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FOREWORD
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for T/0 Material Applications." The OCE Technical Monitor is Mr. R. H.
Barnard.
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Principal Investigator for the project. Mr. P. A. Howdyshell is Chief
of MCand Dr. G. R. Williamson is Chief of MS.
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APPENDIX A:

DESCRIPTION OF RELIABILITY METHOD
USED TO DEVELOP CRITERIA FOR
STATIC LOAD CASE

Theoretical Framework

Studies of existing traditional structural codes have shown that
the conventional safety factor approach and corresponding design cri-
teria are not entirely rational and can lead to inconsistencies in
structural reliability. Reliability-based design principles offer a
more rational approach to design criteria development. Rational cri-
teria development should explicitly account for the many underlying
uncertainties present in the structural resistance and load functions.
The framework adopted for use in this study was the second moment re-
1iability analysis, which considers both the mean and variability of
the resistance and loading random variables.

The resistance R and load effect Q (a load effect is a force such
as a moment or shear) are random variables assumed to be statistically
independent and to follow a log-normal distribution.* The 1imit state
occurs when R < Q, or, equivalently when 2nR < 2nQ. The corresponding
approximate 1imit state probability P is!

2 (R /Q )
pf = - & __n__Em___m__ [Eq A]]
Ve + VS
where ®(X) = cumulative probability distribution of the standard
normal distribution evaluated at X
Rm = mean resistance

* Limit state probabilities which are relatively large (2 0.001) are
not sensitive to the assumed distribution type. See A. H-S. Ang,
“Structural Risk Analysis and Reliability-Based Design," Journal
of the Structural Division, American Society of Civil Engineers
(ASCE), Vol 99, No. ST9 (September 1973).

' A. H-S, Ang.
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QM = mean load effect
VR = coefficient of variation (COV) of resistance
VQ = COV of the load effect.
The safety index B (beta) defined by: 3
i an(R /Q )
B=¢](1-pf)= ‘—‘"'/_2_—_:2:m [Eq A2]
Vp + VQ

T ——

is the value of the standard normal variate at a cumulative probability
of (1 - pf). As shown in Figure Al, beta can be interpreted as the
number of standard deviations between the mean of 2n(R/Q) and the point
at which the limit state is reached. 1

To estimate the total variability, the member resistance R can be
expressed as:

R = R MFP [Eq A3]

where M, F, and P = factors accounting for the uncertainties in mate-
rial strength, fabrication (tolerances, geometry, etc.), and strength
prediction (variation in predicted versus actual strength results
caused by using approximate instead of exact formulas, etc.), respec-
tively. Rn = the nominal resistance. The COV of R is

Vg = V2 + sz V2 [Eq A4]

M P

where VM’ VF’ and VP = COVs of M, F, and P, respectively.
The load effect Q for the dead plus live (D + L) load case is
assumed to be of the form

Q = E(D+1L) [Eq A5]

12
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Figure A1, Definition of safety index B.




where E* = a factor accounting for the uncertainties in structural
analysis (including assumptions made)
= the dead load effect
L = the live load effect caused by vehicles and their

payloads.
Using the first order theory, the COV of Q for the D + L load
case is

2 T
o Vp(O /L) + V]

Ve = V4
YONE R

[Eq A6]

where VD = COV of dead load effect
VL = COV of live load effect
VE = COV of E
Dm,Lm = mean dead and live load effects, respectively.

The value of the ratio of the nominal code load effect Qn to mean
load effect Qm for the D + L load case can be shown to be

(/L) + (L /L)
Qn/Qm = (Dm/l-m) S [Eq A7]

where Dn and Ln = the nominal dead and live load effects, respectively.
(A nominal value is one obtained using a code or specification load.)

The ratio of the mean resistance to the mean load effect (Rm/Qm)
needed to calculate beta in Eq A2 for members can be developed as
follows. The nominal resistance Rn is:

R, 2 FSQ [Eq A8]

where FS = nominal code factor of safety defined by

* The mean of E is assumed to be one.

14
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BS . » R » 3 0F [Eq A9]
fnu = nominal ultimate stress

Fa = base allowable stress for permanent bridges

Q, = nominal code Toad effect.

The mean resistance Rm can be written as

Rn = (Ry/R) R [Eq A10]

Using Eq A8 in A10 and dividing the result by Qm results in the
expression for Rm/Qm for members:

R/Q = (Ry/RFS(Q,/Q,) [Eq AN

The ratio Rm/Qm can be expressed in terms of a base allowable
stress for permanent bridges Fa and the allowable stress factor Y,
which is used as a multiplier to increase Fa“ The result using Eq A9
in A1l and applying Y is:

R/Q, = (R/R(F/IYF,1(Q/Q,)  [Eq Al2]

where Y = allowable stress factor defined as the ratio of the allow-
able stress used to the base allowable stress for permanent
bridges F,. (Note that YF, is a modified allowable stress.)
An alternate form of Rm/Qm used for fasteners and connections can
be found in terms of the ratio of the mean ultimate stress fm to the
base allowable stress Fa as follows. The mean resistance Rm is:

Rm = Gfm [Eq A13]

where fm = mean ultimate stress

15




G = geometrical shape property, such as section modulus or
cross-sectional area; for conventional permanent design,
it is defined as

6'2 OJF, [Eq A14]

Substituting Eq A14 into A13, dividing by the mean load effect
Qm and using Y results in

Ry/Q, = (f,/DVF,1)(0,/Q) [Eq A15]

Method for Developing Allowable
Stresses for Temporary Bridges

Using the procedure described above and the information on resis-
tance and load assumptions in Appendices B and C, beta values (called
"permanent" beta) were computed for permanent bridge allowable stresses
(referred to as "permanent" stresses)., Beta values (called "temporary"
beta) were then computed for temporary bridges, based on an increase
in the permanent allowable stress. This increase in permanent stress
is represented by the allowable stress factor Y (Eq A12 and A15),
which is defined as the ratio of the increased (modified) allowable
stress to the base permanent allowable stress Fa. For a given load
case and resistance, the permanent allowable stresses were increased
(Y-increased) until the permanent and temporary beta values agreed
within acceptable 1imits, while a minimum temporary beta level was
maintained. The permanent and temporary beta values were tabulated
and graphed to provide easier interpretation. To expedite the graphing,
a digital computer-plotter combination was used.

Care was taken to insure that adequate minimum beta levels were
maintained and that these levels were relatively close to the perma-
nent criteria beta levels. Thus both the magnitude of beta and the
difference between the permanent and temporary beta values were of key
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importance in establishing meaningful reliability levels and corres-
ponding design criteria.

The question of the sensitivity of the design criteria recommen-
dations to the probabilistic assumptions used to calculate beta is
significant and deserves discussion,

The beta values are sensitive to the assumptions of the nominal
to mean load effect ratios Qn/Qm, Dn/Dm’* and Ln/Lm as well as the
load effect COVs VQ, VD’ and VL' Beta increases as the nominal to
mean load effect ratio increases and decreases as the COV of the load
effect increases. The assumptions concerning a given load effect be-
come particularly significant when that load effect is predominant com-
pared to the other types of load effects in a given load case. To
illustrate, the beta values for the D + L load case become particularly
sensitive to live load assumptions when the Dm/Lm is very small., That
is, the live load effect is predominant over the dead load effect.

Beta values are also sensitive to the resistance assumptions for
the mean Rm and COV VR' Beta values increase when larger values of
Rm and lower values of VR are used.

The sensitivity of beta to the probabilistic assumptions can be
reduced in several ways. "sase" betas for key or significant struc-
tural elements for permanent criteria can be established through a
process called calibration. These "base" betas reflect the reliabil-
ity levels of permanent structural elements which have been in use and
have been structurally adequate for a long period of time. The "base"
betas can be used as a basis for comparing beta values for temporary
criteria. Hence, the comparison is made on a relative basis, result-
ing in a partial reduction in the sensitivity of beta to the probabil-
istic assumptions. In addition to using temporary beta values, the
difference between permanent and temporary beta is used. Differences
in beta will not be as sensitive to the assumptions, since a given

¥ 1In this study, D, was assumed to be equal to O (see Appendix C).
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change in assumptions affects permanent and temporary beta values
similarly.

Several rough checks on the validity of the assumptions can be
performed. One check is to determine whether the assumptions result
in permanent beta values which appear to be reasonable in terms of
their associated reliability level or 1limit state probabilities
(Table Al1).

Recent work in steel and concrete has resulted in guidelines for

ranges of beta. For example, if for a given load case a computed beta
value is significantly Tower for one element than other similar struc-
tural elements, the assumptions should be questioned.

When using the beta analysis, trends and situations which result
in Tow or unusual reliability levels can be identified. The recom-
mended design criteria can then be chosen to account for these trends.

The method is realistic because it considers load and resistance
together. Nominal loads and allowable stresses for the design of tem-
porary bridges can be chosen which account for their temporary nature
and yet result in reliability levels reasonably close to levels in

temporary and permanent bridges which have performed adequately in
the past.

Thus, the reliability method presented provides a quantitative
tool for identifying permanent and temporary criteria which result in
unusually low or high reliability levels. The method, when combined
with traditional engineering judgment and experience, can be used to
systematically develop consistent design criteria for temporary bridges.
Use of the criteria should result in safe and satisfactory performance
of temporary bridges, provided that adequate fabrication, erection,
and construction practices are used.

Format
Both load and resistance factor design (LRFD) and working stress
design (WSD) criteria are possible. The WSD format was chosen because

18
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Table Al

Limit State Probabilities for Beta Values from 0.5 to 3.0

Limit State

B Probability Reliability
0.00 0.5000 0.5000
0.50 0.3085 0.6915
0.60 0.2743 0.7257
0.70 0.2420 0.7580
0.80 0.2119 0.7881
0.90 0.1841 0.8159
1.00 0.1587 0.8413
1.25 0.1056 0.8944
1.50 0.0668 0.9332
1.75 0.0401 0.9599
2.00 0.0228 0.9772
2.25 0.0122 0.9878
2.50 0.0062 0.9938
2.75 0.0030 0.9970
3.00 0.0013 0.9987

Fcr the development of beta see C. A. Cornell, "A Probability-
Based Structural Code," Journal of the American Concrete Insti-
tute, Vol 66, No. 12 (1969), pp 974-985,

19




the existing permanent (AASHTO and AISC) codes could te used by modi-
fying them in those areas which would result in increased unifornity,
decreased cost, and/or improved performance. The remaining criteria
can remain unchanged. The WSD format is currently used in military
bridge criteria and hence requires a minimum of change in current
procedures. In contrast, an LRFD format would require assignment of
resistance factors to all resistances and load factors to all load
types.




APPENDIX B:

RESISTANCE ASSUMPTIONS USED IN
RELIABILITY METHOD FOR STATIC
LOAD CASE

This appendix describes the development of the resistance assump-
tions needed for the reliability analyses described in Appendix A.
Table Bl shows the ratio of mean to nominal resistance Rm/Rn, the COV
of resistance VR’ and the nominal factor of safety FS used in the
equations in Appendix A for members. The ratios of the mean ultimate
stress to the allowable stress fm/Fa (Eq Al15) and Vp are given in
Table B2 for fasteners and connections. The information in Table B2
is based on Appendix G.

To aid in the analysis of the fasteners and connections, the fm/Fa
values were organized into four groups based on their VR values. In-
stead of treating every resistance in Table B2, representative resis-
tances were analyzed for each group; these resistances are designated
by daggers in Table B2, The relationships for the mean strength of
fasteners in combined tension and shear and corresponding VR values
are given in Table G14 of Appendix G.

21
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Table B2

Fastener and Connection Information

Group Identification hscr!ptlm' Mean Ultimgte Al bie Stress f/F
Number (See Stress, f:" f.“'?lsi except M-
Table Gi3) {kst except where noted)
where noted)
roup 1, ¥y 1 A 490 tension’ 122.0 se.0™ 2.26
bolts and 2 A4%0 s, s, R 76.0 32.0"" 2.38
rivets
3 A490 S, T, TR 58.1 225" 2.58
s A207S, T, R 26.0 10.0 2.60
5 A 502 Grade 2 S, TF 53.0 20.0 2.65
6 A 325 Tension 100.3 3.0 2.79
7 A 3255, S, TR 56.2 20.0 2.81
8 A 490 S, S, PL 90.0 32.0™ 2.8)
9 A3255, T, TR 43.0 15.0™ 2.87
10 A 502 Grade 2 S, PL 58.0 20.0 2.90
n A307S, T, PL 29.1 10.0t* 2.91
12 A 502 Grade 1 5, TR’ 0.3 13.5 3.06
13 A490 S, T, PL 68.8 25" 3.06
14 A307s, s, R 3.0 1.0 3.09
15 A 307 Tension 50.0 15.3 3.27
16 A 502 Grade 2, ten- 89.0 2.0™ 3.30
sion
7 A307S, S, PL 8.0 n.o 3.45
18 A 325, S, PL 69.5 20.0 3.47
19 A 35S, T, PL 53.2 15.0™" 3.55
20 A 50 Grade 1 tensfon  71.0 0.0t 3,55
21 Bearing 435 F, 122, 3.57
2 A 502 Grade 1, S, PL* 49,7 13.5 3.68
Group 11, Vo 23 Double-plane truss type 1.50 F C.55 F 2.713
=0.14 tension connection y y
Connected Material
(tension members) 24 Flat-plate type connection1.62 Fy 0.55 F’ 2.95
Graup 111, ¥g 25 enot 86.6 a.0™ 2.62
=018
shop welds % £100 82.6 0.0 2.75
(shear) ++
27 £90 7.6 2.0 2.87
8 80 721 2.0t 3.00
29 £70 65.6 21.0™ 3.12
30 e60' 58.7 18.0™ 3.26
Group 1V, Vg n ene' 86.6 3.0t 2.62
- 0.27
fleld welas 32 £100 82.6 3.0t .78
(shear) +4
n £90 7.6 2.0 2.87
u £80 7.1 2.0M 3.00
3% €70 65.6 2.0t 312
+
3 €60 58.7 1.0t 3.26
* S = shear; S, T = shear, threads in shear plane; S, S, » shear, threads not in shear plane;

PlLe= flat-plate type connection L < 50 1n.; TR = doub) commec! v
* f and F, values for bolts and rivets based on Mul‘m:. iz i

+ entative resistance.
++ F, based on AISC; values of F, without ++ based on AASHTO.
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APPENDIX C:

DEVELOPMENT OF STATIC LOAD ASSUMPTIONS
FOR RELIABILITY METHOD

This appendix describes the load assumptions needed for the re-
1iability analysis described in Appendix A.

The value of the coefficient of variation (COV) accounting for
uncertainties in structural analysis VE was assumed to be 0,05.2

Dead Load (D)

It is reasonable to assume that the nominal dead load effect Dn
based on the code specifications is approximately equal to the mean
dead load effect Dm. Hence,

B =g [Eq C1]

The COV of the dead load effect VD can be treated as including
the uncertainty of the dead load (e.g., load, psf) VD], and the uncer-
tainty in the transformation of the dead load into a dead load effect
(e.g., moment, axial force, etc.) Vpg- Galambos and Ravindra?® esti-
mate that VDl and VDz are equal to 0.04, Based on their values

Yoo VD] + VD2 = 0.06 [Eq C2]

Allen* estimates that VD equals 0.07 for the Canadian code develop-
ment. A value of 0.06 was chosen for VD for this study.

% T. V. Galambos and M. K. Ravindra, Load and Resistance Factor De-

sign Criteria for Steel Buildings, Research Report No. 18 (Struc-

tural Division, Washington University, 1973).

T. V. Galambos and M. K. Ravindra, Load and Resistance Factor

Design Criteria for Steel Buildings.

* D. E. Allen, "Limit States Design--A Probabilistic Study,"
Canadian Civil Engineering Journal (March 1975).

3
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Live Vehicle Load and Payload (L)

Permanent (AASHTO) Bridge Assumptions--
Loads, Allowable Stresses, and Ln/Lm
Values

Normal and overload crossings for permanent (American Association
of State Highway and Transportation Officials [AASHTO]) bridges were
analyzed and used to compute "base" betas to compare with the betas
for temporary criteria. Vehicle loads for normal crossings are based
on hypothetical loads given in Article 1.2.5 of AASHTO.®> The allow-
able stresses for the normal crossings correspond to the current AASHTO
allowable stresses for permanent bridges (Y = 1.0, where Y is the ratio
of the allowable stress used to the base permanent bridge [AASHTO]
allowable stress). Overload crossings covered under Article 1.2.4 of
AASHTO require that any H or HS truck load (except H20 and HS20) shall
be increased 100 percent and applied in any single lane without concur-
rent loading from other lanes; the combined dead, live, and impact
stresses shall not be greater than 150 percent (Y = 1.50) of the allow-
able stress for normal crossings. Articie 1.11.1 of AASHTQ, which
covers overload under permit, specifies that the allowable tensile
stress shall not exceed 75 percent of the yield point of structural
steel members and the compressive stresses shall be checked on a cor-
responding basis.

I11egal overloads which occur can, in certain situations, cause a
more severe overload effect than permitted overloads. For example, the
force in a compression or tension member with permitted overloads for
single vehicles can be less than that produced by two vehicles side by
side, one at the legal weight 1imit and the other exceeding the legal
Timit. A representative hypothetical illegal overload consisting of a ve-
hicle 50 percent above the legal 1imit weight alongside a legal 1limit

Unless otherwise specified, all references to AASHTO refer to Stan-
dard Specifications for Highway Bridges, 11th Ed. (American Associa-
tion of State Highway and Transportation Officials, 1973).




weight vehicle on a two-lane bridge was chosen for analysis in this
report.

In summary, for permanent (AASHTO) bridges, a value of 1.0 was
used for Y for normal crossings. In the case of the overload design
condition of Article 1.2.4 of AASHTO, a value of 1.50 was used for Y.
For the AASHTO overload under permit provision of Article 1.11.1, Y
equals 1.36 (= 0.75 Fy/0.55 Fy) was used for plastic moment Mp develop-
ment in a fully braced stringer (0.75 F_ was assumed for compressive
stress for Mp). A Y value of 1.0 was used for the chosen hypothetical
illegal overload, which assumes the bridge was designed based on
AASHTO stresses for normal loading and then illegally overloaded.

To determine the ratio of the nominal code live load effect to
the mean maximum lifetime live load effect Ln/Lm’ which is used in Eq
A7 of Appendix A, the mean maximum lifetime live load LLm(e.g., axle
load in tons) must be estimated. In reality there is only one LLm
value for all the load cases. For comparative purposes, however, it is
convenient to calculate beta values for each load case considered by
assuming a reasonable LLm value. As a result, the following assump-
tions for LLm were made. For the overload crossing case, based on
AASHTO Article 1.2.4, LLm was assumed to be equal to the truck load
corresponding to a normal crossing, increased by 100 percent. For the
case of overload under permit (AASHTO Article 1.11.1), LLm was assumed
to be equal to the truck load causing the maximum allowable stress
perﬁitted (75 percent of the yield point in tension). For normal
crossings, LLm was assumed to be equal to the truck load corresponding
to normal crossings. For the illegal overload case, LLm was assumed
equal to the bridge loaded with a vehicle 50 percent over the legal
1imit alongside of a legal weight vehicle.

For a typical two-lane, concrete deck, steel stringer AASHTO
bridge, the AASHTO lateral load distribution formulas result in
stringer moments which are, on the average, about 10 percent

26
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conservative.® Thus, for crossings covered under AASHTO provisions
(normal and overload of Articles 1.2.4 and 1.11.1), an Ln/Lm value of
1.10 is reasonable for stringer moment. For the illegal overload
case chosen, an Ln/Lm value of 0.73 (= 1.10/1.50) is reasonable for
stringer moment. For shear, tension, and compression members, it is
assumed that the AASHTO procedure for determining the member force is,
on the average, the true member force. Thus, for crossings covered
under AASHTO provisions, Ln/Lm was assumed to be 1.0. For the illegal
overload case, Ln/Lm values of 0.67 (= 1,0/1.50) for shear and 0.80
(= 1.0/[(1.0 + 1.5)/2]) for tension and compression members were as-
sumed.

Table C1 summarizes the resistance, crossing type, Y, and Ln/Lm
assumptions for the AASHTO bridges.
Temporary (Military) Bridge Assumptions--
Loads, Allowable Stresses, and L /L
Values

For temporary bridges, the normal and caution (overload) crossings
(described in TM 5-3127) were analyzed. The normal crossing consists
of convoy(s) of vehicles not exceeding the posted bridge class. A cau-
tion crossing consists of a single line of vehicles, crossing a one- or
two-lane bridge on the bridge centerline; the vehicles are spaced at
150 ft* or more and shall not exceed 1.25 times the normal posted class.
The caution crossing is recommended as the largest overload to be per-
mitted. Al1 discussion, analyses, and criteria recommendations assume
that the normal and caution crossings are the only two types of cross-
ings permitted.

' W. W. Sanders and H. A. Elleby, Distribution of Wheel Loads on

Highway Bridges, Report No. 83 (National Cooperative Highway Re-

search Program, 1970).

7§é§§ary Fixed Bridges, TM 5-312 (Department of the Army, December

* SI conversion factors for all units of measure used in this report
are given at the end of the report.

7
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Table C1

Summary of Load Assumptions Used

*
Load Bridge Specification Crossing Type Resistance ,, L /L Y
Case Type (Loading Used) (Failure Mode) R
No.
] P AASHTO Overload M, LTB, FLSPL 1.0t 150
* (Article 1.2.4) P + ++
2 P AASHTO Overload with M 1.10 1.36
Permit (Article P
1.11.1)
+ t
3 P AASHTO I111egal Overload M ,LTB 0.73 1.00
. P (1.1/1.5)
.'.
4 P AASHTO Normal (civilian) M _,LTB,FLSPL 1.10 1.00
crossing P
#
5 T Military Normal and cau- M ,LTB, FLSPL 1.35 21.00
™ 5-312 tion** military P
crossings
6 P AASHTO Overload Shear, Tens. 1.00 1.50
(Article 1.2.4) Comp.
7 P AASHTO I1legal overload®  Shear 0.67 1.00
(1.0/1.5)
+
1o Tens., Comp. 0.80 1.00
8 P AASHTO I11egal overload e p aAiTs +
1.03/2))
9 P AASHTO Normal (civilian) Shear, Tens. 1.00 1.00
crossing Comp.
10 T Military‘” Normal or caution Shear, Tens. 1.00 21.00
military crossing Comp.
used--choose which-
ever produces lar-
¥ er force
1 T Military orce due to nor- Shear, Tens., 0.80 20.75
; mal military cross- Comp.
ing used

*
*

P = permanent (AASHTO)bridge; T = temporary military bridge.

