paneT~ir concrete deck.
** Unless otherwi s~ stated, the caution crossing position case relates

to lateral position and does not Include a 25 percent increase In
vehicle class for the caution crossing loading.

_ _  
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theory to N by military specification ranges from 1.10 to 1.61 for
the expected spectrum of bridges wi th an expected value of 1.28 to
1.42. The average val ue of the ratio is about 1.35. For typical
double-lane , solid-deck bridges, the ratio for the critical condi tion
ranges from 1.00 to ‘1.75 with the expected range from 1.16 to 1.56.
For double- lane bridges , a ratio of 1.20 to 1.25 would be about the
average value. For both the single- and double-lane cases, a repre-

sentative average val ue of N by theory to N by specification is about

1.25.
7. For both single- and doubl e-lane bridges with nailed-

lami nated, planked, or multiple-layered decks, the ratio of N by

theory to N by specification ranges from about 1.00 to 1.35, wi th an
• average value of about 1.10 (compared to an average value of 1.25 for

sol id decks).
8. The conservatism of the current lateral load distributi on

criteria can be compensated for by increasing the allowabl e stresses

for flexure (moment) as developed in Appendix 0. The effects of large

W/L ratios and the use of decks which are not solid can be accounted
for by reducing the effective number of stringers by a reduction factor

c , as g iven in Table E6b.

Recori~nendations —

Based on the material presented herein , the following recommenda- • -

t ions are made :

1. The current equations used to determine the effective number

of stringers in Paragraph 6-5 of TM 5- 312 should be replaced by the
recommended equations given in Tables E6a and E6b. The recommendations
for the effective number of stringers should be combined with the
allowable stress recommendations given in Appendix 0 for glued-
laminated stringers. Note that the allowable stresses for solid-

A sawn timber stringers have not been considered in this report .

H - 
2. A signifi cant Increase In class of vehicle permitted on the

H 
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bridge may result in extremely high deck stresses . The designer -

•

should be cautioned to check the deck design.

Distribution for Shear

The current TM 5-312 criteria for live load shear distribution
for timber stringer bridges states that

3V N orN +1
VLL = 

LL ‘1
N1 o r N 2 

[Eq E2]

where ULL 
= shear per stringer

V11 = undistributed live load shear
N = number of effective stringers for moment distribution. —

These criteria were developed based on research conducted on short-

span, closely spaced solid-sawn Stringers .’’9 A study of recent re.

search indicates that the approach is slightly conservative for this
bridge type.

On the other hand, the shear distri bution of glulam stringer
bridges (which normally have larger stringer spacings than solid-sawn • 

-~

stringers) is considerably different. This study indicated that the

- 

- distri bution is similar to that found for steel stringer bridges.
r Thus , the distributi on of live load for shear requires two cr1- -j

teria, depending on the type of stringer. The recommended criteria
• and the background of the development are therefore presented separ-

ately for solid-sawn and glul am stringers.

‘
~~ E,C.0. Erickson and K. M. Romstad, Distribution of Wheel Loads on

Timber Bridges , Research Paper FPL 44 (U.S. Forest Service, 1965);
J. A. Newlin , G. E. Hack, and H. W. March, “New Method of Calcula-
ting Longitudinal Shear in Checked Wooden Beams ,” Transactions of
the American Society of Mechanical Engineers (1934), pp 739-744;

A and Nationa l Design Specification for Stress Grade Lumber and Its
Fastenings (National Forest Products Association, 1973).

- 
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- / Shear Distribution in Soiid-Saz,~n
Stringer Bridges

One of the basic assumptions~° in the development of the shear
distribution criteria in timber bridges for both civilian (AASHTO )

I and military (TM 5-312) bridges is that all beams are checked. These

checks (or spl its) cause a change in behavior.

For these timber bridges, the span is usually relatively short.