Mp = plastic moment, fully braced beam; LTB = lateral torsional buckling; FLSPL =
f?exural splice; Tens. = tension members and associated fasteners and connections;

Comp. = compression members and associated fasteners and connections.

Based on typical two-lane concrete deck, AASHTO steel stringer bridge.

¥=].36 actually applies only to tensile stress, but was used for tension and compression
or Mp.

Corregponds to a two-lane bridge lToaded with a vehicle 50 percent over the legal
limit alongside a legal-weight vehicle.

Both normal and caution crossings assumed to produce the same maximum moment; see

Appendix H.

Based on solid deck (concrete or glued-laminated panel); see Appendix H.
Assumes use of recommended procedure to determine shear force given in Appendix I.

28

e NG e S e



The allowable stress factor Y for the temporary bridge criteria
was varied until reasonable agreement was attained between the beta
values for permanent and temporary bridges (see Eq A2, A12, and Al5
of Appendix A).

In the case of military temporary bridges, the mean maximum 1life-
time load (not load effect) was assumed to be that corresponding to the
critical crossing load (not load effect). By critical is meant that
crossing, either normal or caution, which results in the largest load
effect.

For a stringer moment, Appendix H shows that Ln/Lm for a wide
variety of temporary single-lane military bridges ranges between 1.10
and 1.6]1 with an average of 1.35; for double-lane bridges Ln/Lm ranges
from 1.00 to 1.75 with an average of 1.38. The major difference be-
tween single- and double-lane bridges is that for single-lane bridges
the caution overload crossing is the critical load case, whereas for
double-lane bridges the normal crossing, with more than one vehicle in
adjacent lanes on the bridge, is the most critical. To use a single
allowable stress for both single- and double-lane bridges, an average
value of Ln/Lm = 1.35 was chosen. It should be noted that this value
of Ln/Lm was based on a "solid" deck assumption. Concrete or glued-
laminated timber panel decks are considered solid; nailed-laminated
timber, plank, or multiple-layered decks are not. Appropriate reduc-
tions in Ln/Lm for decks which are not solid are given in Appendix H.
The Ln/Lm value of 1.35 was also based on a width of bridge floor to
span length ratio (W/L) of less than one. Appropriate reductions in
L,/L,, when W/L > 1.0 are given in Appendix H.

The current military procedure for determining shear force (given
in TM 5-312 and discussed in Appendix I) can significantly underesti-
mate the mean shear load effect. To prevent this, a recommended pro-
cedure for determining shear force is given in Appendix I. Use of the
recommended procedure was assumed in all of the analyses and discus-
sions in this report. If the recommended shear procedure of Appendix I
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is used, Ln/Lm is assumed to be 1.0; this value corresponds to using
the larger of the shear forces caused by the normal or caution cross-
ings. For comparison, an Ln/Lm value of 0.80 was also used. The 0.80
value could occur if the "1.25" coefficient in Table I2 of the shear
procedure in Appendix I were reduced to 1.00. Thus, the 0.80 value
would result when the shear force for a normal crossing was used, but
actually a caution crossing produced a shear force 25 percent greater
than the normal crossing. Considerable reliability differences can
result for Ln/Lm = 0.80 or 1.0.

Determination of the force in tension or compression members is
primarily based on statics. Hence, depending on many factors includ-
ing the number of lanes and their corresponding classes, either the
caution or the normal load cases--whichever results in the largest
tensile or compressive force in the member--can be critical. For ex-
ample, in a single-lane bridge, the caution crossing is usually cri-
tical, whereas for a bridge having two lanes of equal class, the normal
load of two vehicle convoys would be critical. An Ln/Lm value of 0.80
represents a tension or compression member design based on normal cross-
ing vehicle forces; the member, however, is actually subjected to a
caution loading which results in a tensile or compressive force in the
member 25 percent higher than the normal crossing force. A tension or
compression member design based on the larger force caused by either
the caution or normal crossings, however, results in an Ln/Lm value of
1.0. If, as in the current design procedure of TM 5-312, the normal
load case is used to proportion the compression members, then Ln/Lm can
range between 0.80 and 1.0. Since the allowable stress is currently
not reduced for an Ln/Lm value of 0.80, considerable realiability dif-
ferences can result for Ln/Lm = 0.80 or 1.0. Hence, both Ln/Lm = 0.80
and 1.0 are analyzed.

Table C1 summarizes the resistance, crossing type, Y, and Ln/Lm
assumptions for temporary bridges.

30
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Coefficient of Variation Assumptions
for Live Load Effect for Permanent
and Temporary Bridges

The COV of the live load effect VL can be treated as consisting
of the uncertainty VL] in the vehicle load (e.g., axle weight in tons)
and the uncertainty VL2 in transforming the live load into a load ef-
fect (e.g., moment in ft-kips). That is:

RS [Eq C3]

L L1 L2

Table C2 gives values of le for temporary bridges for various
nominal classes of military vehicles as defined in TM 5-312. The cal-
culations are based on a normal distribution for the maximum lifetime
vehicle c]ass* (assumed equal to 1.25 x nominal vehicle c]ass*) and
that 95 percent of the maximum c]ass* vehicles fall within 1.25 x upper
c]ass** boundary and the lower c]ass?* boundary. The vehicle c1ass**
boundaries were chosen to include any variation in the c]assification*
process, including combination of vehicle c]asses,* temporary classifi-
cation,* overload (1.25 x normal class) determination, and discrepan-
cies between the hypothetical and actual vehicle loads, including
vehicle spacing (longitudinal) and vehicle dimensions. Except for
very low vehicle classes, VL] ranges from 0.10 to 0.12. A value of
VL] = 0.11 was assumed representative of the upcertainty in the tempo -
rary as well as permanent bridge vehicle loads.

The value of VL2’ which accounts for the transformation of the
live Toad into a live load effect can be considered to be composed of
(1) the actual observed (i.e., measured in the field) variation in the
transformation of the vehicle load into a load effect, called VL2A’
which includes the effects of impact, vehicle position including pass-
ing patterns, or roadway, and (2) the error introduced in predicting

* Refers to vehicle class (load) as given in TM 5-212,
** Class is used in its statistical sense, rather than as a vehicle
class of TM 5-312.
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the transformation of the vehicle load into a load effect, called

VLZB‘ Included in VLZB is the error introduced in estimating the

forces such as moment, shear, and axial load caused by the vehicle load.
For example (see Appendix H for details) one of the main sources of un-
certainty in flexure is the prediction of the lateral load distribution,
which depends on many variables, including vehicle lateral spacing,
number and spacing of stringers, thickness and type of deck, whether
tracked or wheeled vehicles, and vehicle length and width. The value
of VL2 can be expressed as

2

G ?
Viniim 8 ¥ L2B [Eq C4]

L2 teatV

Rohl and Walker® found that VL2A for flexure for permanent highway
bridges ranges between 0.05 and 0.19, with an average of about 0.12,
The value of 0.12 represents the COV of the percent of the moment car-
ried by a beam. The percent of moment (M%) was found by:

My = observed maximum stringer strain on bottom fiber
observed mean total maximum stringer strains (sum
of bottom strains for all stringers)

The VL2A value of 0.12 represents a mixture of components and in-
cludes lateral distribution of load into stringers, vehicle speed and
impact, vehicle position (laterally), and vehicle weight and size.

The results are for normal heavy truck traffic and normal passing man-
euvers for two-lane, concrete deck, steel stringer interstate bridges.

A part of VL2A is the COV for impact stresses. Analyses of field
data on the impact for railroad bridges for various railway bridge span
lengths and train speeds® showed that the average variability of the
impact coefficient is approximately 0,08.

® J. A. Rohl and W. H. Walker, Stress Histories for Highway Bridges
Subjected to Traffie Loading, Structural Research Series 416 NTIS-
UILU-ENG-75-2004 (University of I1linois, April 1975).

W. G. Byers, "Impact from Railway Loading or Steel Girder Spans,"
Journal of the Struetural Division, ASCE, Vol 96, No. ST6 (June
1970), pp 1093-1103. \
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An estimate of VLZB based on the uncertainty in predicting lateral
load distribution can be obtained from Appendix H. Appendix H presents
an assessment of the ratio of the effective number of stringers, N,
computed by ghpory to N comouted by the current TM 5-312 procedure and
provides values that range between 1.10 and 1.6]1 for single-lane mili-
tary bridges and 1.00 and 1.75 for double-lane military bridges. For
typical two-lane, concrete deck, AASHTO bridges!® the ratio of N by
theory to N by AASHTO ranges between 0.85 and 1.16. Conservatively,
assuming a rectangular distribution, the resulting coefficient of vari- i
ation VLZB values for military bridges are 0.11 and 0.16 for single-
and double-lanes, respectively. For permanent AASKETO bridges the coef-
ficient of variation is 0.09. Reasonable estimates of VLZA and VLZB
based on the previous analyses are

VLZA = 0,10 [Eq C6]

0.20 stringer moment, military bridges [Eq C7a]

L2B
0.15 stringer moment, AASHTO bridges [Eq C7b]

Thus, the values of VLZB for stringer moment depend on what
lateral load distribution formulas are used to determine the stringer
moment.

Clearly, the values of VL2A and VL2B depend on the type of struc-
tural element such as beam, column, fastener, etc. Sufficient informa-
tion to establish this dependency is not available. For this study, a
VL2A value of 0.10 was assumed for all structural elements for both
military and AASHTO bridges. With the exception of stringer moment in

" W. W. Sanders and H. A. Elleby, Distribution o} Wheel Loads on
Highway Bridges, Report No. 83 (National Cooperative Highway
Research Program, 1970).
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AASHTO bridges, a value of VLZB of 0.20 was assumed for all structural
elements for both military and AASHTO bridges. Due to the lower COV
value associated with the prediction of stringer moment for AASHTO
bridges, a VLZB value of 0.15 was assumed for AASHTO stringer moment.
Table C3 summarizes the assumptions used for the COV vaiues for
live load, including the VL values. Use of these VL values results
in reasonable beta values for the representative permanent and tempor-
ary bridge criteria for members and fasteners (see Appendix D).
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APPENDIX D:

DEVELOPMENT OF DESIGN CRITERIA FOR
STATIC LOAD CASE

The information in Appendices A, B, and C was used to calculate
safety index (beta) values. Beta values were computed for mean dead
to live load effect ratios Dm/Lm for members (Table B1) and fasteners
(Table B2) for the 11 load cases analyzed (Table C1). Beta values for
members and representative fasteners for selected load cases were tab- ’
ulated for Dm/Lm values of 0.0, 0.1, 1.0, and 25.0. The Dm/Lm values ;
of 0.1 and 1.0 are considered to represent the design range of actual
brdiges; Dm/Lm values of 0.0 and 25.0 were included to show the effects
of extreme load effect ratios. Throughout this appendix, graphs for
selected members and fasteners illustrating beta as a function of Dm/Lm
for load cases in Table C1 are provided. Dm/Lm on the graphks ranges
from 0.0 to 500.0 to illustrate the effects of extreme load effects |
(the common Dm/Lm range is estimated to be from 0.1 to 1.0). The Dm/Lm
scales on the graphs consist of a series of linear portions to illus-
trate the extreme Dm/Lm values.

Members Criteria

The following sections provide recommended Y values for members,
Recall that Y, the allowable stress factor, is the ratio of the recom-
mended allowable stress for temporary bridges to the base allowable
stress for permanent bridges (for members, AASHTO allowable stress).

Flexure, Plastic Moment

Beta values for plastic moment are provided in Table D1 and graph-
ically shown in Figure D1. A value of Y of 1.50 for temporary bridges .
appears reasonable and is recommended, provided the moments caused by
a normal military crossing are used with the lateral load distribution
formulas recommended in Appendix H.

To justify this recommendation, beta values corresponding to a Dm/Lm
of 0.1, which is a representative lower value, were compared for various
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P refers to permanent bridge criteria; all other Y and L /L
combinations are for temporary bridge criteria.

Figure D1. Beta versus Dp/Ly for flexure-plastic moment
for selected Ln/Tm and Y combinations.
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load cases in Table C1. At D/t equals 0.10, the beta value corresponding
to the recommended Y value of 1.50 is 2.44 (load case 5, Table C1). This
beta value of 2.44 is 0.50 beta units above the beta of case 1 (AASHTO over-
load); 0.08 beta units above the beta of case 2 (AASHTO overload with
permit); 0.34 beta units above the beta of case 3 (illegal AASHTO over- '
load); and 1.21 beta units beneath the beta of case 4 (normal AASHTO
crossing).

Hence, at a Dm/Lm of 0.1, the recommended Y of 1.50 results in a
reliability level which exceeds the AASHTD overload cases and is be-
neath the reliability level corresponding to a normal AASHTO crossing.
Further justification for recommending a reliability level beneath
that corresponding to AASHTO normal crossings is that (1) the flexure-
plastic moment failure mode is ductile, providing warning and post
yield strength, and (2) a Y of 1.50 has been used in the past for flex-
ure-plastic moment for temporary bridges.

Flexure, Lateral Torsional Buckling

Beta values for lateral torsional buckling are given in Table D2
and shown graphically in Figure D2. A value of Y of 1.20 is recom-
mended provided the moment is determined as recommended for plastic
moment design.

At a Dm/Lm of 0.10, the beta corresponding to the recommended Y
value of 1.20 is 2.71 (load case 5, Table C1), which is 1.35 beta
units above the beta of case 1 (AASHTO overload); 1.20 beta units above
the beta of case 3 (illegal AASHTO overload); and 0.28 beta units be-
neath the beta of case 4 (normal AASHTO crossing).

The choice of Y equal to 1.20 results in a beta value which is
relatively close to the beta value for the normal AASHTO crossing
(case 4). The close agreement of the beta values for temporary and per-
manent criteria reflects the nature of the lateral torsional buckling
failure mode, which is often unstable and gives little warning. H
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Figure D2. Beta versus Dy/Ly for lateral torsional

buckling for selected Ln/Lp and Y com-
binations.
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Shear

Beta values for shear are shown in Table D3 and depi- ted graphi-
cally in Figure D3, A Y value of 1.10 is recommended, provided the
recommended procedure to determine the shear force given in Appendix I
is used.

At Dm/Lm = 0,10, the beta corresponding to the recommended Y of
1.10 is 2.02 (case 10), which is 1.12 beta units above the beta of
case 6 (AASHTO overload); 0.94 beta units above the beta of case 7
(i11egal AASHTO overload); and 0.34 beta units beneath the beta of case
9 (normal AASHTO crossing).

It should be noted that the shear force determination procedure
given in Appendix I results in using the larger of the shear forces
resulting from normal or caution military crossings. The "1.25" coef-
ficient in Table 12 accounts for the caution military crossing. If
the shear force were based only on the normal military crossing, which
is equivalent to removing the "1,25" coefficient in Table 12, then a Y
of 0.90 in Table D3 (load case 11, Table C1) would be recommended.

As Table D3 shows, the beta values for Y equals 1.10 (case 10) and
Y equals 0.90 (case 11) are similar. Thus, a 22 percent reduction
(1.10/0.90 = 1.22) in the allowable shear stress would be required if
only the normal military corssing case is used to determine the shear
force.

Table D3 also shows that beta values for the current T 5-312 al-
lowable shear stress (Y = 1,50) are very low. If the current proce-
dure to determine the shear force in TM 5-312 were used (as opposed to
Appendix I recommendations) the beta values could be even lower. Hence
the current TM 5-312 shear criteria are judged unsafe and are not rec-
ommended.

Compression in Axtally Loaded Columms
(Compression Members)

Beta values for compression members are shown in Tables D4 to D9

for values of A equal to 0.2, 0.4, 0.6, 0.8, 1.0, and 1,2 () is a

43



N

"sabpiuq (Aueqt{iw) Adeaodwdy = ) ¢sabpLaq (OLHSYY) Iusuewsad = dy

02°S 08°€ Sy°2 A 080 08°0 L L
£8°¢ 0§°€ £2°2 -2 08°0 $8°0 t 1
6% "¢ 22t 20°2 28°L 08°0 06°0 L 1
L'y 562 28°1 €91 08°0 $6°0 L 1
98°¢ 0L°2 9L 91 08°0 00°1 L 1
(5°€ L 9v'2 9L 62°1L 08°0 G0°1 L 1
62°€ €2°2 621 vLL 08°0 oL°L L L
€0°€ 10°2 gLt 66°0 08°0 SL°L t 1
LL'e 08" L 860 870 08°0 02°1 L 1
byl LL°0 8L'0 60°0 08°0 051 L L
€8°¢ £€°2 80" L 98°0 £9°0 00°L L d -
6°€ 22’e 9€°2 122 00°L 00°1L oL ‘6 i d ¥y
29°¢€ 86°2 6L°2 502 00°L 501 oL 1
ve€ 5.2 20°2 68°1 00°1 oL°L oL 1
L0°€ £5°2 98" 1 vLL 00°L SLL ot 1
28°2 &z BT 09°1 00°1L 021 oL 1
8672 2Lz 95° L 9t L 00°1L 52°L ol 1
6" L 22t 06°0 8°0 00°1L 05°1 oL ‘9 1°d 4
0°S2 0L L0 0°0 w, ug A Apugwwm”nv L20A1
w_ w RLUDI LAY
= 1/ Q 404 3an|ep e3ag ase] peol iy

4P3Ys 404 uosiJedwo) e3ag

€0 3tqel




10.00

La/tm Y

1.00 1,50
1.00 1.25
1.00 1.20
1.00 1:15
1.00 1.10
1.00 1.0S
1.00 1.00
0.67 1.00
0.80 1.50
0.80 1.00
0.80 g.85
0.80 0.90
0.80 0.85
0.80 0.80

Figure D3.

—— A\

1 e
1.0 2.0 3.0 25.00 100.00 500.00
°m/L"5

Beta versus Dp/L, for shear for selected
Lp/Ly, and Y combinations.

45

STMBOL

~MEKRK<SKNXNH»EX+DO3

s i, i

o AR -




i ommeNmo.o i Nmm.Ouau = %y SL 1SY 9¢ = Xm 30 swuay
=_¢.=owuchmm3_vmu ummww ug.mm:ocw_cpm:w_ku;oaazmczuao;w;z.wmxwmu»u;om
mmc

pa3isnlpe Nhg\avw\m - 00€12 = 21€-5 WL AQ UBALD SSBU3S BALSSBUdWOD U0J BUB SISED BSAY] i
*sabpLaq (Adeji|tw) Aueaodway = | ¢sabpLag (QLHSYY) Fusuewuad = 4

6°¢€ vs°¢ -t ; €eL 08°0 *x00°L LL 1
£0°Y et LL°e 20°¢ 00°L *¥00°1 oL 1
S8°9 9LV 9°¢ L9°¢ 08°0 06°0 Ll 1
A AN AN SL°¢ 514 08°0 S6°0 Lt '
oL"9 6LV 95°¢ 6¢°¢ 08°0 00°1 iL ‘s 1°d
9L°§ 26t g2 A4 08°0 S0°1L e g
£v°S {9°¢ 6L°¢ 9671 08°0 oL-1 L 1
ge’t 61 oL 98°0 08°0 0s°L Lt 1 o
%9 9Y ¢€ € 60°€ 00°L 00°L oL ‘6 1“d "
8v°s ve'v 9°¢ SL°2 00°L ot°t ot 1
LL°s 00°v 6.°¢ 65°¢ 00°L GL°L oL 1
8°Y Lt €9°¢ 14/ 00°L 0c°L 0l 1
85°Y vs'€ v'e 6¢°¢ 00°1 §2°L oL  §
0E" v 21 A4 gL ¢ 00°tL 0e°L ol 1
62°¢ vs'¢ Lt $9°1 00°L 051 oL ‘9 1°d
0°62 0°1L L°0 0°0 w, A A_ugwwmmpv LadA|
w_ w N BLU93LA)
1/°G 403 an(ep elag ase) peo1

2°0 = Y °s4aqudy uoLssaadwo) 40j uosiLaedwo) elag

va alqel




*$Q 91qel ul 330u3004 383G °SSAUIS I|QPMO||P 21E-G WL UO PasSePyy
‘sabptuq (Auejijtw) Aueaodwdy = | ¢sabpraq (QLHSYY) Fudueuuad = gy

€6°¢ 82°2 92°L 60° L 08°0 »x00°1 Lt 1
86°¢ £€8°¢ l0°2 871 00°1L »x00° L ol . )
€€°9 6Vt €8°¢ 95°2 08°0 06°0 Lt 1
L6°S le'v £9°¢ I£¢ 08°0 S6°0 L 1
29°S ¥6°€ e 6L°2 08°0 00°1L L ‘s 1 “d
0€°S 89°¢ G¢°¢ 202 08°0 S0°L LL 1
26°¢ 6L°L 26°0 8L°0 08°0 0S°L Lt 1
GE'S ve'v 10°¢ 08°¢ 00°1 S0°L ol 1
$0°6 66°€ €8°¢ ¥9°¢ 00°1L oL-t oL 1 =
/728 9L°¢ L9°¢ 8¢ 00°1 SL°L ol 1
9%y €G°€ 16°¢ €€°¢ 00°1L 021 ol 1
6LV LE°€ ge€'¢ 6L°¢ 00°1 G2°1 ol 1
89°§ 6v' ¥ 6L°€ L6°2 00°1 00°L oL ‘6 1 “d
L1672 GE"¢ 9°1L 96°1 00°L 0s°L oL ‘9 1 °d
0°62 01 10 0°0 W U A APULWMu”nV LadA]
= "“9/" 404 anjep e3ag ase) peo 1133 L4)
$°0 = Y *saaquay uotssauadwo) 404 uosiaedwo) e3ag

n 50 aLqey

At maat S




‘tQ 31qel uL 330ul00j) 83§
*sabpluaq (Auezrpiw) Aaeaodwsl = | ¢sabpraq (QLHSYY) 2usuewuad = 4 &

*S9SS2J43S 9|QeMO||® Z|E-G WLl UO paseg yx

§59°¢ 0L L 1670 LL°O 08°0 »x00° Lt a2
0L°¢ ée'¢ €9°1 €671 00°1 »x00° L oL 1
L0°9 9v v6°¢ L9°¢ 08°0 08°0 LL 1
¥9°S gL'V eL e VA A 08°0 68°0 1l 1
0€°9 88°¢ 1§°¢ [2°¢ 08°0 06°0 Lt 1
86" ¢9°€ 4 4 60°2 08°0 S6°0 LL 1
L9° P lE°E gL' ¢6°1 08°0 00°L Ll L %4
15150 eL’e G6°1L GL°1 08°0 S0°1 Ll 1
oLty 06°2 6L° 1 09°L 08°0 oLt L 1
8°¢ 89°¢ €9°1L ) A | 08°0 GL°L LL 1
G2°¢ A | L9°0 G6°0 08°0 05° 1 tL 1
LYy 88°¢ G8°2 L9°2 00°1 00°1L OL ‘6 1 ‘d
1% A ' ¥9°¢ 89°¢ 1s°¢ 00°L G0° L oL 1
SL°Y ev'e 1§°¢ GE'2 00°L oLt ot 1
68°¢ 0¢°¢ GE°¢ 02°¢ 00°1L SL°L (] 1
£€9°¢ 66°¢ 02°2 90°¢ 00°1 0z°L oL 1
6E°€ 6L°¢ S0°¢ 26°L 00°1L T oL 1
0g"¢ " 68°L 6€° L 0E-L 00°L 0s°1 oL ‘9 1 °d
0°52 01 1’0 0°0 w, u. A Apugwh_w”nv LadAy
U1/ 404 anpep e3og ase) peo R

9°0

Y ‘saaqualy uoLssauduio) 404 uostaedwo) elag

90 @1qel

48




"$Q 9|qel ulL 330u300) 39S
*sabptuq (Auezt|tw) Auedodwdl = | ¢sabpiaq (OLHSYY) usuewdad = gy

"S9SS343S 9| qeMO[|® ZIE-G WL UO pasegsx

20°2 £2°1 €9°0 25°0 08°0 xx00°1 L 1
90°2 SL°1 €e-l CTAN| 00°1 xx00°1 oL 1
2°S 10"t 12 8v°2 08°0 08°0 LL 1
26"t €Le 05°2 82°2 080 870 LL 1
29y Ly°e 0€°2 60°2 08°0 06°0 Ll 1
ey 22 gtz 26°1 080 56°0 Lt 1
50"t 66°2 6" L T 08°0 00°L L ‘8 1
98°1 vl €570 €90 08°0 05°1 L 1
L£°Y LL°€ 182 v9°2 00°L 56°0 oL 1
60"t L€ £9°¢ 8Y° 2 00°L 00°L oL ‘6 1*d
£€8°¢ 52'€ 99" 2 &0 00°L 50°1L oL 1
85°€ ¥0°€ 0€°2 - e 00°1L oLt oL 1
vE'E £€8°2 §L°2 20°2 00°L SL°L 6L 1
16" 1 29°1 €21 §L°L 00°L 0s°L L ‘9 L4
0°62 0L L0 G°0 w, ug A A,ugwwmmmv «adA]
u : BLlUS] LU
._\Eo 40} °9n|e)\ e33Y 9se) peo]

L0 @lqel

Y “S4aqualy uoLssaadwo) 40j uosiaedwo) elag

49




*pQ @|9el ul 230U004 DS °*SBSSAUIS D QEMO( (B Z[E-G )L UO Pased «x
*sabpLuaq (Auegr(tw) Aaeaodwsz = | ¢sabplaq (QLHSYY) Jusuewuad = 4 «

GE"L €L°0 ¥2°0 5L°0 08°0 xx00° L LL L
6€" L 0zt 26°0 (8°0 00°L xx00°" L ol 1
S0°§ 16°€ 69°¢ 9p°2 08°0 SL°0 t |
Ly - Lv2 92°2 08'0 08°0 (e 1
vt B 92°2 90°2 08°0 $8°0 t 1
2Ly Lre L0°2 88" 1 080 06°0 Ll 1
8°€ (8°2 68" 1 A 08°0 56°0 Ll L
85°€ ¥9°2 Lt 5L 080 00°L LL ‘s i %
05°1 870 €€°0 ¥2°0 08°0 051 Lt 1
9L’ Y LS°€ SL°2 65°2 00°1L 06°0 oL 1
88°€ vE'€E 152 e 00°L $6°0 oL 1
29°¢€ L 6€°2 92°2 00" 1 00°1 oL ‘6 1
LE°€ 68°2 £2°2 oL'e 00°L §0°1 oL |
ELE 69°2 L0°2 66" 1 00° L oLt ol 1
06°2 6v°2 26°1L 181 00°L Stt ot 1
L2 e v9°1 S L 00" L Sz°L oL 1
€51 €1 20°L 96°0 00°L 05°1L oL 9 1°d
0°62 0t ) 00 Uy A Apogwbmnnv «3dAL
“1/% 05 aniep ereg ase peoq | CMSILD

0°lL = Y .m;mnsm:,cwwmmogasou 40) uosiJaedwo) ejag

8a alqel

50




*$0 3|1qel ul 330u3004 23§

*S9SS9J]S B|QeMO| [P Z|1E-G Wl UO pasSegyy
*sabplaq (Aueqilw) Auedodwal = ) €sabpruq (QLHSYY) Jusuewuad = dx

8L°0 22°0 LL°0- £2°0- 08°0 xx00° L Ll 1
28°0 0L°0 £5°0 05°0 00° L xx00° L oL 1
6" 2y (8°2 29°2 08°0 0.°0 LL 1
2Ls 06°€ £9°2 ov°2 08°0 SL°0 L 1
(L 09°€¢ or°2 6L°2 08°0 08°0 L 1
vt £e°¢€ 6L°2 66° 1 08°0 $8°0 L 1
L5°€ 86°2 £9°1L 91 08°0 00°1 Ll “8 1°d
8" L €L°0 22°0 vL°0 08°0 05°1 L 1
; 8L ¥ 55 69°2 £6°2 00°L 060 oL 1
68°¢ 0g'€ 05°2 5€°2 00°1L 56°0 oL 1
19°¢ 90°€ £€°2 6L°2 00°L 00°L oL ‘6 14
g€ 82 912 £€0°2 00° 1 50" L oL 1
oL'€ £9°2 661 88"l 00°L oL°L oL 1
£v°L Al 26°0 98°0 00°1 05°1L oL 9 1°d
062 01 0 0°0 w, Mg A A,ugwhmnnv (adAL
= EA\Ec 40} an|ep e3lag ase) peoq AR

¢’

= Y ¢SJaqualy uoLssaadwo) 404 uosiaedwo) elag

60 3lqel

51




column slenderness parameter, defined in Table B1). Beta is graphi-
cally shown for values of A equal to 0.4, 0.8, and 1.2 in Figures D4
to D6.

Table D10 shows two sets of recommended Y values. The larger Y
values (1.20 to 0.95) are recommended when the larger of the compres-
sive forces resulting from the normal or caution military crossings
(load case 10, Table C1) is used in design. The smaller Y values (1.00
to 0.75) are recommended when the force resulting from the normal
military crossing only (load case 11) is used for design,

The Y values in table D10 are given as functions of the slender-
ness parameter A and the slenderness ratio K&/r (where K&/r is based
on Fy = 36 ksi minimum yield point).

The larger Y values in Table D10, corresponding to using the larger
force from the normal or caution military crossing, can be expressed as
a continuous linear function of A:

Y = 1.23 - 0.2222 for 2 5 1.2 [Eq D1]
or equivalently, Y in terms of Fy and K&/r is
Y = 1.23 - [(Ke/r)0.000415 /F;] [Eq D2]

provided Ke/r < 91 for Fy = 50 ksi and K&/r < 107 for Fy = 36 ksi. For

Fy = 36 ksi, Eq D2 becomes

Y = 1.23 - [0.0025(Ke/r)] for K&/r < 107 [Eq D3]
In a similar manner, the smaller Y values in Table D10 which cor-

respond to using the force from the normal military crossing only can
be expressed as

Y = 1,03 - 0.222x for A £ 1.2 [Eq D4]
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Figure D4, Beta versus Dy/Ly for compression members,
A = 0.4, for selected Ln/L and Y combina-
tions. i
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These cases are based on the allowable stress as given by
TM 5-312--see footnote in Table D4,

Figure D5.

Beta versus Dy/Ly for compression members,
A = 0.8, for selected L_/L_ and Y combina-
tions. iy
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* These cases are based on the allowable stress as given by
TM 5-312--see footnote in Table D4.

Figure D6. Beta versus Dy/Ly for compression members,
; A = 1.2, for selected L /L and Y combina-
tions. "
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or equivalently, Y in terms of Fy and K&/r is
Y = 1.03 - [(K&/r)0.000415 V"F;] [Eq D5]

provided K&/r < 91 for Fy = 50 ksi and Ke/r < 107 for Fy = 36 ksi.
For Fy = 36 ksi Eq D5 becomes

Y = 1.03 - [0.0025(Ke/r)] for Ke/r < 107 (Eq D6]

The following justification is provided for the recommended Y values
in Table D10, which shows the beta values at Dm/Lm = 0.1 for the recom-
mended criteria for temporary bridges (cases 10 and 11) and the AASHTO
criteria for a normal AASHTO crossing (case 9). The recommended Y
values correspond to beta values of about 2.50. For X > 0.4, the beta
of 2.50 is relatively close to, or exceeds, the beta for permanent
criteria. The Y values were chosen on the conservative side to account
for the column buckling failure mode, which is often unstable and gives |
little warning.

It should be noted that to maintain comparable beta values (Table
D10, case 10 versus case 11), the Y values are reduced 20 to 27 percent
(Y for case 10/Y for case 11) to account for the caution military cross-
ing force controlling when only the normal military crossing force was
used in design.

It is also interesting to note that, as shown in Tables D4 to D9,
the beta corresponding to the current TM 5-312 criteria (denoted by
double asterisks) are very low for the caution military crossing (case
11) for all A values and for the normal military crossing (case 10)
for » > 0.4. Hence, use of the TM 5-312 criteria is judged unsafe and
is not recommended.

e et 0 i

Tension Members

The analysis of tension members (connected material in tension) is
given in the Fastener and Connection Criteria section of this appendix.

57



The recommendations are summarized here, A Y value of 1.33 is recom-
mended when the larger tensile force resulting from the normal or cau-
tion military crossings is used. If only the tensile force resulting
from the normal military crossing is used, a Y value of 1.07 is recom-
mended. Hence, a 24 percent (1.33/1.07) reduction in Y is recommended
if only the normal military crossing force is used in design. The re-
duction in allowable stress provides increased load capacity under
caution crossings.

Summary

Table D11 summarizes the recommended criteria for members.

Fasteners and Connection Criteria

This section describes the development of recommended Y values for
fasteners and connections.

As discussed in Appendix B, although criteria were developed for
36 resistances, only eight representative resistances, representing the
range of values in the four groups, were analyzed (Table B2). Tables
D12 through D19 give the beta values for the eight representative re-
sistances. Beta values for five of the representative resistances are
shown in Figures D7 through D11. The forces used to design fasteners
and connections are directly related to their corresponding member
fo~ces. Hence, in Tables D12 through D19, values of Ln/Lm for stringer
end connections of 0.67 (load case 7, Table C1), 0.80 (case 11), and 1.0
(cases 9 and 10) were used. For fasteners in connections of tension
and compression members, values of Ln/Lm of 1.0 (cases 6, 9, and 10)
and 0.80 (cases 8 and 11) were used. For fasteners in flexural splices,
Ln/Lm values of 1.10 (cases 1 and 4), and 1.35 (case 5) were used.

Table D20 presents the recommended Y values for Ln/Lm values of
0.8 and 1.0 for temporary bridges. The recommended Y values were
determined by choosing Y values such that their corresponding beta val-
ues agreed with the beta values of Table D21 for Ln/Lm = 0.80 or 1.0.
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Table D11

Summary of Recommended Criteria for Members

Member Type Y Recommended Allowable Stress Additional Requirements
Flexure--plastic 1.50 0.83 F, provided the member Use recommended lateral load
moment meets {he requirements of distribution formulas (ef-
Section 1.5.1.4.1 of AISC* fective number of stringers)
in Appendix H of this report.
Use moment corresponding to
a normal military crossing
in Appendix D of T™M 5-312.
Flexure--lateral 1.20 1.20 Fp where Fp is the
torsional buckling AASHTO (1973) allowable
stress
Shear 1.10 0.36 F Use recommended procedure in
y Appendix 1 of this report to
determine shear force
See Eq.D2 Y Fa Use the larger compressive
and D3 Where Fy is the AASHTO (1973) force resulting from the
allowab?e stress for concen- normal or caution military
trically loaded columns crossings
Compression
members
See Eq D5 Y Fa Compressive force detemina-
and D6 Where Fy is AASHTO (1973) tion based only on normal
allowable stress for concen- military crossing case
trically loaded columns
Tension 1.33 0.73 F Use the larger tensile force
members y resulting from the normal
or caution military crossings
Tension 1.07 0.59 F Tensile force determination
members y based only on normal military

crossing case
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Table D20

Recormended Y Values for Fasteners and Connections

L/, - 8 L/, = 1.0
Joentitis  Grovp W | Beto, - Recon. N
(Table B2 Y Y
and Table
613)
Fasteners
! i 2.26 2.7 0.90 2.75 1.10
2 I 2.38 2.74 0.95 2.18 105
3 I 2.58 2.85 1.00 2.1 1.25
4 i 2.60 2.88 1.00 2.80 1.25
5 1 2.65 2m 1.0 2.72 1.%0
6 1 2.19 2.79 1.10 2.1 1.3
7.8 1 2.1 2.8 1.10 2.80 1.3
9 1 2.87 2n 118 2.n 1.40
0 1 2.9 2.1 1.8 2.8 1.40
n 1 2.91 2.78 1.15 2.79 1.40
12,13 I 3.06 2.61 1.20 2.85 1.85
1 1 3.09 2.85 1.20 2.89 1.65
15 1 327 2.9 1.25 2.85 1.55
16 1 3.30 2.9 1.25 2.89 1.55
Y] 1 .45 2.9 1.30 2.93 1.60
18 I .47 2.98 1.30 2.9 1.60
19,20 1 1.5 2.93 1.35 2.93 1.65
2 1 3.57 2.9 1.3 2.9 1.65
2 I 1.68 2.92 1.40 2.95 1.70
comcit.
23 1 2.1 2.78 1.05 2n 1.30
2 1" 2.95 2.89 1.10 2.88 1.3
Shoo
welds
25 T 2.62 3.57 0.75 3.63 0.90
2% n 2.75 3.51 0.80 3.61 0.95
27 1 2.87 3.66 0.80 3.58 1.00
28 n 1.00 3.60 0.85 3.57 1.05
29 1 2 3.54 0.90 3.54 110
% 1 1.26 3.51 0.95 3.5¢ 1.15
Field
welds
» v 2.62 a3 0.45 4.3 0.55
2 v 2.75 4.5 0.45 a.27 0.60
» It 2.87 n 0.50 4.39 0.60
1 v 3.00 a.46 0.50 4.29 0.65
15 v 302 an 0.56 a.40 0.65
* v 3.2 .43 0.58 0.3 0.70

*  fu/F, is the ratio of the mean ultimate fastener Stress to the permanent specification
nTlonhlr stress.
** Tension members.
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The Y values for Ln/Lm = 1.0 are recommended (Table D20) for fasteners
and connections on stringer end connections, provided the procedure
recormended in Appendix I for determining the shear force is used.

The Y values for Ln/Lm values of 1.0 are also recommended for fasten-
ers and connected material in connections of tension and compression
members, provided the larger design force resulting from the normal or
caution military crossings is used.

The recommended Y values for fasteners and materials used in flex-
ural splices were found by choosing Y values such that their corres-
ponding beta values agreed with the beta values in Table D21 for an
Ln/Lm value of 1.35. The ratio of the recommended Y for an Ln/Lm of
1.35 to Y for an Ln/Lm of 1.0 (Table D20) ranged from 1.00 to 1.13.

To use one set of Y values (and allowable stresses) for both Ln/Lm
values, it is recommended that the Y values for an Ln/Lm value of

1.35 be reduced to match the Y values for an Ln/Lm value of 1.0, pro-
vided the moment and resulting forces are determined as recommended for
flexure (plastic moment and lateral torsional buckling).

The recommended allowabie stresses corresponding to Ln/Lm =1.0
are given in Tables 4 and 5, Chapter 3, of Volume I.

If design procedures* to determine forces in fasteners and connec-
tion materials are used which result in Ln/Lm values of 0.80 to 1.u,
then the Y values for Ln/Lm values of 0,80 are recommended for all fast-
eners and connections. The allowable stresses corresponding to Ln/Lm
values of 0.80 are about 80 percent of the values of the allowable
stresses based on Ln/Lm values of 1.0. (The allowable stresses for
Ln/Lm = 1.0 are given in Chapter 3 of Volume I--see Tables 4 and 5
and the Tension Members and Bearing on Projected Area of Bolts and
Rivets sections.)

The following justification for the recommended Y values is pro-
vided. It can be argued that fasteners and connections should have at
least as high and probably higher reliability levels as members because

* An example of such a design procedure would be the use of a force
resulting from a normal crossing when the caution crossing actually
produces a larger force.
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of the uncertainty associated with field fabrication and/or installa- f
tion, especially in temporary T/0 facilities. Traditionally, for '
permanent criteria, fasteners and connections have had higher factors
of safety than members.

For fasteners and connection materials used with stringer end
connections as well as compression and tension member connections,
the normal AASHTO load case of Y = 1.0 and Ln/Lm = 1.0 (load case 9,
Table C1) was used as a basis of comparison. Tables D12 through D19
show that the beta values corresponding to a Dm/Lm value of 0.1 (a
representative lower value) for case 9 range, for the most part, from
3 to 5. An average beta value of 4 appears reasonable for the normal
AASHTO load case. On this basis, a beta range of 2.75 to 3.00 at
Dm/Lm of 0.1 was chosen for fasteners and connection materials for
Groups I (bolts and shop rivets) and II (connected material-tension
members) in Table B2 for temporary bridges. This range appears rea-
sonable when compared to beta values for recommended Y values for
temporary bridges for shear (beta = 2,02 at D /Ly = 0.1) and compres-
sion members (beta ranges from 2.39 to 2.67 at Dm/Lm = 0.1). Beta
values of 3.5 and 4.25 were chosen for Group III (shop welds) and Group
IV (field welds), respectively, for temporary bridges. The higher beta
values reflect the greater susceptibility of welds (as opposed to bolt-
ing) to fabrication and erection error in the T/0.

For fasteners and material used in flexural splices, the normal
crossing AASHTO load case of Y = 1.0 and Ln/Lm = 1.10 (case 4) was
chosen as a basis of comparison. Based on Tables D12 through D19, a
representative beta value of 4.75 at Dm/Lm = 0.1 for case 4 was chosen.
As a result, a beta value of 3.5 at Dm/Lm = 0.1 was chosen as a reason-
able guide for fasteners and material used in flexural splices for
temporary bridges (Ln/Lm = 1,35) for Group I (bolts and rivets) and
IT (connected material-tension members). Moreover, a beta value of
3.5 appears reasonable when compared to the beta values for the recom-
mended Y values for temporary bridges for flexure (plastic moment) and
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lateral torsional buckling, which are 2.44 and 2.71 respectively at

Dm/Lm = 0.1. Beta values of 4.25 and 5.0 were chosen for Group III

(shop welds) and Group IV (field welds), respectively, for temporary
bridges. Again, the higher beta values reflect the greater suscept-
bility of welds (as opposed to boitina) to fabrication and erection

error in the T/0.

Table D21 summarizes the beta values chosen for fasteners and con-
nection materials. The beta values recommended in Table D21 for fas-
teners and connection materials for temporary bridges were used to
determine the recommended Y values shown in Table D20. These allowable
stress factors (Y values) were then used to determine the recommended
allowable stresses shown* in Tables 4 and 5 of Chapter 3 of Volume I.

The recommended allowable stresses for the combined tension and
shear case for bolts and shop rivets are given in Table 6, Chapter 3,
Volume I. The recommended stresses may be used provided that the recom-
mendations given in the Loads, Moments, and Forces section in Chapter 3
of Volume I are used.

The following justification for the allowable stresses for the com-
bined tension and shear is provided. For the combined tension and shear
stress cases for bolts and rivets, approximate mean stress relationships for
bolts and rivets are given in Table 114, Appendix G and can be written as

for bolts: f

IA

e G = 1.9FS < ftm; By [Eq D7a]

f i -
or rivets: ftsm

IA

: g R T [Eq D7b]

G - ].GFS b s <n

*%
where, ftsm = mean ultimate tensile stress in the presence of the
shear stress, FS
ftm = mean ultimate tensile stress in the absence of shear
stress

The recommended a]]owab]e stresses for connected material (tension
memberg) and bearing are given in the Tension Members and Bearing

e on Proaectgd Area of Bolts and Rivets sections in Chapter 3, Volume I.
Note that in Appendix G, ftsm » 0, and FS = Og.
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fsm = mean ultimate shear stress in the absence of tensile
stress, ft

G = intercept of straight line approximation on tension
axis (Figure D12)

F = shear stress on fastener.

s
Figure D12 shows a general representation of the mean stress

equation and interaction diagram.