Thus, there is considerable lateral distribution, and the effective
l ive load shear is the average of the distri buted shear and the undis-
tributed shear on one stringer (TM 5-312):

V ~4L + I - [Eq E3]
-‘ ‘.

This shear is simi lar to that requi red by AASHTO for civilian bridges.
Research conducted by the Forest Products Laborator?’ showed tha t

— the current MSHTO procedure is slightly conservative for the typical
solid-saw n stringer bridge. The AASHTO criteria (converted to military

- design terminology) are the same except the term in brackets is

(0.6 + 2 )
- 

P1
1 ,2

Since N1,2 usually ranges from about 3 to 5 for military bridges, the
constant term will be a predominant factor , and the AASHTO criteria
will give a lower effective ij ve load shear than that of the military
(Tabl e El).

The stri nger shear determined In Eq E3 is based on the loads

Z
~~ 

Erickson and Romstad; Newlin, Hack , and March ; Nationa l Design
-~ Specification ; J. A. Newlin, “Shear in Checked Beams,” Proceedings

of the American RaiZ~ay Engineering Association (1934), pp 1001-
- 1004; and W. D. Keeney, “Some Notes on Highway Timber Trestle
r Design,” Wood Preserving News (June 1941), pp 73-79 .

2 1  Erickson and Romstad.
4’

F
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Table El

Bracketed Terms in Shear Distribution Cri teria for
Single-Lane Military and AASHTO Bridges

Bracketed Factor Bracketed Factor -:

in Military Cri teria in AASHTO Criteria -:

S5 N1 ~
‘M Vf Vt,I~

/V C

1.5 4.3 1.23 1.07 1.15
2.0 3.5 1.29 1.17 1.10
2.5 3.0 1.33 1.27 1.05

being placed to maximi ze shear at the support . Tests wi th timber
beams22 indicate that the critical case for shear (due to checking)
occurs when the concentrated load is actually some distance from
rather than at the support . This change is primari ly due to the in— 

- 

3
crease in horizontal shear strength of checked beams due to the corn- —

pressed fibers for loads near the support.
The research showed that the optimum (or critical ) condition 

4 1

exists when the loads are placed at a distance three times the beam
depth d, but not farther than one-fourth of the span length L from the
support. Since military timber bridges (solid-sawn stringers) tend to
have extremely short spans , the critical condition wi ll normally occur
near the 1/4 distance from the support. As a resul t , the current

military criteria simply allow the designer to use 3/4 of the shear

~1 calculated from Eq E3 as the design live load shear per stringer. In
effect, this changes the factor V LL/4 to 3VLL/16.

~ E.C.O. Erickson and K. M. Romstad, Distribution of Wheel Loads on
Timber Bridges , Research Paper FPL 44 (U.S. Forest ServIce, 1965);
J. A. Newl In, “Shear in Checked Beams,” Proceedings of the American
Railway Engineering Association (February 1934), pp 1001-1004..1

I
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Use of 3/4 of the cal culated shear tends to increase the conserva-

tism of the military criteria. If, in fact, the loads are moved away
from the reaction a distance of 1/4, for a short span, some of the
loads will move off the span, resulting in a greater reduction in shear

I than tha t calculated using 3/4 of the reaction shear. This conservatism
could be reduced if there are shallow beams for which the distance to
the load should be 3d rather than L/4.

As no ted previously, earlier research has shown that the current
AASHTO criteria are reasonable and appear to predict the critical
horizontal shear in timber stringer bridges fairly accurately. Thus,

the military criteria are somewhat conservative , wi th the degree of
conservati sm depending on the stringer spaci ng and the span. It can
be seen from Table E7 that for a typical s tringer spacing of 24 in.,
the military criter ia estimate shear 10 percent higher than AASHTO.
Thi s difference could be even greater for a short span, where use of
a straight reduction in reactiofl shear does not consider the loads
moving off the spa n (by moving the axle nearest reaction to quarter-
span).