The mean relationship, shown as the solid 1ine BCDE in Figure D12,
is represented by Eq D7a and b. The design relationship, shown as
the dotted 1ine B'C'D'E', can be obtained by reducing ftm’ fsm’ and G,
while maintaining the same slope. The design relationship can be re-
presented by

[}
Ft = G - 1.9FS S Fats Fo 8 Foo [Eq D8]
] ’
where G = SitR i)
[}

LI representative value by which to reduce G; should be close to
ftm/Fat and fsm/Fas

Fat = temporary allowable tensile stress in the absence of
shear stress = ftm/(ftm/Fat)

FaS = temporary allowable shear stress in the absence of ten-
sile stress = fsm/(fsm/FaS)

Ft = temporary allowable tensile stress in the presence of

shear stress.
The values of Fat and Fas are found by reducing (dividing) ftm and

fsm by (ftm/Fat) and (fsm/Fas), respectively. The value of G', however,

f requires use of a reduction factor on G, namely fm/Fa' To maintain

| consistency, the value of fm/Fa should be close to both ftm/Fat and

t fsm/Fas' Table D22 gives the information used to determine fm/Fé, in-
cluding the values of ftm/Fat and fsm/Fas for bolts and rivets. As the
table shows, ftm/Fat and fsm/FaS do not differ greatly. In all cases
the larger (conservative) value of ftm/Fat and f_ /F__ was chosen for

. sm’ " as
T use as fm/Fa.
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Figure D12.

SHEAR

Schematic representation of interaction
diagram; mean and design relationships

for fasteners subjected to tension and

shear.

79




Table D22

e

]
Tabulation of ftm/Fat and fsm/Fas Used to Determine fm/Fa

! Tension Shear Fn/F g G
. Value to Divide
G (Eq D7) by .
{ ftm Fat ftm/Fat fsm Fas fsm/FaS %quggﬁnnine G
: 1
Bolts :
; A 307 ]
! Shank 50.00 23.7 2.1 38.00 17.60 2.6 2.16
y Threads 50.00 23.7 2.1 29.10  14.00  2.08 2.11
E A 325
f Shank 100.30 48.60  2.06 69.50  32.00 2.17 2.17
| Threads 100.30 48.60  2.06 53.20 24.70  2.15 2.15
A 490
t Shank 122.00 59.40  2.05 90.00  43.20  2.08 2.08
Threads 122.00 59.40  2.05 | £8.80  32.60  2.11 2.11
Rivets
A 502 Grade 1 | 71.00 33.00  2.15 49.70  23.00 2.16 2.16
A 502 Grade 2 | 89.00 41.80  2.13 58.00 28.00  2.07 2.13

* Shear on fasteners in a flat-plate type connection less than 50 in. Tong.
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The recommended allowable stress relationships, based on Eq D8,
Table D22, and the mean stress relationships (Eq D7 and Table G14) are
given in Table 6, Chapter 3, Volume I.
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APPENDIX E:

DESCRIPTION OF FRACTURE-CONTROL PLAN

AND DEVELOPMENT OF MATERIAL SPECIFICATIONS,
DESIGN CRITERIA, AND DESIGN PROCEDURES TO
PREVENT BRITTLE FRACTURE IN T/0 BRIDGES

Background

This appendix summarizes the technical development of a fracture-
control plan designed to prevent brittle fracture or fatigue growth
leading to brittle fracture in T/0 structures. Brittle fracture is a
type of catastrophic failure that usually occurs without prior plas-
tic deformation and at extremely high speeds of crack propagation (as
high as 5000 ft/sec). The fracture is usually characterizeq by a flat
fracture surface (cleavage) with little or no plastic deformation; it
generally occurs at average stress levels below those of general yield-
ing. Although brittle fracture failures are not as common as fatigue,
yielding, or buckling failures, when they do occur, they are usually
more costly in terms of human 1ife and/or property damage.

Accordingly, they can lead to catastrophic failures of structures
with 1ittle or no prior warning and a consequent loss of load-carrying
ability. In contrast, failures by general yielding in tension are pre-
ceded by considerable deformation and the members can still carry
loads. Thus, since the consequences of brittle fracture are much
greater than those of general yielding, specific design precautions
should be taken in designing T/0 structures to avoid this type of struc-
tural failure.

While the number of brittle fractures in structures such as
bridges or buildings is small, the overall safety and reliability of
structures can be improved significantly by rather small changes in
material specifications and design. Because of the consequences of
this catastrophic mode of failure, fracture control is an important
design consideration for T/0 bridges.

A fracture control plan is a detailed procedure that:

1. Identifies the known factors that may contribute to the
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brittle fracture of a structural detail or to the failure of an entire
structure

2. Establishes the contribution of each of these factors and the
synergistic contribution of the factors to the fracture or failure
process

3. Determines the relative efficiency and trade-offs of various
methods to minimize the probability of fracture or failure

4. Recommends specific design considerations (including material
selection, design-stress levels, and fabrication) to insure the safety
and reliability of a structure.

Numerous factors can contribute to brittle fractures, including
material toughness, temperature, flaw size, fabrication and inspection,
tensile stresses, loading rate and cycles, constraint, residual stresses,
redundancy of load path, and fatigue-crack-growth behavior. Because
some or even all of these factors can contribute to fractures of struc-
tural members, merely specifying that either a material with a particu-
lar notch toughness be used, or that all welds be inspected, or that
the design stress be low will not insure that fractures will not occur.
The relative importance of each of these factors and their synergistic
effect must be defined.

0f these factors, fracture mechanics has shown that three primary
factors control the susceptibility of a structure to brittle fracture:
(1) material toughness, (2) flaw size, and (3) stress level.

1. Material Toughness. [Material toughness is the resistance to
crack propagation in the presence of a notch. For linear-elastic be-
havior, material toughness is measured in terms of a static critical
stress-intensity factor under conditions of plane stress (Kc), plane
strain (KIc)’ or dynamic loading (KId)‘ For elastic-plastic fracture
behavior, the material toughness may be measured in terms of ductility-
related parameters as in the J-integral, resistance curve, crack-opening
displacement, and equivalent energy approaches.

The J-integral (JIc) is a path-independent integral which is an
average measure of the elastic-plastic stress/strain field ahead of a
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crack. For elastic conditions, JIc equals K?C/E(l-vz). A test method
for this approach is currently under development.

The resistance-curve (R-Curve) analysis is a procedure used to
characterize materials' resistance to fracture during incremental
slow-stable crack extension, KR‘ At instability, KR is equal to Kc’
the plane stress fracture-toughness which depends on specimen thickness,
as well as temperature and loading rate.

The crack-opening displacement (COD) technique evaluates toughness
in terms of the prefracture deformation at the tip of a sharp crack.

The equivalent energy approach is based on using test results to
predict failure, primarily of thick-walled pressure vessels.

2, Flaw Size. Brittle fractures initiate from flaws or discon-
tinuities of variocus kinds, such as porosity, inclusions, lack of fusion,
toe cracks, and mismatch. These discontinuities can vary from extremely
small cracks within a weld arc strike to much larger weld or fatigue
cracks, or cracks growing from rivet or bolt holes. Although good
fabrication practice and inspection can minimize the original size and
number of flaws, discontinuities are present in all complex welded
structures, even after all inspections and weld repairs are finished.
Cracks or discontinuities can also be present in bolted structures,
although the initial flaw sizes may be smaller or less severe than in
welded structures. However, even though only "small" flaws may be
present initially, fatigue stressing can cause them to enlarge, pos-
sibly to a critical size.

3. Stress Level. Tensile stresses (nominal, residual, or both)
are necessary for brittle fractures to occur. Stress is elevated in
the vicinity of stress concentrations or discontinuities.

Controlling these three factors can reduce the susceptibility of
a structure to brittle fracture. A1l other factors such as tempera-
ture, loading rate, and residual stresses, merely affect these primary
factors.
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Based on these facts engineers have been reducing susceptibility
of structures to brittle fractures for many years by applying these
concepts to their structures qualitatively. That is, good design (use
of appropriate stress levels and minimizing of discontinuities) and
fabrication practices (using proper welding control to decrease flaw _
size), as well as use of materials with good notch-toughness levels :
(e.g., as measured by a Charpy V-notch (CVN) impact test) will and
have minimized the probability of brittle fractures in structures.

However, the engineer has not had specific design guidelines to
evaluate the relative pertformance and economic trade-offs between 1
design, fabrication, and materials quantitatively.

Recent nonmilitary bridge failures, a growing concern about the
possibility of future failures of nonmilitary bridges, and the reali-
zation that the structural engineer needs guidelines have led to
AASHTO's adoption of material toughness requirements for bridge
steels.!! These requirements specify that the structural steels have
particular values of Charpy V-notch impact energy depending on mate-
rial strength level, service temperature, and plate thickness. How-
ever, these requirements apply to nonmilitary bridges designed for
AASHTO loadings and are not necessarily directly applicable to bridges
in the T/0, where service conditions and material availability are dif-
ferent. The fracture control plan presented in this appendix is de-
signed to develop quantitative design guidelines for T/0 bridges.

The fundamental concept of linear-elastic fracture mechanics is
that the stress field ahead of a sharp crack can be characterized in
terms of a single parameter--Kl, the stress intensity factor for flat
crack propagation (usually referred to as opening mode), expressed in
ksi /in. The term KI is related to both the stress level (o) and the flaw 1
size (a). When the particular combination of o and a leads to a critical

i

TTMaterial Toughness Requirements," Standard Spectfications for

Highway Bridges (American Association of State Highway and
Transportation Officials, 1973).
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of KI’ called KIC
sents the equations that describe the elastic stress field in the
vicinity of a crack tip in a body subjected to tensile stresses normal
to the plane of a simple crack. These stress field equations define
the distribution of the elastic stress field in the vicinity of the
crack tip and can be used to establish the relation between KI’ o, and
a for different structural configurations (Figure E2). Other crack
geometries have been analyzed for different structural configurations

or Kc’ unstable crack growth occurs. Figure E1 pre-

and are published in the 1literature.

If the critical value of KI at failure (Kc’ KIc’ or KId) can be
determined for a given metal of a particular thickness at a specific
temperature and loading rate, the designer can determine theoretically
the flaw size that can be tolerated in structural members for a given
design stress level. Conversely, the designer can determine the design
stress level that can safely be used for a flaw size that may be pres-
ent in a structure.

Figure E3 shows schematically this general (conceptual) relation-
ship between material toughness (KIc or Kc). nominal stress (o), and
flaw size (a). If a particular combination of stress and flaw size
in a structure (KI) reaches the KIc or KC level, fracture can occur.
Thus, there are many combinations of stress and flaw size (e.g., O¢
and af) that may cause fracture in a structure fabricated from a
steel having a particular KIC or Kc value at a particular service tem-
perature, loading rate, and plate thickness. Conversely, many combina-

tions of stress and flaw size (e.g., o and a) will not cause failure
of a particular steel, i.e., below the KIC or Kc line.
A useful analogy for the designer is the relationship between
| applied load (P), nominal tensile stress (o), and yield or Timit
stress (o) in an unflawed structural member, and between applied load
(P), stress intensity (KI)’ and critical stress intensity for frac-
ture (K , K or KId) in a structural member with a flaw. In an un-

i ¢ Vie”
; flawed structural member, as the load is increased, the nominal stress
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0 = Stress in Stryctural Configuration

Magnitude of Stress Along

/ X Axis, oy

Crack Tip

K
! 1 8 38
o= —grgtrr COS 5 (1-SIN 3 SIN 3 )

K
1 ] 38
Oy = COos (1 +SIN SIN 5)
sty CO5. T SINT

Figure E1. Elastic stress field distribution ahead of a crack.
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increases until a limit loading (yielding) occurs. As the load is
increased in a structural member with a flaw (or as the size of the
flaw grows by fatigue or stress corrosion), KI increases until a

1imit condition (fracture at Kc’ KIc"KId) occurs., Thus, the KI level
in a structure should always be kept below the critical value in the
same manner that the nominal design stress is kept below the limit
loading.

Another analogy that may be useful in understanding the funda-
mental aspects of fracture mechanics is the comparison with the Euler
column instability (Figure E4). The stress level required to cause
instability (buckling) in a column decreases as the L/r ratio in-
creases. Similarly, the stress level required to cause instability
(fracture) in a flawed tension member decreases as the flaw size in-
creases. As the stress level in either case approaches the yield
strength, both the Euler analysis and the KC analysis are invalidated
because of yielding. To prevent buckling, the actual stress and L/r
values must be below the Euler curve. To prevent fracture, the actual
stress and flaw size must be below the KIc or KC level (Figure E4).
Obviously, using a material with an increased level of notch tough-
ness will increase the possible combinations of design stress and flaw
size that a structure can tolerate without fracturing.

At this point, it should be reemphasized that the Kc levels for
most common structural steels cannot be measured directly using exist-
ing American Society for Testing and Materials (ASTM) standardized
test methods. Thus, although the concepts of fracture mechanics can
be used to develop fracture control guidelines and desirable toughness
levels, current technology does not permit measurement of actual KIc
or KC values for most commonly used structural metals at service tem-
peratures. Traditional notch toughness tests (e.g., CVN, nil ductil-
ity transition (NDT), etc.) are therefore widely used at the present
time to specify the notch toughness requirements for various structural
applications. The recently developed AASHTO material toughness
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1
requirements for nonmilitary bridge steels and the American Society |
of Mechanical Engineers (ASME) toughness requirements for steels for
nuclear vessels use such test methods. In both of these cases, frac-
ture mechanics concepts were used to develop the desired toughness
requirements, but the actual material toughness requirements are in i

terms of CVN or NDT (values based on empirical correlations). The
same approach is followed in this study for T/0 bridges.

Figure E5 is a schematic representation for a given material of
the basic difference in behavior of T/0 and nonmilitary bridges de-
scribed as a function of flaw size and stress level. It should be
emphasized that the following description is not a specific design
procedure, but rather a description of the difference between the
general service behavior of nonmilitary and T/0 bridges. Nonmilitary
bridges built of A 36 steel generally have a maximum allowable stress
level of approximately 20 ksi and some initial flaw size a, that de-
pends on quality of fabrication and inspection. Thus, critical mem-
bers in these bridges can have an initial KI value as shown in
Figure E5. During the 1ife of the structure, this initial flaw may
grow by fatigue. Hopefully, the crack does not reach a value of a
so the KI value does not reach K . The K curve is a Tocus of the
various combinations of stress and flaw s1ze that can lead to fa11ure
at a particular set of service conditions that include temperature,
loading rate, and plate thickness. If the crack does reach a value
of acs and KI reaches Kc’ complete failure of the structure does not
necessarily occur, depending on the redundancy of the overall struc-
ture.

T/0 bridges are currently designed for a stress level of 27 ksi
(TM 5-312), based on a minimum yield strength of 33 ksi. If it is
assumed that the quality of fabrication and inspection is similar to
that of civilian bridges (ao is the same), then the initial KI value

f

* The fracture condition provided in the design specifications in-
cludes an adjustment for factor of safety.

92




*sabptuag /1 pue AuelL|lwuou jo

JOLARYSQ 92LAU3S UL dOUBUd4LP |eududb Guimoys weuberp dijewsydss °G3 a4nbiyg

~=——————"NI ‘32I1S MV 4

(IVILIND)
(AYVLIINNON) o (071)4p
1

-t O
-]

HLMOY9 MIOVHI 3NOILVY -——

(S390148 AYVLITIWNON)
3417 NOIS3a

|

1

1

|

|

|

>

<— 34NLOVYS m

«—(34NNVI) N

=

‘3ANND
(34NTIV4) % 3HL A8 G3AINO¥d ALl34VS 40 ¥O0LIOVd 3HL NO ON3d3d
TUM 3¥NTVE S0 ALINIGISSOd 3HL ‘NMOHS 3417 NOIS30 3HL 1V

T oz
i
(s39ai¥8 0/1)!
3411 N9IS30 |
! ]

<— 34N 10vyd |n|..m+u it LR

(IviLiNg Ix
15y
SS3u1S

93




for T/0 bridges is much closer to the Kc value than it is for non-
military bridges. However, the design 1ife is much less (2 to 5 years)
so the actual degree of safety or reliability may be similar.

The current AASHTO design practice to prevent brittle fracture
in nonmilitary bridges of A 36 steel is to specify notch toughness
requirements in terms of Charpy V-notch impact test results for three
different ranges of service temperatures. For -60°F service a Charpy
V-notch impact value of 15 ft-1b at +10°F is specified as a minimum
level of material toughness. (The difference between service tempera-
ture and testing temperature can be accounted for by a strain-rate
shift.) For T/0 structures, the same Charpy V-notch impact toughness
specifications are recommended, but because of the shorter design
lives, higher design stresses can be safely used, as described in the
Design Stress Adjustment for Temperature section of this appendix.

Materials Selection

For T/0 structures that may be subjected to service temperatures
between -30° and -60°F, all primary tension load-carrying members :
should be fabricated from structural steels meeting the ASTM A 709
(S4, Supplementary Requirements), Zone III Material-Toughness Specifi-
cations.'? Use of steels meeting either the Zone I or Zone 2 tough-
ness requirements is allowed, but a reduction factor must be 3pE1fed
to the design stress as described in the Design Stress Adjustment for
Temperature section in this appendix.

Meeting these material requirements will not nec&ssarily guarantee
the absence of brittle fractures in T/0 structures but will insure
that the steels do have some moderate level of notch toughness at
these temperatures and that if designed and fabricated properly, the
structures should perform satisfactorily during their 2 to 5 year
lifetime.

-

% Standard Specifications for Structural Steel for Bridges, A 709-74,
S4 Supplementary Requirements (American Society for Testing and
Materials, 1974).
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Secondary structural members and primary compression load-carrying
members do not need to meet the ASTM material toughness requirements,
but should meet all other ASTM requirements for the steel.

Weld metals used to fabricate T/0 structures also should meet
the AASHTO toughness requirements'® using weld-metal impact specimens
in accordance with American Welding Society (AWS) testing procedures.'®
In addition, all applicable AWS requirements for the qualification of
welding procedures should be followed. Heat-affected zone notch-
toughness specimens are not required for these steels.

Because there are no corresponding toughness requirements for
high-strength bolts used in nonmilitary bridges, no toughness require-
ments are recommended for high-strength bolts.

Design Stress Adjustment for Temperature

Because there may be situations where it is necessary to use
bridge steels that do not meet the appropriate material toughness re-
quirements for the minimum expected service temperature, reduction
factors have been established for application to the maximum allowable
static tensile design stress in such instances. The reduced stress
is referred to as the "service-temperature-adjusted” maximum allowable
tensile design stress. These reduction factors (Table E1) are based
on a KIc value at -60°F of no more than 33 ksi /in, for the Zone I
steels and 43 ksi /in. or higher for the Zone III steels. Accordingly,
if the minimum service temperature is to be in the range of -30° to
-60°F, lower design stresses are necessary: a reduction factor of
0.6 is used for Zone I steel, 0.8 for Zone II steel, and 1.0 for Zone
II1 steel.

'3 "Material Toughness Requirements," Standard Specifications for
Highway Bridges (American Association of State Highway and Trans-
portation Officials, 1973).

1% Specification for Mild Steel Covered Arc-Welding Electrodes, AWS
A5.1 (American Welding Society [AWS]).
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Table E1

Temperature Reduction Factor for Maximum Allowable Static
Tensile Design Stress at Low Temperatures

Reduction Factors for Service Temperatures of |

Steel Type -31 to -60°F -1 to -30°F +32 to 0°F  Above 32° "

Zone 111 1.0 1.0 1.0 1.0

Zone 11 0.8 1.0 1.0 1.0 5
F

Zone 1 0.6 0.8 1.0 1.0

General Not permitted 0.6 0.8 1.0

(no toughness

control)

The three zone steel types conform to the S4 supplementary require-
ments of ASTM A 709-74.

The temperature reduction factors in Table E1 can be related to
the material properties and flaw sizes using information of the type
presented in Figures E6 and E7. These figures include curves that
represent what is considered to be an upper bound for the Zone I
steels (or approximately the lower bound for the Zone II steels) and
a lower bound for the Zone III steels. At any given flaw size, the
ratio of stresses provided by these curves is approximately 0.8. Con-
sequently, a factor of 0.8 has been used for Zone II steels at a ser-
vice temperature of -60°F, Because a similar reduction can be expected
for Zone I steels, a 0.6 reduction factor is specified for this type
of steel when used at -60°F. Comparable reductions have been included
for the other temperature ranges of -1° to -30°F and +32° to O°F.
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Figure E6. Stress-flaw size relationships for plate
with crack growing from a hole--A 36 steel
at -60°F (intermediate loading rate).
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Figure £7. Stress-flaw size relationships for plate
with an edge crack--A 36 steel at -60°F
(intermediate loading rate).
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For a given service temperature range, the reduction factors in
Table E1 are based on the requirement that if repeated loadings (fa-
tigue) cause a crack to propagate, the safety of the structure against
brittle fracture will be approximately the same for all the steels.
If, however, the stress range at the location in question is suffi-
ciently low, a fatigue crack may not develop and the "service-tempera-
ture-adjusted" maximum allowable tensile design stress will provide a

design less susceptible to brittle fracture,
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APPENDIX F:

DEVELOPMENT OF BRIDGE FATIGUE
DESIGN CRITERIA

Introductory Remarks on Fatique

In contrast to design for static loadings, which is in terms of
loads and static load capacity, fatigue design requires consideration
of (1) the details at which fatigue may control the design, (2) the
stress ranges or loading frequency history to which these details will
be subjected, (3) the number of cycles of loading to which the details
will be subjected, and (4) the allowable fatigue stress range, based
on the first three factors.

In developing the fatigue design provisions, consideration was
given to the principal factors that affect fatigue. In addition,
suitable statistical distributions, damage criteria, and selected
loading histories were used to develop the recommended design require-
ments.

For a given structural member or detail, such as those shown in
Figure 1 and Table 10 of Chapter 3, Volume I, the fatigue life under
constant-cycle repeated loads is principally a function of the stress
range to which the detail is subjected. Although the mean stress can
also affect the fatigue life, its effect is smaller than that of the
stress range. Since including the mean stress would greatly compli-
cate fatigue design, the basic relationship on which fatigue designs
are currently based is as shown in Figure F1.

Under more realistic fatigue loadings, such as those to which
bridges may be subjected (Figure F2 shows the four loading frequency
distributions considered in this study), relationships similar to ?
that in Figure F1 can be obtained in terms of the maximum stress range
in the loading distribution. Approximations of these relationships
can be obtained from the constant cycle data (such as those shown in
Figure F1) and the use of a fatigue damage rule. The most common rule,
that used herein, is Miner's linear damage rule.
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Figure F1.

Schematic S-n curve for a given detail.
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Considering also the statistical distribution of the basic data,
recommended allowable maximum-stress ranges based on selected levels
of reliability can be developed (Table F1).

Fatigue design can then be based on a selected level of reliabil-
ity and the factors noted earlier: (1) the structural detail (Figure
1 and Table 10 of Chapter 3, Volume I), (2) the load type (Figure F2),
and (3) the number of cycles of loading (see Table 11, Chapter 3,
Volume I). Table F1 shows the resulting allowable fatigue stress
ranges. These values can also be shown in terms of the minimum stress,
maximum stress, and stress range in a fatigue diagram'® of the type
presented in Figure F3. This diagram shows that under certain condi-
tions (various combinations of minimum stress and maximum stress), the
design will be governed by the allowable fatigue stresses, while under
other conditions it will be governed by the maximum allowable static
tensile design stress.

Whether the allowable fatigue stress range or the static design
stress controls will depend on the magnitude of the minimum stress and
the allowable stress range. If the resulting maximum fatigue stress
(minimum stress plus stress range) is greater than the maximum allow-
able static design stress, the latter will control. If the maximum
repeated load stress is below the static design stress, the allowable
fatigue stress range will control. For example, at points A and B in
Figure F3 (corresponding to certain minimum and maximum stresses and
50,000 or 100,000 cycles of loading) the static design stress will
control; however, at point C (500,000 cycles of loading) the allowable
fatigue design stress range will control.

It should be noted that the maximum allowable static tensile
stress may be reduced because of low temperature service conditions
(see Appendix E). Such a reduction will modify the fatigue require-
ments as shown in Figure F4. For 50,000 or 100,000 cycles of loading
(points D and E), the "service-temperature-adjusted" maximum allowable

"> For more detail see W. H. Munse, Fatigue of Welded Steel Struc-

tures (Welding Research Council, 1964).
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Table F1

Determination of Recommended Maximum Allowable
Stress Ranges for Fatigue

Steps to determine the maximum allowable stress range, Sr:

1. Determine reliability factor R" from Table Fi(a).

Table F1(a)
| R Factors
|
Reliability Level R
0.90 1.15
0.95 1.00
0.99 0.76
% 2. Determine load-type factor CL** from Table F1(b).
Table F1(b)
CL Factors
Load
! Type Load Description (Also see Figure F2.) CL
:
; 1 Primarily 1ight weight vehicle crossings--50 percent 1.90
of vehicles crossing weigh less than 0.3 of the
maximum permitted vehicle weight.
I1 Primarily medium weight vehicle crossings--50 percent 1.35
4 of vehicles crossing weigh more than 0.5 of the
maximum permitted vehicle weight.
i 111 Primarily heavy weight vehicle crossings--50 percent 1.00
of vehicles crossing weigh more than 0.7 of the
maximum permitted vehicle weight.
IV A1l vehicle crossings are the maximum permitted 0.75

vehicle weight.

3. Determine the maximum allowable fatigue design stress range
Sy * RCLS

where S = base allowable stress range given in Table Fl1(c),

* For T/0 bridges, a 0.95 level of reliability is recommended.

T/0 bridges.
104
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Table F1(c)

Base Allowable Stress Range S

Base Allowable Stress Range (ksi)
No. of Cycles

Detail
50,000 100,000 500,000 2,000,000
1(1) 45.3 42,2 35.8 31.0
1(2) 59.1 54.3 44,5 37.5
2(1) 46.8 42.1 32.8 26.5
2(2) 52.8 47.1 36.2 28.8
2 43.0 38.0 28.4 22.1
4 56.1 43.6 24,3 4.7
5 25.3 20.3 12,2 7.9
6 56.1 43.6 24.3 14.7
7 36.4 29.9 18.9 12.7
8 47.7 43.6 3.3 29.4
9(1) 27 24,7 19.8 16.5
9(2) 37.5 34.1 27.5 22.8
10 37.8 30.8 19.2 Vew)
11 40.6 33.9 e 155
12 35.2 2l.7 15.9 9.8
13 42.1 36.1 5.3 18.6
14 34,2 27.9 17.5 1.7
15 25.0 20.5 12.9 8.6
] 6 *% *k Y%k *
17 25,2 20.6 12.9 8.6
18 17.0 12.9 6.7 359
19(1) 23.9 21.3 16.3 129
19(2) 29:5 21.0 16.0 2.7
20(1) 36.5 29.1 17:.2 10.9
20(2) 16.7 14.3 10.1 7.4
21 36.2 32.6 25.6 20.8
22 44,7 34.6 19.1 115
23 35.9 29.0 17.7 11.5
24 35.9 29.0 el [0 7%
25 40.6 30.8 16.3 9.4
26 26.7 222 14.4 10.0
27(1) 20.1 17.4 12.3 9,1
27(2) 21.8 18.7 13.0 9.6

~* For description of details see Figure 1 and Table 10 of Chapter 3,
Volume 1.
** This detail not recommended.
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tensile stress will control the design; at 500,000 cycles (point F),
the allowable fatigue design stress range will control. If the proper
material is used, the basic static design will control at 50,000
cycles of loading (point D); however, at points E and F the allowable
fatigue design stress range will control. Thus, the controlling de-
sign stress depends on the temperature and type of steel, type of
detail, load type, and frequency of Toading.

The design example in Chapter 5 of Volume I shows how this infor-
mation can be applied.

Development of Reliability-Based
Fatigue Criteria

This section describes a procedure used to develop criteria for
design against fatigue based on the available information, concepts of
reliability, and an existing state-of-the-art fatigue analysis. The
basic assumptions in this development were:

1. Design for fatigue conditions should be viewed from the stand-
point of assuring a specified useful life

2. Because fatigue life is a random variable even under constant
stress range, the various sources of uncertainty should be reflected
in the development of the design criteria

3. Criteria for design must be developed for random loadings
without the benefit of extensive test data for random loads.

Allowable design stress ranges were developed for the principal
structural details; design within these allowable stress ranges should
assure a required useful 1ife under a specified reliability level,
Design for Constant-Amplitude
Stress Range

Fatigue is primarily a function of the range of applied loading,
that is, the maximum stress minus the minimum applied stress. Even
under the idealized condition of fatigue under constant-amplitude
stress range, the fatigue life of a structural ccmponent or detail has




been observed to have considerable variability and, therefore, should
be described with a random variable. The mean fatigue life and as-
sociated variability can be evaluated directly from experimental data
available for a specified material and type of detail,!®

The required mean life ﬁb necessary to insure a useful life o
with a reliability of L(no), based on a Weibull distribution for fa-

tigue Tife is?’

b e o

[. np = "oYL [Eq F1]

where | is the fatigue life factor, or scatter factor, given by

y =Ll ra) [Eq F2]
11 - Lny)]
where T = gamma function
& Q:]°08
Qn = uncertainty level in fatigue life n.

Under a constant-amplitude stress range, therefore, the allowable
design stress range SD is obtained from the appropriate S-n equation
as follows:

s, = (i—)‘/“‘ [Eq F3)
"D
where ﬁb = the required mean life of Eq F1
¢ = the intercept of the S-n relationship
m = the slope of the S-n relationship.

T& For an example, see T. R. Gurney and S. J. Maddox, A Re-Analysis
of Fatigue Data for Welded Joints in Steel, Research Report No,
E-44/72 (The Welding Institute, Cambridge, England, January 1972);
and W, H. Munse, Fatigue of Welded Steel Structures (Welding Re-
search Council, 1964).

17 |, I. Knab, A, H-S. Ang, and W. H. Munse, "Reliability Based Fa-
tigue Design Code for Military Bridges," Proceedings of ASCE Spe-
cialty Conference on Metal Bridges (November 1974).
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Equation F2 indicates that the development of design criteria for fa-
tigue requires the determination or assessment of the uncertainty mea-
sure Qn’ which is expressed in terms of the coefficients of variation
of the fatigue 1ife n. In particular, this includes the uncertainty
associated with the basic variability of fatigue life as reflected in
and estimated from the scatter of experimental data obtained under
constant stress range, as well as the uncertainty arising from the
estimation of the mean fatigue life. The Tatter would include un-
certainties in the specification of the loading and in the S-n equa-
tion used for the particular detail.

Design for Random Stress Range

The results presented thus far pertain to and are applicable only
for uniform constant-amplitude stress ranges, Because stresses in-
duced by actual vehicular live loads will cover a spectrum of stress-
range values, fatigue under random stresses must be considered. The
relationships given for constant stress range can be extended to situa-
tions involving variable or random stress ranges; however, for this
purpose a damage rule is required. Although various damage rules have
been proposed, the linear damage rule of Palmgren-Miner is perhaps the
most widely used. In spite of the shortcomings of the Palmgren-Miner
hypothesis, it is the most workable available damage rule. Despite
the weaknesses of the Miner Rule for random fatigue, there is evidence
to support its validity for bridge members subjected to random traffic-
induced loads.'® Accordingly, this damage rule was adapted for use
in the development of fatigue criteria for random loading.

*% W. H, Murse, J. R, Fuller, and K. S, Petersen, Cunulative Damage in
Structural Joints, AREA Bulletin 544 (June-July 1958), p 67; G.
Welter, and J. A. Choquet, "Variable Stress Cycle Fatigue of Large
Butt-Welded Specimens," Welding Jowrmal, Vol 46, No. 1 (January
1967), pp 39-s to 48-3; C. G. Schilling, H. H. Klippstein, J. M,
Barsom, and G. T. Blake, Fatigue of Welded Steel Bridge Members Un-
der Variable-Amplitude Loadings, Research Results Digest, Highway
Research Board Digest 60 (April 1974); and Harold S. Reemsnyder,
Fatigue Life Extension of Riveted Structural Connections, paper
presented at ASCE Specialty Conference on Metal Bridges, St. Louis,
MO (November 1974).
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The distribution of the applied stress range S may be conveniently
modeled with the beta~distribution; Figure F2 shows a typical example
of such a frequency distribution. The beta distribution is a versa-
tile distribution with specified upper and lower limits for the stress
range; it can be made symmetrical or skewed one way or the other by
proper selection of the distribution parameters. In light of its versa-
tility and the fact that upper limits in the stress range can be ex-
pected from vehicular traffic, this particular form of the distribution
function shown in Figure F2 is considered appropriate. In particular,
three beta-distribution types of loading or load patterns are bre-
scribed, corresponding to a high frequency of "light" (I), "medium"
(II), or "heavy" (III) vehicles, respectively. These three load pat-
terns are shown graphically in Figure F2 and can be described, respec-
tively, with the following values of the parameters q and r of the
beta-distribution:

I light vehicles

9
2
II medium vehicles 5
5

N(.HU'II‘1

III heavy vehicles

In addition, a type IV distribution provides for those cases in which
the stress range is constant for the life of the structure.

Assuming that the stress range is beta distributed, the maximum
permissible stress-range S0 in design under a random stress condition
ile

S, S ESp [Eq F4)]

"7 L. I. Knab, A, H-S. Ang, and H. W. Munse, "Reliability Based Fa-
tigue Design Code for Military Bridges," Proceedings of the ASCE
Specialty Conference on Metal Bridges (November 1974).
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where SD = allowable design stress range under constant-amplitude
stress range (Eq F3)
£ = random stress factor given by

1/m :
Sl le o g 7

Analysis of Uncertainty

One of the main problems in the developments described above and,
in fact, in the development of any design criteria, is the assessment
of the uncertainty measure Qn‘ Engineering judgment may be required
in the assessment of realistic uncertainty levels.

The value of Qn may be evaluated by assessing the individual
sources of uncertainty and combining them systematically through sta-
tistical methods. For this purpose, a first-order statistical analysis
was made.2? On the basis of the S-n equation,

ns" = ¢ [Eq F6]

the first-order approximation for Qn yields,

-
Qn Qf

+ ol + ng + (m wn5) 2ol [Eq F7]
where m and ¢ = the slope and intercept of the S-n equation, respec-
tively
S = the mean stress range
and the uncertainty measures are expressed in terms of coefficient
of variation (COV):

7K. H-S. Ang, "Structural Risk Analysis and Reliability-Based Design,"
Journal of the Structural Division, ASCE, Vol 99, No. ST9 (September
1973), pp 1891-1910.
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9§ = the uncertainty in the mean stress range S, including the
uncertainties in the stress analysis as well as in the
load amplification due to impact

= the uncertainty in the intercept of the S-n regression
equation, including the effect of the quality of fabrica-
tion and workmanship

Q@ = the uncertainty in the slope of the S-n regression equa-

tion, including the effect of the quality of workmanship

and fabrication

2 2

the average variability or scatter of fatigue life data

about the S-n regression equation

Af = the inaccuracy of the fatigue model, including the imper-
fections in the Palmgren-Miner damage rule and the form of
the S-n equation.

£
(1)
S
(1]
2 2
—h
noon

Bvaluation of Uncertainty

The development of allowable stress ranges for the structural de-
tails considered (see Figure 1 and Table 10 of Chapter 3, Volume I) must
account for the uncertainties associated with the variabilities in the
loading and fatigue life of each detail, as well as the inaccuracies
in the definition and analysis of the live load effects and the predic-
tion of fatigue life. These uncertainties were analyzed and assessed
as follows.

Evaluation of Qg. One of the sources of uncertainty in the stress
range Q§ is the uncertainty associated with the estimation or analysis
of the mean stress range S (the variability in the stress range S is
accounted for in Eq F7), or in other words, the uncertainty associated
with the specification of the mean stress range as represented in the
load patterns of Figure F2, It was felt that the error in structural
analysis would not be very large; accordingly, a COV of 5 percent
(AS = 5 percent) was assigned for this error.
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The other component of Qg is the uncertainty due to impact. Data
on impact coefficients for railroad bridges have been obtained for
various railway bridge span lengths and train speeds.?' An analysis
of these data shows that the average variability of the impact coef-
ficient is approximately 8 percent (5Im = 0,08). Assuming that the im-
pact factor used in design is based on field measurements such as
those described by Byers, any additional uncertainty associated with
the average impact factor should be negligible. Therefore, considering
that the effect of impact is normally treated as a multiplicative fac-

tor on the stress range S gives
Qg = Y/ Ai + dfm = /.052 + .082 = 0.09 [Eq F8]

Evaluation of Q.. Qf represents the uncertainty underlying the
prediction of fatigue 1ife and may be analyzed in two parts as follows:

Q% n 52 + AZ [Eq F9]

f f

where 6f = the average variability about the mean regression equa-
tion of test data for a particular structural detail.

This variability (éf) has been analyzed by Gurney and Maddox??
for a large number of details; for structural details not covered by
Gurney and Maddox, the required variabilities were evaluated using ex-
tensive available data. Table F2 summarizes the results for all the
details presented in Figure 1 and Table 10 of Chapter 3, Volume I.

Additional uncertainties in the prediction of mean fatigue life
include those due to the imperfection of the fatigue models,

ZI William G. Byers, "Impact from Railway Loading on Steel Girder
Spans," Journal of the Structural Divieion, ASCE, Vol 96, No. ST6
(June 1970), pp 1093-1103.

T. R. Gurney and S, J. Maddox, A4 Re-Analysis of Fatique Data for
Welded Joints in Steel, Research Report No. E/44/72 (The Welding
Institute, Cambridge, England, January 1972).
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Table F2

Summary of Uncertainties in Fatigue Life Parameters

:;t.an cf B¢ logwc Q. m g o

1(1):‘ 0.56 0.15 21.5082 0.40 -9.778 0.09 1.3

@), 0.63 0.15 19.6140 0.40 -8.080 0.09 1.05 |
2 0.56 0.15 16.0157 0.40 -6.484 0.09 0.91 | |
2(2) 0.63 0.15 15,7611 0.40 -6.102 0.09 0.94

3 0.35 0.15 14,0231 0.40 -5.524 0.09 0.74

4 0.35 0.15 9.8599 0.40 -2.750 0.09 0.60

5 0.2 0.15 9.3838 0.40 -3.168 0.09 0.55

6 0.35 0.15 9.8599 0.40 -2.750 0.09 0.60

7 0.49 - 0.15 10.6089 0.40 -3.500 0.09 0.72

8 0.86 0.15 18.3252 0.40 -7.618 0.09 1.18 j
ot 0.85 0.15 16.1598 0.40 -7.427 0.09 1.16 :
92yt 0.77 0.15 17.1006 0.40 -7.419 0.09 1.10

10 0.62 0.15 10.6335 0.40 -3.388 0.09 £.8)

1 0.42 0.15 11.2471 0.40 -3.843 0.09 0.69

12 0.55 0.15 9.7112 0.40 -2.895 0.09 c.74

13 0.41 0.15 12.4019 0.40 -4.530 ~0.09 C.72

14 0.46 0.15 10.3885 0.40 -3.437 0.09 €.70

15 0.40 0.15 9.9206 0.40 -3.478 0.09 C.66

16 0.67 0.15 10.8316 0.40 -3.721 0.09 C.86

17 0.47 0.15 9.9313 0.40 -3.430 0.09 8.7

18 0.47 0.15 8.2372 0.40 -2.488 0.09 0.67

19(1)* 0.83 0.15 13.7478 0.40 -5,997 0.09 1.08

19(2)* 0.86 0.15 13.7474 0.40 -5.997 0.09 1.10

20(1)* 0.46 0.15 9.9037 0.40 -3.054 0.09 0.69

20(2)* 0.67 0.15 10.8804 0.40 -4.559 0.09 0.89

21 0.80 0.15 15.8602 0.40 -6.681 0.09 1.09

22 0.30 0.15 9.4933 0.40 -2.714 0.09 0.58

23 0.30 0.15 10.0404 0.40 -3.246 0.09 0.60

24 0.30 0.15 10.0404 0.40 -3,246 0.09 0.60

25 0.49 0.15 9.2560 0.40 -2.526 0.09 0.69

26 0.39 0.15 10. 3807 0.40 -3.742 0.09 0.67

2in?t 0.58 0.15 11.2706 0.40 -4,652 0.09 0.83

27(2)* 0.46 0.15 11.0889 0.40 -4,485 0.09 0.75

* For mild steels such as A 36, A 7, A 373, etc.

** For high-strength Tow alloy steels such as A 242, A 588, A572 Grade 50, etc.
¥ stress on base metal.

T Shear on the fasteners.

* Stress on throat of weld.
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specifically those arising from the deficiency of the Palmgren-Miner
rule and the form of the S-n equation used. In this connection, an
aggregate uncertainty of 15 percent is assigned (Af = 0.15); this level

of uncertainty is perhaps on the high (safe) side considering that the Palm-
gren-Miner hypothesis has been shown to be reasonable for fatique of bridge

members. It follows then that

fl, = /(0.15)2 # 6: [Eq F10]

f f

where Gf is as given in Table F2 for the specific detail involved,

Evaluation of Qc and Qm. Qc and Qm represent the uncertainties
associated with the estimation of the intercept and slope of the S-n
equation for a specific detail. Both of these factors should reflect
the uncertainties associated with the quality of workmanship in fabri-
cation, as well as the possible differences between field and labora-
tory conditions, since fatigue data are largely obtained from
laboratory specimens. In this regard, Gurney and Maddox?® report
ranges of ¢ and m representing approximately +2 standard deviations
from the respective mean values. On this basis, the corresponding
coefficient of variation for c was found to range from 0.08 to 0.89,
with an average value of 0.37. The range of ¢ reported by Gurney and
Maddox includes the effect of the slope m of the S-n regression equa-
tions, meaning that the uncertainty in m has been reflected in Qc’ and
therefore Qm = 0.0 should be used in Eq F7. Allowing an additional
uncertainty of 15 percent to account for field conditions gives

o = /0.37% + 0.15° = 0.40 [Eq F11]

C

The total uncertainty in fatigue life Qn can be obtained using Eq F7

“* 1. R. Gurney and S. J. Maddox, A Re-Analysis of Fatigue Data for

Welded Joints in Steel, Report No. E/44/72 (The Welding Institute,
January 1972).
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with the various sources of uncertainties evaluated as described above
and tabulated in Table F2, Table F2 summarizes the results for each
type of detail,

Development of Fatigue Allowable
Stress Ranges

Table F1 summarizes the recommended allowable stress ranges for
the 27 structural details commonly found in bridge structures. These
were developed for reliability levels of 90, 95 and 99 percent and
lives of 50,000, 100,000, 500,000 and 2,000,000 cycles.

The 1680 allowable stress range values for 33 categories in the
details, four load types, four magnitudes of life, and three levels
of reliability were reduced to 140 values by using reliability (R)
and load-type (CL) factors developed as described below.

The relationship between two allowable stress ranges, Sr] and
Sr2’ corresponding to reliability levels of Ll("o) and LZ("o)’ for a
given number of cycles (no), detail type (c, m, and Qn), and Toad type

N i e Sl i

(q and r) can be shown to be: 1
3 1/m ‘
S 1 & Laln)
[gr:l] . [_____.__‘ 0 ]a (Eq F12]
r2)q [1 % L2(no)]

where a is as defined in Eq F2.