In summary, i t  is estimated that the military criteria over-
estimate the actual shear (assumi ng current AASHTO criteria to be
satisfacto ry) by about 5 to 15 percent. It should be remembered, how-
ever, that the ent ire development of both the AASHTO and military
cri teria are based on checked timber stringers and, thus , the allow-

( able horizontal shear stress should reflect this condition.

Shear Dis tribution in Glued-Laminated
Stringer Bridges -:

As noted earlier, the research on glued-laminated stringer bridges
Is extremely limi ted. At present, there appears to be no research in- - •~ 

-

- 
- formation available on distribution of live load for shear. The current

load distribution cri teria for military and AASHTO glued-laminated
bridges are still the same as those for bridges wi th solid-sawn

H stri ngers.

q.
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This approach does not seem to be realistic, as the current dis-
tribution criteria are based on closely spaced checked stringers in
short-span bridges. In glued-lami nated bridges, the spacing (as seen
in Tabl e El ) ranges from 4 to 7 f t, with spans up to 80 ft. These
ranges are markedly different from those seen in solid-sawn stringer

- - bridges, but the major difference is in the assumption of a “checked
or split” beam in the development of the solid-sawn stringer shear.
The glued-laminated stringer is essentially unchecked and thus behaves
differently.

It appears from a study of the development of the shear distribu-
tion criteria for both steel and timber stringer bridges as specified
by TM 5- 312 and AASHTO that the approach used for steel stringer
bridges woul d more accurately reflect the true behavior of glued- )
l aminated stringer bridges. In Design Cri teria for  Theater of Opera-
tions Steel Hig v~ay Bridges, it is recommended that the mi litary change
its shear distribution procedure for steel stringers to the approach
used by AASHTO. Thus , using this same approach for glued-laminated
military bridges appears appropriate. The development of these criteria
is detailed in the above-referenced report; a brief summary is pre-
sented here.

The current Army steel stringer criteria (TM 5-312) simply state
that one-half of the shear from a singl e vehicle shall be carried by
each stringer. However, for glued-lami nated and steel stringers, the
distribution of shear depends signi ficantly on the longitudinal , as

well as the transverse, placement of loads on the bridge deck surface.
The longi tudinal placement of vehicles on the bridge to n~aximl ze shear
resul ts in the vehicle being placed near the reaction.

The tran sve rse dis t r ibut ion of these loads is a ffected by the
flexibility of the entire floor as well as the transverse placement
of the loads. As the loads are moved longi tudinally away from the
reactions, the fl oor tends to deform more, resulting in distributions
which conform more to that which is used for moment.
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Since the beams do not deflect at the reactions, the loads are
distributed laterally by the deck behaving as if it was a series of
simple beams supported by the stringers. This is based on the assump-

tion that transverse continui ty of the deck is minimal at the string-
ers. This approach to shear distribution is the same as that used in

- - the current AASHTO specification . Basically, the procedure is to
calculate the shear per stringer for wheels or tracks near the reaction,
assuming that the deck acts as a series of simple beams. The loads
out on the span are distributed in the same manner used for moment.

~~
- - For tracked vehicles, the distribution of shear is simple , since

t all of the load is concentrated over a short longi tudinal distance and
has one track configuration per class. Thus, since the load is near
the reaction, the deck does not deflect significantly and the load can
be distributed transversely, assumi ng that the deck acts as a series
of simpl e beams (Figure E2).

The shear distribution for wheeled vehicles is different than
for tracked vehicl es, since many of the wheels are longitudinally

I placed significantly farther out on the span. Thus, the deck has the
opportunity to deform, and it can be assumed that the transverse dis-
tribution of load for shear conforms substantially to that for moment
(in this case , the wheels are assumed to be near midspan). This is
a conservative assumption which will be adequate for design.