Table F3 gives the values of Sri/SrZ’ for the various details us-
ing the 0.95 reliability level as a base. Two sets of SH/Sr2 ratios
are presented: one set corresponding to reliability levels of 0.90 i
and 0,95 and the other corresponding to 0.99 and 0.95. Based on Table
F3, representative ratios between allowable stress ranges for the 0.90
and 0.95 levels, and 0.99 and 0.95 levels were chosen as:

(s.) :

TS—%—-—Z% = 1.15 [Eq F13] l

e 3
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Table F3

Values of Srl/SrZ Used to Determine Reliability Factor, R

= *%x * %
Detail Humber (S¢) g 90 (S+)0.99
S¢)p. 95 (5Jo.95
101) 1.08 0.83
1¢2) 1.09 0.81
2(1) 1.10 0.0
2(2) 1.11 0.78
3 1.10 0.81
4 1.16 0.71
5 1.12 0.76
6 1.16 0.71
7 1.15 0.72
8 1.1 0.78
9(1) 1.12 0.78
9(2) 3o 0.79
10 1.18 0.68
1M Tl 0.75 b
12 1.19 0.67
13 1.1 0.78
1 1.15 0.73
15 1.14 0.74
16 Ltz 0.69
17 1.15 0.72
18 1.20 0.66
19(1) 1.13 0.75
19(2) 1.14 0.74
20(1) 1.16 0.70
20(2) 1.14 0.73
2] 1.12 0.77
22 1.15 0.72
23 1.13 0.75
24 1.13 0.75
25 1.20 0.65
26 1.13 0.76
27(1) 1.13 0.75
27(2) 1.12 0.77
Avg = 1.14 Avg = 0,74

—
For description of details, see Figure 1 and Table 10 of Chapter 3,
%% Volume I,
0.90, 0.95, and 0.99 subscripts refer to reliability level of allow-
able stress range Sr.
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(S
T@;j—gg = 0.75 [Eq F14]

where the 0.90, 0.95, and 0.99 subscripts refer to the reliability
levels of the allowable stress range.

The values of SrI/SrZ given by Eq F13 and F14 are used as the re-
liability factors (R) in Table F1,

The relationship between two allowable stress ranges, Sr] and
Srz’ corresponding to two different load types, for a given reliability
level, detail, and life can be shown to be:

S g
. [Eq F15]
re)c )
L

where 51 and €95 given by Eq F5, refer to the load types (I, II, III,
or IV in Figure ¥F2). As evident from Eq F5, & depends only on r, q
(load type distribution parameters), and m (detail parameter).

Values of SrI/SrZ based on Eq F15 are shown in Table F4 for dif-
ferent load types, using load type III as a base., Based on Table F4,
representative ratios between allowable stress ranges for different
load types were chosen as:

1.90 [Eq F16]

(%)
—
—
—

[{

S = .30 [Eq F17]

(Sp) 1y

(5111

0.75 [Eq F18]

where I, II, III, and IV subscripts refer to load type. The values of
the ratios of Eq F16, F17, and F18 are used as the C
in Table F1.

L load type factors
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Table F4 '

Values of SN/SW2 Used to Determine Load Type Factor, CL
*% EX3 *k
A (5. (s.) (s.)
Detail Number y— (S—")L Ts_r)ﬂ“‘
: r’'111 r'Ill r’'111
1(1) 1.58 1.28 0.81 3
1(2) 1.65 1.30 0.80 :
2(1) 1.73 1.32 0.79
2(2) 1.76 1.32 0.78
3 1.80 1.33 0.78
4 2.10 1.38 0.74
5 2.04 1.37 0.75
6 2.10 1.38 0.74
7 1.99 1.37 0.75
8 1.67 1.30 0.80
9(1; 1.68 1.33 0.79
9(2 1.68 1.31 0.79
10 2,01 1.37 0.75
1 1.95 1.36 0.76
12 2.08 1.38 0.75
13 1.88 1.35 0.77
14 2.00 1.37 0.75
15 2.00 1.37 0.75
16 1.97 1.36 0.76
17 2.00 1.37 0.75
18 2.14 1.39 0.74
19(1) 1.76 1.32 0.78
19(2) 1.76 1.32 0.78
20(1) 2.05 1.38 0.75
20(2) 1.88 1.35 0.77
21 1.72 1.32 0.79
22 2.10 1.38 0.74
23 2.03 1.37 0.75
24 2.03 1.37 0.75
25 2.14 1.39 0.74
26 1.96 1.36 0.76
27(1) 1.87 1.35 0.77
i 27(2) 1.88 1.35 0.77
Avg. =1.91 Avg. = 1.35 Avg. = 0.76

¥ For description of details, see Figure 1 and Table 10 of Chapter 3,
% VOlume I.
I, IT, III, and IV subscripts refer to load types.
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Fatigue Design Procedure

The fatigue design data discussed above make possible fatigue de-
sign of T/0 bridges for random loadings on a reliability basis. The
steps necessary for such a design, or design check, are

1. The detail in question shall be categorized in terms of the
details in Figure 1 and Table 10 of Chapter 3, Volume I (details 1
through 27).

2. The load frequency distribution of Figure F2 that best re-
presents the expected loading over the life of the detail shall be
selected (Type I, II, III, or IV). If load type information is not
available, Load Type III is recommended.

3. The number of cycles of loading expected at the detail in
question during the useful life of the structure shall be established
(50,000 or less, 100,000 or less, 500,000 or less, or 2,000,000 or
less). See Table 11, Chapter 3, Volume I,

4. The desired level of reliability (90, 95, or 99 percent) shall
be chosen. Based on extensive analyses and comparisons with reliabil-
ity levels corresponding to permanent bridge fatigue criteria, a 95
percent reliability level is recommended for T/0 bridge fatigue al-
lowable stress ranges.

5. The magnitude of the maximum allowable design stress range
for the detail in question shall then be determined from Table Fl
(using the appropriate classifiers from steps 1 through 4 above).
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APPENDIX G:

MEAN AND VARIABILITY OF RESISTANCE
OF FASTENERS AND CONNECTIONS FOR
THE STATIC LOAD CASE

Resistance Functions - Laboratory
Data - Fasteners and Connections

To establish the design relationships for steel fasteners and
connections based on statistical concepts, data are necessary from
which the mean strengths and values of the coefficients of variation
(cov) for these strengths can be determined. Numerous references were
assembled to obtain the necessary information for welds, rivets, and
bolts, and for various types of riveted, bolted, and welded connec-
tions under different loading conditions. These data were then stud-
jed and analyzed in detail to derive the necessary statistical

information.
Welds

Butt Welds. The welding electrodes for structural welds are gen-
erally selected to match or slightly over-match the strength of the
base metals with which they are used. Consequently, full-penetration
groove or butt welds deposited with electrodes selected on this basis
will have yield strengths that over-match, and ultimate strengths that
at least match and generally over-match the corresponding strengths
of the base metals being joined. Under these conditions, such welds,
whether subjected to tension or compression, would be adequately de-
signed if the same allowable stresses are used for the base metals
and welds. '

When base metals of different strengths are joined, the weld
metal will generally be matched to the weaker base metal; the permis-
sible weld stress, regardless of the weld classification used, should
not exceed that specified for the weaker base metal.

Partial-penetration groove welds subjected to compression normal
to the axis of the welds should also be designed for the same aitowable
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stresses as the base metal (assuming that they are fabricated with the
flat lands of the joint in contact). However, when subjected to ten-
sion normal to the axis of the welds, the stress should be based on
the effective throat of the we]d.* Welds such as groove or fillet
welds that join the elements of built-up members and are stressed in

a direction parallel to the axis of the welds (e.g., flange-to-web
welds of girders) participate directly with the elements and should be
designed without special regard to the tensile or compressive stress
in these elements parallel to the axis of the welds.

Fillet Welds. The "minimum" shear resistance of fillet welds
stressed in a direction parallel to the axis of such welds is a func-
tion of the tensile strength of the weld metal and can be taken as

Rn = CFExx [Eq G1]
where FEXX = the minimum specified ultimate tensile strength of the
weld metal (e.g., FEXX = 60 ksi for E60XX electrodes)
C = a coefficient that relates the shear and tensile strengths

of the weld metal. (A value of C = 0.7 is recommended on
the basis of existing data.)
However, to obtain the mean shear resistance of the weld metal, the
strength obtained from Eq G] must be adjusted for the difference be-
tween the actual strength of the weld metal and its minimum specified
tensile strength and for the difference expected between the actual
and nominal area of the throat of a weld.
The results of an extensive study of fillet welds?" (Table G1)
indicated that the mean shear strength of 1/4 to 1/2 in. longitudinal
fillet welds based on the measured area of the weld throat was

* The effective throat of a partial-penetration groove weld should be
taken as the depth of the groove or grooves.

24 AWS - AISC Fillet Weld Study-Longitudinal and Transverse Shear
Tests (Testing Engineers Inc., May 1968).
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Table G1
Mean Properties of Weld Metals
Table Gl(a)
Mean Shear Strength of Weld Metals

Computed Mean Shear Strength (ksi) Coefficient

Based on Based on of Variation

Nominal Actual*geld of Values in,
Electrode Weld Size Area Parentheses
E60XX 58.7 56.1 (55.1) 0.14
E70XX 65.6 63.0 (65.9) 0.09
E8OXX 72.1 69.1 ---
E90XX 77.6 74.5 (76.0) 0.09
E100XX 32.6 79.1 ---
ET10XX 86.6 83.0 (86.2) 0.12

*
Values computed from Eq G3 with C = 0,70, & = 1.10, Cr = 0.95, and
M. = (1.65-0.0052F.,,)
x%x W EXX

Values in parentheses are the mean strengths obtained in the labora-
tory tests performed by Testing Engineers, Inc.

Table G1(b)

flean Dimensions of Fillet Welds

Nominal Mean Measured Coefficient
Leg Size Size of
(in.) (in.) Variation
1/4 0.30 0.10
3/8 0.43 0.12
1/2 0.525 0.125
124
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approximately 10 to 30 percent greater than the strength given by Eq
G1 and can best be characterized by the following:

mean shear strength = CFEXX(],ss - 0.0052 F [Eq G2]

EXX)
with a COV of 10 percent. In addition, the actual leg size was ob-

served to be approximately 10 percent greater than the nominal leg

size with a coefficient of variation of 12 percent. This should also

be taken into account in establishing the strength of fillet welds.

The fillet weld study also found?® that the shear strength of a
transverse fillet weld (load applied in a direction normal to the axis
of the weld) is significantly greater than that indicated by Eq G2,
apparently because of the combined state of stress that exists on such
a weld. Based on the area of the measured throat of such welds, the
strength was found to be approximately 50 percent greater than the
nominal strength of the weld metal. Although this is considerably
greater than the strength of the Tongitudinal welds, the use of a .
single level of strength (based on longitudinal welds) will greatly {
simplify design and compensate for the bending that may sometimes be
introduced in transverse welds due to the eccentricity of the loading.
It is therefore recommended that no distinction be made between trans-
verse and longitudinal welds in design.

Once placed in the field, welds can be expected to lose some of :
their section as a result of corrosion. However, except in unusual {
circumstances, T/0 structures will have relatively short lives and the
loss due to corrosion can be expected to be very small. Nevertheless,
providing an allowance of 5 percent reduction in weld area to compen-
sate for this factor is recommended. On this basis, the mean ultimate
shear strength of the throat of fillet welds based on the nominal weld |
size can be given by :

“> AWS - AISC Fillet Weld Study-Longitudinal and Transverse Shear Tests
(Testing Engineers Inc., May 1968).
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R = CFpgyM 2C. [Eq 63]

where £ factor to adjust for the actual leg size of a weld
Mw factor to adjust for the ratio of the actual to the mini-
mum specified weld metal strength

C = ratio of shear to tensile strength

Cr = factor to compensate for the effect of corrosion.
Recommended values for the coefficients in Eq G3 are C = 0.70;
2 = 1.10 (based on data of Table Glb); Cr = 0.95; and Mw = 1.65 -

O.OOSZFEXX.

Rivets

Use of rivets is generally not recommended, but the values pre-
sented in this section should be used if rivets are required.

Rivets and bolts are used to transmit forces either in tension or
shear (on the fasteners), or a combination of tension and shear. The
strength of connections made with such fasteners is thus a function of
the nature of the applied forces and the type and strength of fasten-
ers and fastener elements (rivets, bolts, and nuts), or the strength
of the base metal.

The minimum specified material requirements for fasteners are
covered by a variety of ASTM specifications; Table G2 lists the princi-
pal applicable fastener specifications.

The A 502 specification provides the requirements for rivets and
covers both low- and high-strength rivet materials. The various bolt
specifications--A 307, A 325, A 449, and A 490--cover bolts (and the
associated nuts and washers) of three strength levels.

Tension. On the basis of several studies of the basic tensile and
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Table G2

ASTM Fastener Specifications for Structural Applications

Specification
Designation Description
A 502 Steel structural rivets. (Grade 1 corresponds to ;
former A 141 rivet steel. Grade 2 corresponds to j
former A 195 high-strength rivet steel.) :
A 307 Carbon steel externally and internally threaded
standard fasteners (Grade A). -
A 325 High-strength bolts for structural steel joints i
including suitable nuts and plain hardened washers.
A 449 Quenched and tempered steel bolts and studs (simi-
lar to A 325 - to be used for anchor bolts and
special applications requiring high strength).
A 490 Quenched and tempered alloy steel bolts for struc-

tural steel joints.

shear strengths of various types of rivets,?® it is noted that
(1) Driving a rivet increases the tensile strength of the
rivet material approximately 5 percent.

(2) Since rivet holes are drilled or punched 1/16 in. larger than
the nominal size of the rivets for which they are made, the area of a
driven rivet will be greater than its nominal area. This increase in

-

75 W. H. Munse and H. L. Cox, The Static Strength of Rivets Subjected
to Combined Tension and Shear, Engineering Experiment Station
Bulletin No. 437 (University of I1linois, 1956); C. R. Young and
W. B. Dunbar, Premissible Stresses on Rivets in Tension, Bulletin
No. 8 (University of Toronto, 1928); and M. W. Wilson and W. A.
Oliver, Tension Tests of Rivets, Engineering Experiment Station
Bulletin No. 210 (University of I1linois, 1930).
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area ranges from approximately 11 to 21 percent for the usual structural
size rivets. However, because of the likelihood of a slight mismatch
of the holes in the members of assembled structural connections (more
than one fastener in length), the full increase in rivet area produced
during driving will not be realized. This fact must be considered in
developing the allowable stress provisions for rivets in large connec-
tions.

Thus, since the selection of rivets in design is based on the nom-
inal size of the fasteners, the expected minimum tensile strength
will be 16 to 26 percent greater than the minimums required by ASTM
specification A 502.

Item 5 of Table G3 summarizes the mean tensile strengths obtained
from two grades of rivet materials. As these values indicate, manu-
facturers provide a further increase in strength to insure that all
rivets meet the minimum requirements of the material specifications;
in this case the mean tensile strengths of the undriven rivets were 20
and 7 percent greater than the minimum required tensile strength.

The mean tensile strengths of the two grades of driven rivets
based on the nominal area of the fasteners are given in item 6 of
Table G3 and can be obtained from the following:

Oyt = MR * Dgo, [Eq G4]
where Mp = the material minimum strength factor
DR = the driving effect on the rivets
o, * the minimum specified strength of the rivets.

Recommended values for MR are 1.21 and 1.07 for Grade 1 and 2 rivets
respectively. A value of 1.24 is recommended for DR for both Grades
1 and 2.

Shear. The basic shear strength of structural rivets has also
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Table G3 .

Ultimate Tensile and Shear Strengths of Rivets
Based on Nominal Area

Type of Rivet

A 502 A 502
Grade 1 Grade 2
1. Specified minimum hardness 55 RB 76 RB
2. Specified maximum hardness 72 RB 85 RB
3. Approximate minimum tensile
strength 47 ksi 67 ksi
4. Approximate maximum tensile
strength 63 ksi 82 ksi
5. Mean tensile strength of
rivet material (lab tests) 57 ksi 72 ksi
6. Mean tensile strength of driven
rivets (based on nominal area)
(1ab tests)™ See Eq G4. 71 ksi 89 ksi
7. Coefficient of variation - (tension) 0.1 0.08
8. Mean shear strength of driven
rivets (basgd on nominal area)
(Tab tests)” See Eq G5. 50 ksi 63 ksi
9, Coefficient of variation - (shear) 0.07 0.03

*
Data obtained from rivets meeting earlier specifications. However,
the information is considered to be representative for the A 502
materials.
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been studied extensively.?? Such studies have indicated that the shear

strength will be approximately 70 percent of the tensile strength of
the driven rivet (Table G3). Thus
(Eq G5]

shear strength rivets o = 0.700u

us t = Loyt

where Tk the ultimate tensile strength of the fastener.

Combined Stresses. For rivets subjected to tension and shear,
an elliptical relationship has been provided to best fit the test
data?® (see Table G4):

—7"5 ———Z‘i o )" [Eq 66]
+ = (o Eq G6
1.0°  0.70 M
where G ™ tensile component of stress (based on nominal area)

s " shear component of stress (based on nominal area).

However, to simplify design, this relationship can be replaced by a
series of three straight lines of the form,

= = <
a9y G 1.605 T ot [Eq G7]
and
max o¢ s Sus
where G = an empirically selected constant. The approximate straight

line relationships for the mean strength of A 502 rivets under combined
tension and shear can be given by (Figure G1)

“7 W. H. Munse and H. L. Cox, The Statie Strength of Rivets Subjected
to Combined Temsion and Shear, Engineering Experiment Station
Bulletin No. 437 (University of Il1linois, 1956).

28  Munse and Cox.
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Figure G1.

Relationship between rivet strengths and the elliptical
and straight line models for resistance.
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Table G4

Surmmary of Mean Strength of Rivets Under
Combined Tension and Shear

Mean
Ratio of Tension Ultimate, Coefficient
to Strength of
Shear (ksi) Variation

A 502 - Grade 1

1:0 71.5 . 0.112 J
1:0.577 62.3 0.071
1:1.733 52.5 0.067
0:1.0 49.8 0.074

A 502 - Grade 2

1:0 89.2 0.076
*%

1:0.577 (78) SEd
*%

1:1.733 (65) 54

0:1.0 63.5 0.030

*
Data obtained from rivets meeting earlier specifications. However,
the information is consicered to be representative for the A 502
materials.

*%
Estimated.
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A 502 Grade 1 Rivets
op = 96 - 1.60g = 71 ksi [Eq G8]
where oy S 50 ksi.
A 502 Grade 2 Rivets
op = 120 - 1.60, < 89 ksi [Eq G9]

where g < 63 ksi.
Bolts

Three types of bolts are generally used in bolted structures--
those meeting the ASTM A 307, A 325, or A 490 specifications. The
minimum specified tensile strengths for these fasteners are given in
Table G5 along with the stress area* for bolt sizes ranging from 1/4
to1 1/2 in.

As in the case of rivets, bolts may be used to transmit forces
either in tension, shear, or combinations of tension and shear. Stud-
jes of the basic tensile, shear, and combined tension-and-shear
strengths of the various types of structural bolts have shown that the
ultimate strength and mode of failure of the fasteners are functions
of a variety of factors, all of which should be considered in deriving
the allowable design stresses.?®

Tension. Under tensile loading, bolts may fail (1) in tension

* The stress area is calculated from the equation A. =
0.7854[d-(0.9743/n¢)]2, where d is the nominal bo?t size and n,
the threads per inch.

29 E. Chesson Jr., N. L. Faustino, and W. H. Munse, "High-Strength Bolts
Subjected to Tension and Shear," Jourmal of the Structural Division,
ASCE, Vol 91, No. ST5 (October 1965), pp 155-180; and J. J. Wallert
and J. W. Fisher, “Shear Strength of High-Strength Bolts," Jowrnal of
the Structural Division, ASCE, Vol 91, No. ST3 (June 1965).
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Table G5

*
ASTM Tensile Requirement for Bolts

% Minimum Tensile Strength (1b)

Bolt Size (in.), Threads Stress Area

per Inch, and Series (sq in.) A 307 A 325 A 490
1/4 - 20 0.0318 1,900 -- --
5/16 - 18 0.0524 3,100 -- --
3/8 - 16 0.0775 4,650 -- -- j
7/16 - 14 0.1063 6,350 -- -- 3
1/2 - 13 UNC 0.1419 8,500 17,050 21,300
9/16 - 12 0.182 11,000 o ~=
5/8 - 11 UNC 0.226 13,550 27,100 33,900
3/4 - 10 UNC 0.334 20,050 40,100 50,100
7/8 - 9 UNC 0.462 27,700 55,450 69, 300
1 - 8 UNC 0.606 36,350 72,700 90, 900
11/8 - 7 UNC 0.763 45,800 80,100 114,450
11/8 - 8 UN 0.790 -~ 82,950 118,500
1 1/4 - 7 UNC 0.969 58,150 101,700 145,350
11/4 - 8 UN 1.000 -- 105,000 150,000
1 3/8 - 6 UNC ¥.155 69,300 121,300 173,250
; 13/8 - 8 UN 1.233 -- 129,500 185,000
E' 11/2-6 UNC‘ 1.405 84,300 147,500 210,750
11/2 - 8 UN 1.492 -- 156,700 223,800

~* From Annual Book of ASTM Standards, Part 4 - Structural Steel
(American Society for Testing and Materials, 1974).
** Stress area = 0.7854[d - 0.9743/n, 12,

134




through the threads, (2) by stripping of the bolt threads, or (3) by
stripping of threads in the nut. In addition, the tensile strength

will be a function of the materials in the bolt and nut and of the
geometry of these elements. The theoretical tensile strength of the
components of a bolt assembly can be represented by three relationships;
the actual tensile strength of the assembly will then be given by the
minimum of the three relationships.

Minimum bolt breaking tensile load = op X As [Eq G10]
Minimum bolt stripping load = 0.730p x C,Cy [Eq G11]
Minimum nut stripping load = 0.730N X C]Cn [Eq G12]
where AB = the nominal area of the bolt
AS = the stress area of the threaded portion of the bolt
A, = 0.7854[d~(0.9743/n,)]°
d = nominal bolt size
n, = number of threads per inch
o, = minimum ultimate tensile strength of bolt material (see
Table G6)
oy minimum ultimate tensile strength of nut material
¢, = nut parameter = 5%; V1+ NZEZHE [Eq G13]
Cb = material factor for bolt stripping (bolt stronger than
(o o
nut) = 1-0.625 (-B——-—ﬂ) [Eq 614]
% * o\
C, = material factor for nut stripping = [Eq G15]
o o}
1+ 0.625 [ 2=
B N
H = height of nut.