Thus, the suggested design criteria are based Un a simple beam
distribution for the axle near the reaction (Figure E3) and on the
dis t r ibut ion cri teria for moment for axles out on the span proper.
The determination of the appropriate loads to be distributed can be
obtained by using Appendi x D of TM 5-312. The shear given in that
appendix is for the entire vehicle, and the reaction shear (due to
axle over the reaction) is simply the weight of the heaviest axle*
with the shear to be “distributed” equal ing the remainder.

/ 
_ _ _ _ _ _ _ _ _ _ _ _ _

* For classes 40 and 50, the critical shear does not occur with the
heaviest axle at the reaction; however, using the heaviest axle as
the axle at the reaction will result in conservative estimates of
the critical shear.
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a. Single vehicle.

4ft’

1

I I
_ _ _

(gIft)
b. Multiple vehicles.

- I * = track or wheel spacing, i.e., center-to-center distance
between tracks .

** Minimum distance between tracks assumed to be 4 ft.

Figure £2. Transverse load positions for tracked vehicles for
reaction shear.
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TYPE C TYPE D

Types A through C refer to col umns 5 through 7 of Appendix D-1,
TM 5—312.

a. Single vehicle. -

l

i
i

4ft
I ‘i

~~~~~ I~ 
-‘l

1 *‘C - 

• I I I

b. Multiple vehicles.

Figure E3. Transverse load positions for wheeled vehicles for

• reaction shear. -
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In the case of wheeled vehicles, however, the transverse con-
figuration of the wheels can take three forms, as given In Appendix D
of TM 5-312, wIth a possible fourth form of a solid roller wheel .

Using the approach outlined previously In the development of the
USHTO procedure, equations were developed which give the effective
live load shear (the shear with the vehicle placed for maximum reac-
tion) for the wheeled vehicles. These equations are given it~ Table E8.

However, as for solid-sawn stringers, the maximum critical shear
stress does not occur with the loads directly over the reaction. Con-
servatively, It can be assumed that the maximum will occur with the
vehicle moved d (depth of the beam) onto the span (this compares to
the 3d or 1/4 used for solid-sawn stringers). The effect of this move
can be approximated by taking the effective live load shear and mul—
tiplying it by (L—d)/L . Since most of the loads will stay on the
span, this Is d reasonable approximation.

S~~~~ry

The following results apply to shear distribution criteria and
specifications only; other criteria, such as allowable shear stress,
are not considered. Unless otherwise stated, use of “criteria”
refers to the military requirements in TM 5-312.

1. The current criteria for distribution of shear should be
**applied only to solid-sawn stringer bridges. The criteria do,

however, predict the expected distribution for these bridges with
reasonable accuracy. The predicted distribution is estimated to
be about 10 percent conservative on the average.

2. The distribution of live load shear is significantly
different in glued-laminated bridges and appears to follow closely
the criterlo used by AASHTO for steel or concrete bridges. The

~ Criteria should be modified for the. Increase in class for the
caution crossing loading--see Reconriendationa in this section. -

~~~~~~~
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Table ER

Value of Effective live load Shear Force per Stringer, v~~

- for Single Lane * ki ps v1j for Double Lane,~~ ki ps

~~~~~ 

l.25
[(:.5 

+ .
~)vA +(

~~~~
A )] (s

s-2)~ (v
LL -V

A)

Tracked 1 25( 
LLT
’
\ 

- I ~~ 
-

vehicle 
—

. 

\ 2 J- ~~ 
S~ ) LL~

where: V LL = wheeled vehicle shear in kips as given in Appendices
W D-4 and D-7~ of TM 5-312

VLL = tracked vehicle shear in kips as given In Appendices
T D-5 and D-7t of TM 5-312

( VA = the heaviest axl e load in kips as given in colu,m
of Appendix D-l of TM 5-312

S5 
= center-to-center stringer spacing in ft

I N1 = effective ntmter of stringers for single lane given In
Table E6a.

ti N2 effect~1ve nuuter of stringers fOr double lane given in
Table E6a.