The parameters controlling the strength of such fasteners become
readily evident from these relationships. Using the minimum specified

bolt strengths given in Tables G5 and G6, the minimum tensile require-
ments of Table G7 can be verified. However, it should be noted that
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Table G6

Minimum Tensile Strength for Bolts

Minimum Specified Tensile Strength, psi

Diameter (in.) A 307 - Grade A A 325 A 490
1/4 to 7/16 60,000 . -- -
1/2 to 1 60,000 120,000 150,000
11/8 tol1/2 60,000 105,000 150,000
11/2 to 4 60,000 -- --

the materials are generally produced to slightly exceed the minimum
tensile requirements and that the number of threads in the grip of a
bolt (distance between the head and face of nut) will also affect its
strength. Both of these factors should be considered in establishing
the mean strength of bolts.

Numerous tensile tests conducted on A 325 and A 490 bolts provide
a mean tensile strength for A 325 bolts of 131 ksi (with coefficient
of variation of 12 percent) and 160 ksi (with coefficient of variation
of 3 percent) for A 490 bolts, based on the stress area of the bolts
(see Table G7). Thus, the bolts have a mean tensile strength approxi-
mately 8 percent greater than the minimum specified strength, and MB’
the material minimum strength factor, is 1.08. This mean strength
includes bolts from both the low and high sides of the specification

strength requirements, various diameters, and various lengths and numbers

of threads in the grip. Based on these values the mean tensile
strength of the fasteners can then be given by

s MB "\ Og AS [Eq G16]
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Table G7

Ultimate Tensile and Shear Strengths of Bolts
(1/2 to 1 in. diameter)

Type of Bolt

A 307 - Grade A A 325 A 490
Minimum specified
tensile strength,
1b 60,000 As 120,000 AS 150,000 AS

(170,000 A. =
max imum)

Mean tensile
strength, psi on %
stress area (tests) 66,000 131,000 160,000
Coefficient of -
variation 0.12 0.12 0.03
Minimum bolt shear
strength (shear
through shank), 1b,
based on specified
min. tension 39,500 AB 75,000 AB 93,750 AB
Minimum bolt shear
strength (shear
through threads),
1b 39,500 As 75,000 AS 93,750 AS
Mean shear strength,
psi on bolt shank *
(tests) 41,000 82,000 106,000
Coefficient of *
variation 0.07 0.073 0.065

Minimum specified unit
strength of nut
material, psi 54,000 71,000 120,000

Estimated value.
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Shear. The shear strength of a bolt through the shank of the
fastener is given by

bolt shear strength (shank) = 0.625MBGBAB = CMBoBAB (Eq G17]
The strength through the threads is given by
bolt shear strength (threads) = 0.625MBoBAS = CMBoBAS [Eq G18]

These values are based on the results of tests conducted on both A 325
and A 490 bolts. The average ratio of shear strength to tensile
strength (shear through the shank to the tension on the stress area)
is reported to be 0.625 with a standard deviation of 0.033.3° The re-
sulting minimum bolt shear strengths are given in Table G7.

As in the case of the tensile strength, the mean shear strength
of the fasteners can be expected to exceed the /' .imum computed
strength by approximately 8 percent, and is take: i‘ato account by the
factor MB in Eq G16, G17, and Gi8.

Combined Stresses. Bolts subjected to combined tension and shear
behave similarly to rivets. However, tensile failures in bolts are
always through the threads of the bolts, while the shear failures may
be either through the shanks or through the threads. This could re-
sult in a larger variation in strength when the shear component is sig-
nificant. Nevertheless, extensive experimental data are available
and provide the strengths summarized in Table G8.

Straight Tine relationships, such as those presented in Eq G8
and G9, have been established for bolts also, based on the nominal area
of the fasteners. These mean strength relationships are as follows:

W J. W. Fisher and J.H.A. Struick, Guide to Design Criteria for
Bolted and Riveted Joints (John Wiley and Sons, 1974), p 50.
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Table G8

Mean Strength of A 325 Bolts Under Combined Loadings

Ultimate Strength

Ratio of Based on Based on Coefficient
Tension to Nominal Area Stress Area of
Shear (ksi) (ksi) Variation
1.0:0 (100.32)" 131.14 0.117
1.0:0.20 92.42 (120.8) 0.041
1.0:0.42 94.06 (122.9) 0.133
1.0:0.67 87.50 (114.4) 0.122
1.0:1.0 84.32 (110.2) 0.142
1.0:2.38 73.78 ~ (96.4) 0.190
0:1.0 82.30 (shank) (107.6) 0.073
77.51 (threads) (101.32) 0.132

* Values shown in parentheses are based on approximate value for the
ratio between stress area and nominal area (0.765).
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For A 307 = (90 - 1.905) < 50 ksi [Eq G19]

gg < 41 ksi

However, when threads are in the shear plane,

oy = (68 - 1.905) < 50 ksi [Eq G20]
g < 31 ksi

For A 325 Oy = (180 -],905)5_100 ksi [Eq G21]
o < 82 ksi

However, when threads are in the shear plane,

o, = (139 - 1.90,) < 100 ksi [Eq 622]
og < 63 ksi

For A 490 o, = (233 - 1.90,) < 122 ksi [Eq 623]
o < 106 ksi

However, when threads are in the shear plane,

0y = (179 - 1.905) < 122 ksi [Eq G24]

| O 5_81 ksi

Connections

: Numerous combinations of fasteners and members can be assembled

to produce structural connections that will resist shear, tension,

| flexural and torsional forces, either individually or in combination
with one another. Developing resistance functions for every conceivable
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type of connection would be prohibitive. However, the resistance of
all such connections can be established on the basis of the resis-
tance of the individual components. This section discusses the re-
sistance of welded, riveted, and bolted connections in terms of
moment-resistant type connections, shear-type connections, and
tension-type connections.

Moment-Resistant Connections. Various types of connections are

used to provide moment capacity. The AISC specification3! classifies
three basic types of construction in terms of connection types:

1. Type 1 - A rigid frame (or continuous frame) is assumed to
have sufficient rigidity to hold the original angles between inter-
section members virtually unchanged.

2. Type 2 - Simple framing (free-ended) is assumed to rotate
freely under gravity loads. The ends of such beams and girders are
connected for shear only.

3. Type 3 - Semirigid framing (partially restrained) is assumed
to possess, in the connections of beams and girders, known and depend-
able moment capacity intermediate in degree between the rigidity of
Type 1 and the flexibility of Type 2.

Rigid frame connections (Type 1) must be capable of developina the
plastic-moment capacity of the members that frame into the connections
and of resisting the shears and axial forces that correspond to the plas-
tic moments noted. The connection details necessary to meet the above
requirements are provided by the connection requirements of the AISC
specifications. If the AISC requirements are used, it is only necessary
to insure that the fasteners and connected materials can develop the
strengths required to achieve full! plastic action in the connected

*1 Specification for the Design, Fabrication and Erectiom of Struc-

tural Steel for Buildings (American Institute of Steel Construction,
February 12, 1969).
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members. This can be done by fulfilling the AISC requirements for re-
strained members and providing sufficient fastener strength to develop
the strength of the materials being joined.

Welded Connections. Welded moment-resistant connections are as-

sumed to have sufficient weld capacity to develop the full plastic
strength of the connected members. Consequently, the welds--whether
groove or fillet--must be proportioned to achieve this requirement,
and the various elements must be designed to resist the forces indi-
cated in Figure G2.

In addition, the connected members must have sufficient stiffness
to essentially retain the original angle between the intersection mem-
bers. Such requirements are provided in the current AISC specifica-
tion and may require use of stiffeners or other details to insure the
desired behavior.

Flexible welded beam-to-column connections are seldom used. How-
ever, if desired, such connections must be designed to provide members
of the required flexibility and welds proportioned on the basis of
their known resistance and the design loads.

Riveted or Bolted Comnections. As in the case of welded connec-
tions, riveted or bolted moment-resistant connections must be designed
with sufficient fastener strength to resist the forces shown in Figure
G2. To resist these forces, the fasteners function in shear or in
tension and their resistance is governed by the strengths reported in

the earlier sections of this appendix.

The connected members, as in the case of welded connections, must
be selected to provide the desired strength and rigidity for the Type
1 connections, or the desired strength and flexibility for the Type 2
and Type 3 connections.

Riveted and Bolted Connections - Tension Connections. The ten-
sile strength of riveted or bolted connections is a function of such
factors as the fastener strength, the strength of the connected
materials, the type of connections (whether single-plane or double-
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Figure G2.

Load and forces on beam-to-column connections.
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plane tensile connections), and the length of the connection, etc.
Consequently, the design resistance of a connection must consider all
of these various factors.

To develop the appropriate relationships for design resistance,
the connections have been separated into (1) tensile bearing-type con-
Q nections (net section tension, shear, and bearing), (2) friction-type
! connections, and (3) fasteners in tension (prying).

Tensile Stremgth - Net Section. For tension members of riveted :

or bolted construction, the ultimate strength of the member will

generally be a function of the net section of the connections at the
ends of the members. The net cross-sectional area is determined by
summing the products of the thickness and the net width of each element
(normal to the axis of the member). This area multiplied by the mean
strength of the material in the member will then determine the theo-
retical mean resistance of the member; that is,

Rn = An o (Eq G25]
where An = the net cross-sectional area as given in the AISC speci-
fication
Eu =. the mean ultimate tensile strength of the connected
material.

In the case of a chain of holes extending across a part in any
diagonal or zigzag line, the net width of the part is taken to be
equal to that provided by current AISC specifications. The sum of
the diameters of all holes in the chain is deducted from the gross
width, and the following quantity is added for each gage space in the
chain:

connection stagger = 52/49 [Eq G26]

where s
9

longitudinal spacing of any two consecutive holes (pitch)
transverse spacing of the same two holes.
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This is the basic procedure long used for the design of tension mem-
bers.

Extensive tests and analyses of the behavior of large structural
connections®? have shown that the efficiency* of a connection should
also be expressed as a function of the gage and fastener diameter in
the connection (a geometrical parameter) and the shear lag in the connec-
tion. To include these factors directly would greatly complicate design.
However, by introducing the appropriate factors to Eq G25 and GZ6,
these same relationships can be used to compute the resistance of the
material in flat-plate-type connections as well as double-plane truss-type
connections (see Fiqure G3). The mean resistance of flat-plate-type
connections can be expressed in terms of the following relationship,

i il el

R = 0.97A0, = 0.97R [Eq G27]

with a COV of the resistance equal to 10 percent, and the mean resistance
of the members of double-plane truss-type connections in terms of the
following relationship:

R = 0.9 Anou [Eq G28]

with a COV of the resistance of 11 percent.

For design, expressing R in terms of the nominal yield stress Fy
rather than 9, is convenient. Table G9 shows the mean and nominal ulti-
mate tensile strengths c and o, respsct1ve1y, based on typical results
for A 36 and A 572, Grade 50 steels. The S has been adjusted to

%2 W. H. Munse and E. Chesson Jr., "Riveted and Bolted Joints: Net
Section Design," Journal of the Structural Division, ASCE, Vol 89,
No. ST1 (February 1963), pp 107-126.

* The efficiency (Figure G3), a measure of the ability of a connection
to develop the strength of the connected material, is (net area x
ultimate plate strength)/(gross area x ultimate plate strength).

** Private communication with J. England, U. S. Steel, 9 August 1973.
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Test Efficiency 10% below

the computod\
100 e
e Punched Holes W )/
o Drilled or sub-punched
and reamed holes /
90

PERCENT

COMPUTED EFFICIENCY,

80

70

[=Test Efficiency 0% above

/ / i the computed
50 50 60 70 ' 80 90
TEST EFFICIENCY, PERCENT
Figure G3. Correlation of theoretical and test efficiencies.

Efficiency = (net area x ultimate plate §trength)/
(gross area x ultimate plate strength); i.e., a
measure of loss of strength due to holes.
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!
approximate static strain rate values because the ultimate strength
data before adjustment are based on higher strain rates than would be
expected for static loading.
Equations G27 and G28 can be written as

"

R 0.97 An<0u/Fy)Fy [Eq G29]

X,
i

0.90 An(Eu/Fy)Fy [Eq G30]
Table G10 shows estimated values of BL/Fy for steels having Fy
values ranging from 36 to 50 ksi. Since a large proportion of the steel
corresponds to Fy = 36 and 50, a value of Eh/Fy of 1.67 was considered
as a representative mean value. Using Eu/Fy = 1.67 in Eq G29 and G30

results in:

(flat-plate type

connections) R = 1.62 AF, [Eq G31]
(double-plane truss- e
type tension connections) 8 = 130 AnFy [Eq G32]

The mean resistances for connected material as given by Eq G3I]
and G32 are representative of steels having 36 ksi < Fy < 50 ksi.

Shear Strength of Fasteners. The strength of fasteners in both
flat-plate and truss-type connections must also be considered in design.
When a connection has more than two fasteners in a line (in the direction
of stressing), the shear strength of the fasteners (particularly for
some connections with high-strength bolts) is found to decrease with an
increase in the length of the connection and with the eccentricity in-
troduced in double-plane truss-type members.

An analysis of existing data indicated that factors can be intro-
duced to take length and eccentricity into account. To account for
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Table G10

Information Used to Determine Gh/Fy Ratio

Nominal . Nominal (Minimum)
Yield Strength Ultimate Tensile
Strength*
i

zksi) ?Esi) UU/EY -9y ou'Fy
36 58 1.61 w1t 1.81
40 60 1.50 15" 103
42 60 1.43 116" 1.64
42 63 1.50 1.154" 1.73
45 60 1.33 lalls 1.53
46 67 1.46 e 1.68
50 65 1.30 1.24" 1.61
50 70 1.40 1850 1.61

* Values correspond to steels treated in ASTM specifications.
*k 9, is adjusted to correspond to a static strain rate.

+ Based on available o, statistical distributions obtained through
private correspondence with J. England, U.S. Steel, 9 August 197
++ Estimated value.
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length, connections are separated into two groups: those less than or
equal to 50 in. in length and those more than 50 in. long.

The mean shear resistance of fasteners in cpnnections 50 in. or
less in length can be based on the mean strength obtained from con-
nection tests reported in the literature. Table G11 summarizes the
mean resistances (either from tests or estimated) for rivets and bolts.

For connections longer than 50 in. which are generally found in
relatively large structures, special analyses should be made to define
the mean shear resistance of the fasteners.

A detailed examination of available data on the eccentricity
introduced in double-plane truss-type connections indicates that the
fasteners in double-plane connections have shear strengths 10 to 30
percent below that of a single rivet or bolt. A mean factor of 16 per-
cent is recommended for all double-plane connections where actual data
are not available (see Table G11).

Bearing Pressure. In various laboratory investigations, evalua-
tions®? have been made to determine the ultimate bearing strength that
can be developed in riveted and bolted joints. Winter suggests that

the ultimate bearing strength can be taken as equal to 4.9 times the

yield strength of the steel in a member. Other tests reported in the
literature,?" however, indicate that for the lower strength structural

> W. H. Munse, The Effect of Bearing Pressure on the Static Strength
of Riveted Connections, Engineering Experiment Station Bulletin No.
454 (University of I11inois, July 1959); John B. Kennedy and George
R. Sinclair "Ultimate Capacity of Single Bolted Angle Connections,"
Journal of the Structural Division, ASCE, Vol 95, No. ST8 (August,
1969), pp 1645-1660; and George Winter, “Tests of Bolted Connections
on Light Gage Steel," Journal of the Structural Division, ASCE, Vol
82, No. ST2 (March 1969).

3% W. H. Munse, The Effect of Bearing Pressure on the Static Strength
of Riveted Connections, Engineering Experiment Station Bulletin No.
454 (University of I11inois, July 1959); W. M. Wilson and W. H.
Munse, Tests of Riveted Joints with High Rivet Bearing, Progress Re-
port (University of ITlinois, Dept. of Civil Eng., August 1, 1948);
and John B. Kennedy and George R. Sinclair, "Ultimate Capacity of
Single Bolted Angle Connections," Journal of the Structural Division,
ASCE, Vol 95, No. ST8 (August 1969), pp 1645-1660.
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Table G11

Mean Shear Resistance for Fasteners in
Connections of Various Lengths and Types

Shear Resistance, for Various Fasteners (ksi)

Connection
* * *
Type A 502-Gr.1 A 502-Gr.2 A 307 A 325 A 490
Single Resistance  49.80 63.00 41.00  82.30 106.00
Fasteners vi
cov 0.07 0.03 0.07 0.07 0.07
*k * %k *%
Flat plate Resistance 49.70 58.00 38.00 69.50 90.00
L < 50 in. *k *k *k
cov 0.13 0.14 0.14 0.1 0.11
*% *% * %
Double-plane Resistance 41.30 53.00 34.00 56.20 76.00
truss ook *k *ok
cov 0.06 0.06 0.06 0.05 0.06
*

Mean resistance in ksi based on nominal area when threads are ex-

cluded from the shear planes. Values should be multiplied by
0.765 when threads are not excluded from the shear planes.
** Recommended values -- no data available.
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carbon steels, the lower values of bearing strength of a plate can be
related to its ultimate tensile strength by the following:

b

g, = 2.2509, [Eq G33]
where 03 = ultimate bearing strength of a plate
B = ultimate tensile strength.

Using the ratio of Eg/Fy of 1.67 (as developed in Eq G33) results
in

b
g 3.75 Fy [Eq G34]

This can be compared with the value of 4.9 Fy reported by Winter.

Since Eq G33 and G34 are based on lower values of ultimate bear-
ing strength, they underestimate the mean ultimate bearing strength.

The current AISC specification provides for a maximum allowable
tensile design stress of 0.60 Fy which, using a Gu/Fy value of 1.67
corresponds to 0.36 Bu. Using the same factor of safety for the bear-
ing stress results in an allowable bearing pressure of 0.36 x 2.25 G
0.81 Oy In terms of the yield strength, this corresponds to 1.35 Fy.
For A 36 steel, this results in 48.6 ksi, which is almost identical to
the value of 48.5 ksi currently specified in TM 5-744.3°

It is estimated that the mean bearing strength is 4.35 Fy and the
total uncertainty for bearing is about 12 percent (COV of resistance
0.12).

i

Friction Connections - Bolted. In the AISC specification, bolted
connections are classified as either friction or bearing type.

Friction-type connections are those which are subjected to stress
reversals, severe stress fluctuations, or where slippage would be un-
desirable. For T/0 structures, it is assumed that friction-type

I5  Structural Steelwork, TM 5-744 (Department of the Army, October 1969).
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connections need be considered only under stress reversals, and then
only under certain cases of reversal. The other factors noted such as
slippage, etc., would rarely be important.

It is further assumed that bolts in T/0 structures will be installed
by the turn-of-nut procedure, since it is the procedure that can best be
controlled and properly applied to obtain the necessary bolt tensions.
However, when appropriate procedures are developed, torque wrenches,
calibrated wrenches, or load-indicating washers can be used to insure
the minimum required bolt tensions indicated in Table G12.

Bolts which are installed by the turn-of-nut method (snug plus one-
half turn) will generally have an initial tension that substantially
exceeds the required minimum tension of the current specification.?3®
The initial tension in ASTM A 325 bolts is reported to be approximately
120 percent of the required minimum with a coefficient of variation of
9.1 percent.®” 1In A 490 bolts the initial tension can be expected to
be approximately 126 percent of the required minimum tension.3® This
provides mean clamping forces in the bolt equal to the values shown in
Table G12.

Prying - Tension Comnections. In some instances, the fasteners of

bolted connections are subjected to direct tensile loadings. For ex-

ample, tee-stubs are frequently used in this manner. However, because
the deformation of the connected parts in such connections can produce
an increase in the tensile load on the fasteners as a result of a pry-

ing action,®? current specifications require that the design load be the

5 Structural Joints Using ASTM A 325 or A 490 Bolts (Research Council

on Riveted and Bolted Structural Joints, May 8, 1974).

J. W. Fisher and J.H.A. Struick, Guide to Design Criteria for

Bolted and Riveted Joints (John Wiley and Sons, 1974).

36 J. W. Fisher and J.H.A. Struick.

3% W. H. Munse, "Bolted Connections - Research," Transactions of the
ASCE, Vol 121 (1956), pp 1255-1266.

37
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Table G12

Mean Clamping Forces in Bolts Installed by
the Turn-of-Nut Procedure
(snug plus one-half turn)

* v
Minimum Specified Tension (kips) Mean Bolt Tension (kips)™

Bolt
Size (in.) A 325 A 490 A 325 A 490
1/2 12 15 14.4 18.9
5/8 19 24 22.8 30.2
3/4 28 35 33.6 44.1 §
7/8 39 49 46.8 61.7 -
1 51 64 61.2 80.6 5
11/8 56 80 67.2 100.8
11/4 7 102 85.2 128.5

+ Coefficient of variation - approximately 9 percent.
*  From Structural Joints Using ASTM A 325 or A 490 Bolts (Research
Council on Riveted and Bolted Structural Joints, May 8, 1974).
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sum of the external load and any tension resulting from prying action
produced by deformation of the connected parts. The AISC Manual of
Steel Comstruction"® and Nair et al.“! provide design guidance for
prying tension connections.

Summary

Tables G13 and G14 summarize the resistances for fasteners and
connections.

The mean resistance functions developed in the preceding sections
and their equation numbers can be summarized as follows:

Welds (Matching or slightly over-matching base metals.)
1. Butt welds-full penetration. Same as base metal.
2. Butt welds-partial penetration. Same as base metal.

3. Fillet welds-shear resistance

R

i

(1.20 - 0'0038FEXX)FEXX

Rivets

1. Tension

Out = MR . DR o [Eq G4]
2. Shear
Ous = C o Out = 0.700ut [EQ G5]

%0 Manual of Steel Construction, Tth Ed. (American Institute of Steel
Construction, 1970).