)
I) 

~wis ciefficleat of 1.25 Is used to adjust shear from normal cross--L m g  cas, to caution cross in case.
** For the double-line case, shall be ,computed for both single and

( double lanes and the larger Value of viL shall be used.
t Entries In Appendix D-7 and column 3 o~ Appendix 0-1 are given inp tons and ~~st be converted to kips .
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AASHTO procedure was used to develop the criteria for live load shear
distribution in steel stringer military bridges and to determine the
effective live load shear given in Table ~8 for glued-laminated
timber stringer military bridges . 

,-

3. The critical shear stress for both stringer types does not

occur with the vehicle at the position for maximum reaction (at the

support). In each case , the critical shear stress occurs with the
vehicle out on the span. For solid-sawn stringers, the vehicle should

be moved from the reaction onto the span a distance three times the

beam depth (but not farther than one fourth of the span length); for

glued-lami nated stringers, it should be moved out a distance equal to S
the stringer depth. This movement results from the loads at the reac-
tion causing signi ficant increases in the horizontal shear strength.

Reconinendatiof la

The followi ng recommendations are made for determining the dis-
tribution of live load shear in military timber stringer bridges :

1. For glued-lami nated timber stringers, the following recom-

mended procedure should be incorporated into Paragraph 6-6 of TM 5— 312;

the procedure should be used with the allowable shear stress recom-
mended in Appendix D.

6-6. Shear Check (Shear Design)

C. Glued-L~ninated Timber Stringer B idgee

Compared to steel stringers, glued-laminated timber stringers are 
-

~~~~

relatively lower in horizontal shear strength. Thus, shear can be critical 
~~ 

- 

-

ingl ued-laminated timber stringers and the horizontal shear stress often

controls the allowable design load, particularly for short spans.

(1) Dead Load $hear. The dead load shear per str inger is
determined as for a steel stringer bridge using

VDL (Equation 6-12)
S

:~

- t —
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(2) Live Load She-ca’.
(a)  Effective shear per s tringer3 VI~L~ 

f or g lued- laj nj ...

nated timber stringers . The effective live load shear per
stringer, v~~, must account for the shear per stringer due
to loads near the support as well as loads out on the span.

It can be assumed that the wheel or track loads which are
at or near a support will go directly into the stringer
(wit h the deck assumed to act as a series of simple beams)
and that the loads which are out on the span wi ll be dis.
tributed laterally in a manner similar to moment. The
effecti ve live load shear per stringer V

~~L 
in klps shall be

determined from Table E8.
(b) Design live load shear per str inger, VLL, for

g lued- icaninated timber stringers . Tests wi th timber beams
indicate that the shear failure will occur when a concentra-
ted load is at some constant distance from the support,
rather than when the load is just off the support, the b -
cation that produces maximum shear. This is caused by the
concentrated load tending to compress the fibers, thus in-
creasing the horizontal shear strength. When the load is
moved off the support a distance of about the depth of the
stri nger , the optimum condition for shear fai l ure exists .

Thus, the value of the effective live load shear per stringer,
should be reduced accordingly. The design live load 

4shear per stringer, VLLI in kips , is:

- L - d ,  
- •

- 

~
,
1L 

- L )v11, but not less than 0.75 v~1

(Revised Equation 6—17)
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j  where = design live load shear per stringer in kips
L = bridge span in ft
d = depth of stri nger in ft

I ULL = effective live load shear per stringer from Table
E8.

(3) Total Shear Per Stringer . The tota l design shear, v,
for a glued-lami nated tither stringer Is:

H where u = total design shear per stringer in kips
VDL = dead load shear per stringer in kips

= design live load shear per stringer in kips .
The rest of the shear design procedure shall be the same as
that given In subparagraphs (4) and (5) of paragraph 6-6b,
Timber Stringer Bridges , of TM 5-312.

2. For solid-sawn timber stringers , the following procedure is
recommended. Note that the allowable shear stresses for solid—sawn
timber stringers have not been considered in this report.

6-6. Shear Check (Shear Design)*

- b. Solid—Sawn Timber Stringer Bridges (The introductory para-

graph In this subparagraph is not modified.)
(1) Dead Load Shear (Thi s subparagraph is not modified.)

:~)

:1 
1

* Refers to paragraph 6-6 of TM 5-312.

- -
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(2) Live Load Shear.
(a)  Effective Shear, VLL f or  solid-atuôn stringers
Since the timber stringer bridge has a relatively short

span in relation to the design vehicle, considerable lateral
distribution of the loads will take place. It can be as-
sumed that the wheel or track loads whi ch are at or near a
support will go directly into the stringer (with the deck

r 
assumed to act as a series of simple beams) and the loads

which are out on the span will be distributed laterally in
a manner similar to moment. Thus, the effective live load
shear per stringer, vLL~ is taken as the average of the Un-
distributed and distributed shear for one track or wheel
live load.

For single lane , ULL is:
- v [ N + l J

v~’1 = 1.25 (—b.) 
,~ 

(Revised Equation 6-16a)
LI. 

[‘1 ]

(The value of 1.25 is used to adjust shear from the —

normal crossing load case to shear for - the caution crossing
load case.)

and for double lane, v
~1L is:

V 1 N + 1 1 , v 1 N ÷ -cl
VLL = (~~~) (

2~ j or VLL = 1.25 (*) L
1N1 j (Revised Equa

whichever is larger

In general , VLL can be written as:

V
~L 

= K[+ + 

~+ ~N or = K ~ [ l
or 2 
]

where K Is eIther 1.25 or 1.0. See revised Equation 6-l6a and b for
recommended formulas for single and double lanes.
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k
where v

~L 
= effective live load shear per stringer, in ki ps

V11 
= undistributed live load shear In kips from

Appendix D of TM 5-312
N1 = effective number of stringers for single lane

given in Table E6a
N2 = effective number of stringers for double lane

given in Table E6a.
(b) Design live load shear, vLL, for  solid—sawn

stringers .
Since timber is weak in horizontal shear, the horizontal

I shear stress controls the allowable shear load. However,
the values of live load shear are reduced from the theoreti-
cal value determined from revised Equations l6a and b. Tests
with tither beams indicate that the shear failure will

1~~occur when a concentrated load is at some constant distance
from the support, rather than when the load is just off the
support, the location that produces maximum shear. This is
caused by the concentrated load tending to compress the
timber fibers , thus increasing the horizontal shear s trength.
When the load is moved off the support a distance of about 3 (
times the stringer depth or 1/4 the span length, the optimum
condition for shear failure exists. The live load design
shear, v11, is then taken as

VLL = (L ~ 3d) 
~~~ but not less than 0.75 v~1 (Revised Equa-- - tion 6-17) ç

where VLL = live load design shear per stringer in kips
I = bridge span -In ft
d = stringer depth in ft

= effecti~~ live load shear per stringer In kips ,

-~~ ~from revised Equations 6-l6a and b.
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(3) Total- shear per stringer , for solid-sa ’~sYn stringers.
The total design shear v for a solid—sawn timber stringer

is

- v = v~~ + VLL (Revised Equation 6-18)

where v = tota l design shear per stringer in kips

VOL = dead load shear per stringe~ in ‘.dps, given by Equation

6—12
I V LL 

= live load design shear per stringer in kips , given by

I - revised Equation 6-17. The rest- of the shear design

I 
procedure is the same as that given in subparagraphs

(4) and (5) of paragraph 6-6b, Timber Stringer Bridges ,
in TM 5—312. 

- 
-
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SI CONVERSION FACTORS

1 1 ft = 0.3048 m

1 ft-lb = 1.3558 Nm
1 In. = 2.54 cm
1 kip = 4.448 kN
1 kip-ft — 1.3558 kPlu

- 
1 ksl — 0.69 kN/cm2

1 sq in. — 6.4516 cm2

(°F —32) 5/9 =
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