“1 R, S. Nair, P. C. Birkemoe, and W. H. Munse, "High Strength Bolts
Subject to Tension and Prying," Journal of the Structural Diviaton,
ASCE, Vol 100, No. ST2 (February 1974), pp 351-372.
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Table G13

Summary of Mean Resistances and Coefficients of Variation

Mean Ultimate ,, Coefficient Identification
Resistance Strength (ksi) of Variation Number (See
Type fm Va Table B2)
Bolts
A 307
Tension 50.0 0.12 15
S,S,PL 38.0 0.12 17
S,T,PL 29.1 0.12 1
S,S,TR 34.0 0.12 14
S,T,TR 26.0 0.12 4
A 325
Tension 100.3 0.12 6
S,S,PL 69.5 0.12 18
S,T,PL 53.2 0.12 19
S,S,TR 56.2 0.12 7
S,T,TR 43.0 0.12 9
A 490
Tension 122.0 0.12 1
S,S,PL 90.0 0.12 8
S,T,PL 68.8 0.12 13
S,S,TR 76.0 0.12 2
S,T,TR 58.1 0.12 3
Shop Rivets
A 502 Grade 1
Tension 71.0 0.1 20
S,PL 49,7 0.1 22
S,TR 41,3 0.1 12
A 502 Grade 2
Tension 89.0 0. 16
S,PL 58.0 0.1 10
S,TR 53.0 0.1 5
Bearing 4.35 r’* 0.12 21
Connectedﬂa_;grial'r+ +
PL 1h62Fy 0.14 24
R l.sory* 0.14 23
Welds (shear) Shop Field Shop Field
E60 58.7 0.18 0.27 30 36
E70 65.6 0.18 0.27 29 35
E80 72.1 0.18 0.27 28 34
E90 77.6 0.18 0.27 27 33
E100 82.6 0.18 0.27 26 32
E110 86.6 0.18 0.27 25 3
*  Key
S = shear
S, T = shear, threads in ghear plane
TR = double-plane, truss-type connection
S, S = shear, threads not in shear plane
PL = flat-plate type connections
** Based on nominal area.
+ Fy = minimum specified yield stress.

t+ Tension members.
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Table G14

Summary of Mean Resistance and Coefficient of Variation
for Bolts and Rivets Under Combined Tension and Shear

. Mean Ultimate Coefficient
$es;stance Strength* of Variation
yp (ksi) Vo
Bolts
A 307
Shank o,F =90 - 1.9 os++ < 50 0.12
o 4]
S ~
Threads' o, = 68 - 1.9 o < 50 0.12
os < 31
R3S .
Shank o, = 180 - 1.9 o_ < 100 0.12
O < 82
Threads' o, =139 - 1.9 o < 100 0.12
O < 63
A4%0
Shank o, =233 - 1.9 o < 122 0.12
0 < 106
Threads” o, = 179 - 1.9 o 5 122 0.12
O < 81
Shop Rivets
A 502 Grade 1 ot =96 - 1.6 O s 71 0.1
O < 50
A 502 Grade 2 o, = 120 - 1.6 o < 89 0.1
O <63

* Based on nominal area.

** Threads excluded from shear plane.

R PR

¢ = mean ultimate tensile stress in the presence of the shear

stress, o
Tt Oy ®

shear stréss on fastener.

+ Threads not excluded from shear plane.
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3. Combined Stresses
gy ® G - 1.60S < out
o < @ s
1. Tension
Toe MB =y As = l.OBOBAS
2. Shear (shank)
Hige = C - MB ©og AB = O.STSGBAB
3. Shear (threads)
st C - MB - O ¢ AB = 0’675°BA5
4. Combined Stresses (shank)
g Gs - 1.90S £ %t
O S Oyss
5. Combined Stresses (threads)

[Eq G7]

LEq G16]

{Eq G17]

[Eq G18]

[Eq G19,
G21, G23]

[Eq G20,
G22, G24]




Connections

1. Tension-Flat Plates

R = 0.97An0u [Eq G27]

2. Tension Double-Plane Truss-Type Connection

R = 0.90A3, [Eq G28]

3. _Bearing Pressure

kg
G T 4.35Fy

Analysis of Resistance Uncertainty

Shop Welds

The COVs in weld strength for various electrodes varied from 9 to
14 percent (Table Gl(a)), with an average value of approximately 12
percent. The quality of fabrication, however, may introduce additional
uncertainty in the material strength of a given weld. It is realistic
to assume that the actual mean strength (for shop welds) resulting
from the varying quality of fabrication could vary by as much as 10
percent from the laboratory measured mean strength, yielding an addi-
tional uncertainity of about 6 percent; thus, the total uncertainty of
the weld material is

v, = /12° + 062 = 0.13 [Eq G34]

Table G1(b) indicates that the dimensions of a weld vary with an
average coefficient of variation which is also around 12 percent. How-
ever, in this case there is probably no further uncertainty, and the
uncertainty in the weld size can therefore be taken as 12 percent.
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Once placed in the field, welds can be expected to lose some of
their section as a result of corrosion. However, except in unusual
circumstances T/0 structures will have relatively short lives, and the
loss due to corrosion can be expected to be small. Accordingly, an
allowance of 5 percent uncertainty should be sufficient to cover this

factor.
Thus, the total uncertainty in the estimated strength of a weld is

Vg = A132 +0.12% + 0.05¢ = 0.18  [Eq 635)

Field Welds

The uncertainties in field welds can be expected to be consider-
ably higher than those of shop welds. It is probably reasonable to
assume that the uncertainty of the strength of field welds is uniform-
1y 1.5 times that of shop welding. Accordingly, Vm equals 0.20. The
variability of the weld size of field welds may similarly be assumed
to be 1.5 times that of shop welds; thus, VL equals 0.18, and the total
uncertainty in the estimated strength of a field weld, including the

effect of corrosion, is

Vg = 0.202 + 0.18% + 0.05° = 0.27 [Eq G36]

Rivets

The strength of a rivet is a function of the actual area of the
shank of the driven rivet and the strength of the rivet material. The
variability of the tensile strength of rivets ranges from 8 to 11 per-
cent, whereas the variability of the shear strength ranges from 3 to 7
percent (Table G3). On this basis, a coefficient of variation of 10
percent can be used; however, the results shown in Table G3 are for
laboratory specimens. For rivets in actual structures, assuming an
additional uncertainty of 5 percent for the (mean) rivet strength is
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probably not unreasonable. Thus, the total uncertainty in the strength
(tension or shear) of rivets is

V. = £.10% + .05 = o.n [Eq 637]

Since rivets and bolts are enclosed when placed in a structure,
they are not susceptible to corrosion, as are welds, and need not be
adjusted for this factor.

Under a ~ombination of tension and shear, the uncertainty, as
shown in Table G4, is approximately the same as that noted above.
Therefore, the same coefficient should be used for all types of load-
ings on rivets.

Bolts

The variability of the tensile and shear strength of laboratory-
tested bolts (A 307, A 325, and A 490 bolts in Table G7) ranges between
3 and 12 percent. Since it is believed that bolt specimens prepared
in the laboratory are comparable in quality and workmanship to those
used in actual structures, the uncertainty in the strength of a bolt
(in tension, shear, or any combination thereof) can be taken conser-
vatively to be 12 percent.

Tensile Strength - Net Section
(Connected Material)

As previously discussed, the COVs of the strength of the connected
material for plate and truss-type connections are 0.10 and 0.11, re-
spectively. The total uncertainty, however, must include the variabil-
ity in the ultimate tensile strength Oy which is about 0.09 (Table
G9). In addition, the uncertainty in the Eﬁ/Fy ratio of Table G9,
with a range of 1.53 to 1.81, is estimated at 0.05. Therefore, an
estimate of the total uncertainty VR is

vy = 102 + .09% + 082 = 0.14  [Eq G38]
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Bearing

The total uncertainty in bearing ultimate strength is estimated
at about 0.12.

Summary

Table G13 summarizes the values of the uncertainty for the fas-
teners and connections.
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APPENDIX H:

DEVELOPMENT OF THE LATERAL LOAD
DISTRIBUTION FACTORS AND FORMULAS
FOR STEEL STRINGER MILITARY
HIGHWAY BRIDGES

The distribution of wheel (or track) loads for design for flexure
is one of the critical factors in the design of the floor system of
military highway bridges. During the past 25 years, a number of cri-
teria have been proposed for the determination of this distribution.
Currently, the Department of the Army“? uses the procedure which was
outlined by Roberts in 1959.“3% These criteria were reviewed in light
of test results,** recent research in the field of civilian highway
bridges,* and current bridge types used by the military.*® This ap-
pendix briefly summarizes the findings in each of these areas and
makes recommendations on the adequacy of current military lateral load
distribution formulas for designing beams for flexure, including pos-
sible changes which will improve their validity.

Study Program

The types of bridges currently being designed and constructed by
the military were reviewed; the main reference for this review was
T™M 5-302, supplemented by designs recommended for use in Vietnam."“’
The TM 5-302 bridges are all timber deck construction, while the more
permanent Vietnam bridges have concrete decks. Although the timber

*2  Military Fived Bridges, TM 5-312 (Department of the Army, December
1968) (with changes 1 and 2).

“3 N. P. Roberts, Load Distribution Effects in Bridge Deck Systems,
Unpublished Report (August 1959).

**  Load Distribution of Stringer Bridges, Report on Project 8-67-01-400
(U.S. Army Engineer Research and Development Laboratories).

“5 W. W. Sanders and H. A. Elleby, Distribution of Wheel Loads on

Highway Bridges, Report No. 83 (National Cooperative Highway Re-

search Program, 1970).

Army Facilities Components System-~Design, TM 5-302 (Department

of the Army, September 1973). (

*7  Standard Highway Bridges - RVN, Drawing No. Q-3034 (Quinton-
Budlong International Division, November 1970).
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decks varied in type (nailed-laminated, plank, and multiple-layered),
the deck was assumed solid (i.e., glued-laminated) for the purposes of
this study. The effect of the actual type of construction is discussed
later. Except for a few very short-span timber stringer bridges, all
were designed using rolled steel W (old W ) sections for stringers.
Studies conducted for the National Cooperative Highway Research
Program (NCHRP) have shown that the distribution in a bridge can best
be related to a relative flexural stiffness parameter 6 and a relative Y
torsional stiffness parameter o.“® Since a is usually very low and ;
relatively constant (or an assumption of a low value which results in
a conservative result) primary consideration was given to a stud& of

g ®
y
g = N/ZL(¢5x7Dy) [Eq H1]

where W = width of bridge floor (out to out)

L = span of bridge

W/L = aspect ratio

Dx = EXIX, flexural rigidity per unit width in x direction

Dy = Eny, flexural rigidity per unit width in y direction

Ix’ Iy = the moments of inertia in the x and y directions

Ex, Ey = the moduli of elasticity in the x and y directions.

A detailed review of the available bridge types (Table H1)
showed that except for a few bridges, the value of 6 ranged between
0.25 and 1.25. The exceptions were gererally bridges with aspect
ratios greater than 1.0. A study of the table shows that for

48

W. W. Sanders and H. A. Elleby, Distribution of Wheel Loads on
Highway Bridges, Report No. 83 (National Cooperative Highway Re-
search Program, 1970).

“9 W. W. Sanders and H. A. Elleby. ,
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Table H1

" ox
Range of 6 for Typical Military Bridges

Type of Bridge uR"'(ft) L(ft) Class 8
Vietnam concrete 24.6 34-64 AASHTO 0.60-0,78
deck/W stringers 39.4 34-64 AASHTO 0.86-1,11
24.6 35-40 AASHTO 0.68-0.72
39.4 35-40 AASHTO 1.02-1.08
Timber deck/ £ 27.0 60-80 70 0.49-0.58
36W stringers
Timber deck/ ++
I beam stringers
27W 24.0 39-79 20-60 0.40-0.80
36W 24.0 60-119 20-60 0.35-0.62
510PG 24.0 99-130 40-60 0.35-0.41
Timber deck/ e
I beam stringers
27W 13.5 42-79 20-60 0.23-0.47
36W 13.5 68-119 20-60 0.22-0.36
51DPG 13.5 130 60 0.21
Timber deck/ ++
W stringers 13.5 30-60 50 0.29-0.50
Timber deck/ ++ -
DPG stringers 24.0 20-30 60 1.12-1.57
Timber deck/ ++ &
W stringers 24.0 19-99 25(two-way)0.43-1.12
0(con-
trolled) "
13.5 19-129 50(posted) 0.20-0.89
1959 Fort Belvgir 12-22 24-39 ~eee- 0.66-0,83
test bridges** 24.0 15 eeee- 2.15
Typical class 100- 27.0 60-~100 100 0.55-0.77
150 bridges 29.0 60-100 150 0.62-0.81
(designed by
WWS/HAE)

aaioh agdi oy 3o

*

4~ ;
8 = W/2L ( /Ux7ﬁy) (Diaphragms assumed 25 percent effective)
Wp = width of roadway (W = wR+2)

*%

* From M 5-312.

' From TM 5-302. '
i High value for shorter spans.
++

From Load Distribution of Stringer Bridges, Report on Project

2;3?;2;-400 (U.S. Army Engineer Research and Development Labora-
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single-lane bridges: 6 = 0.20 - 0.80 [Eq H2]

0.35 - 1.15 [Eq H3]

double-lane bridges: 6

The analytical procedures developed for the NCHRP study by Sanders
and Elleby were used to study a broad spectrum of bridges within the
above ranges of 6. These procedures are based on the use of orthotropic
plate theory. The validity of the theory to predict behavior of a
broad spectrum of civilian bridges was checked during the NCHRP study.
However, before the procedures were used for military bridges, the
validity was also checked with results of available field tests of
typical military bridges.®? The results of this comparison (Table H2)
indicate that the procedures are also applicable to military bridges
if an average value of o = 0.16 (torsional constant) is used.

Using the procedures and the results of the NCHRP analysis,
bridges typifying the actual bridges studied were analyzed. The major
analyses were made for Class 60 vehicles, although a limited study
was made for Class 80 to 90 vehicles. Table H3 gives the results.

Each single-lane bridge was analyzed for the vehicle being
placed fully eccentric on the roadway (E1) and for the vehicle being
centered on the roadway (C1) (hereafter referred to as the "Caution
Crossing Position Case") as shown in Figure Hl1. A1l bridges were
analyzed with the minimum width roadway permitted in TM 5-312. Wider
bridges, although resulting in a slightly higher 6, would have a
similar behavior because of the requirement of additional stringers.

Each double-lane bridge was analyzed for three conditions (Figure
H1): one lane eccentric (E1), two lanes centered (C2), and one lane

centered (C1). Two lanes eccentric is not possible for minimum

>0 Load Distribution of Stringer Bridges, Report on Project 8-67-01-
400 (U.S. Army Engineer Research and Development Laboratories).
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Table

H3

Summary of Theoretical Distributions--NE/NS and
Equivalent AASHTO "D" Values

Single-Lane Double-Lane
Bridge
Class 60 8G, 90 60 80, 90
Load
ase| E (o El Q1 El c2 1 El C2 C
0
NE/Ns
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
Equivalent AASHTO "D"
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 .21 5.62 6.29 5.66 8.77
1.00 4,55 4.82 5.78 5.2 T.59
1.25 3.95 4.11 5.39 4.88 6.82
Nge = number of effective stringers (to carry one vehicle)
Ns = total number of stringers ;
W = Wp+2

Single-lane
Double-lane

NR (ft)
Class 60 Class 80, 90
13.5 "15.0
24.0 27.0

168




*(319Lyar 09 ssel)) Aempeos uO S3|OLY3A JO UOLILSOd " LH auanb L 4

(21€-G WL ‘wnwiuiw)
13 2 = UM 3@ 23 se awes 20«

(34 92 = 44) sue; atgnog °q

29 o =

*»Jﬂ*m*__

ﬂ

-

—_
S————C SRR p—

169

(3 g€l = mzv aue| 3a|buls ‘e

19 ta ﬁ)ﬂ.:uzj
,, . * | * 28 4 ﬁ 1




width bridges, as the two vehicles essentially cover the entire
bridge. If a wider bridge were used (i.e., wider than minimum), then
two lanes eccentric would be possible, but the eccentricity would be
balanced by additional stringers. This would generally result in a
less critical case than two lanes centered.

Table H3 shows that

1. The smaller the 6 value, the better the distribution (i.e., j
NE’ the effective number of stringers, is larger)

2. Larger class vehicles result in better distribution because
of the larger track width

3. For single-lane bridges, the critical loading case is with
the vehicle eccentric (E1)

4. For double-lane bridges, the critical loading case is for
two vehicles centered (C2), with one vehicle eccentric (E1) being the
next most critical. The single vehicle centered (C1), which is equiva-
lent to the caution crossing position,* results in the lowest stresses
(highest NE).

Discussion of Results

It is noted in the previous section that load distribution varies
with 6 and load position. Table H4 shows the effect of these two vari-
ables on the load ratio as defined in Table H4. Figure H2 shows these
effects graphically.

The results in Table H4 show that

1. For a single-lane bridge (where 6 ranges from 0.25 to 0.75,
the C1 case (caution crossing position) will permit about an 8 percent
higher load than the eccentric case (E1). This latter case (E1) was

* Related to lateral position; does not include 25 percent increase
in vehicle class for caution crossing loading.
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the one which controlled the development of the current military cri-
teria for single-lane bridges: 3!

oy Tt 1 [Eq H4]
s
where N] = effective number of stringers for one-way classification
SS = center-to-center stringer spacing in feet.

Table H4
Effect of Number of Vehicles and Vehicle Position (Class 60)

*
Load Ratio
Single-Lane
Bridge Double-Lane Bridge
0 c1/e12 c1/e1® E1/c2? c1/c2?
0.25 1.07 1.49 1.27 1.89
0.50 1.09 1.52 e 112
0.75 1.08 139 1.1 155
1.00 1.06 1.3] 1.10 1.45
1.29 1.04 1.27 1.10 1.40
* Ratio of load that can be carried with vehicle in position in-

dicated by numerator of ratio (a) to that with vehicle in posi-
tion indicated by denominator of ratio (a) with same maximum
stress.

2. For a double-lane bridge, the two lanes centered case (C2)
is critical with the single lane centered (C1) case, which simulates
the caution crossing position, permitting a 40 to 89 percent higher
load (C1/C2) (Table H4). If a single vehicle is placed in the most

ST Military Fixed Bridges, TM 5-312 (Department of the Army, December
1968), with Changes 1 and 2; and N. P. Roberts, Load Distribution
Effects in Bridge Deck Systems, Unpublished Report (August 1959).
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LOAD RATIO (TABLE H49)

r. e T e -

.4

1.3

1.2

1.0

{

>

CIZEI(D.L))

WR

DOUBLE LANE -D.L. 24.0FT.
SINGLE LANE- S.L. I13.5FT

c2/cCi(D.L)

CLASS 60

CIZEI(S.L)

e g e

.

'

0.25

050 075

1.00

Figure H2. Range of load ratios.
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critical position (E1), a 27 to 49 percent higher load can still be
permitted without changing the maximum stress.

3. For double-lane bridges, the design case (N]) which normally
controls®? in current military design is not the most critical.

Tables H5 and H6 show the relationships of the current military
load distribution criteria to those specified for civilian bridges
by AASHTO and to theoretical distribution factors developed earlier.

Table H5 shows the effective number of stringers NE for TM 5-312
and AASHTO specifications, along with those for the various cases stud-
ied herein. The comparison is shown for a typical narrow stringer
spacing SS and for typical wide stringer spacings. It can be seen
that for single-lane bridges the current military criteria are more
conservative than AASHTO and are substantially more conservative than
predicted from the theory (which has been verified by comparison with
test results).

For double-lane bridges, the military criteria are more conserva-
tive than AASHTO at narrow Ss’ but less conservative (compared to
theory) at wide spacing. In any case, the current military criteria
are the same or more conservative than any theory case considered.

The conservatism ranges from slight for the extreme case (case C2,
wide SS - concrete deck, 6 = 1.25) to very conservative for the caution
crossing position case (case C1, narrow SS - timber deck, 6 = .25).

Table H5b also shows that N2 is smaller than N] (for two-lane
bridges) only for very large stringer spacings. Since the smaller of
N] or N2 is used for two-lane bridge design, N2 is actually effective
only when the stringer spacing exceeds about 7 ft; even then N2 is
only slightly less than N].

Since the purpose of this study is to evaluate the current

°Z

Military Fized Bridges, TM 5-312 (Department of the Army, December
1968), with Changes 1 and 2,
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Table H5

Relationship of Specification Capacity and Theory Capacity
(Class 60) at Minimum Width--in Terms
of Effective Number of Stringers
Table H5a

Single-Lane Bridge (6 = 0.25 - 0.75; o = 0.16)

Basis for N Wide SS Narrow SS
Stringer Spacing SS = 4,50 ft SS =2.70.ft
Number of Stringers NS =4 NS =6

% Military N, 2.1 2.85

] AASHTO" 2.22 3.70

‘ Theory (E1)

% Full range - 6 2.69-3.58 4,03-5,37

; Most common - 6 3.09 4.63

E Theory (C1)

! Full range - © 2.90-3.84 4.36-5.75

Most common - 6 3.37 5.05

AASHTO values given for interior stringers; D = 5.0. Timber deck
(strip 6 in. or more thick) assumed.

Most common & = 0.50.
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Table H5 (Continued)
Table H5b

Double-Lane Bridge (6 = 0.25 - 1.25; o = 0,16)

Basis for N Wide SS Wide SS Narrow SS

Stringer spacing (concrete deck) (timber deck) (timber deck)

¢ = 8.00 ft Sg = 6.00 ft S = 2.40 ft

Number of stringers NS = 4* NS = 5** Ng = 11
Military N, 1.63 1.83 3.08
Military N, 1.50 1.88" 413"
AASHTO (one-1ane) T 1.75 2.00 4.17
AASHTO (two-lane)* 1.38 1.42 3.54
Theory (E1)

Full range - 6 1.66-2.49 2.07-3.11 4.55-6.84

Most common - 6' ' 2.1 2.64 5.81
Theory (C2)

Full range - 6 1.50-1.96 1.88-2.45 4.13-5.39

Most common - © 1.86 2.33 5.13
Theory (C1)

Full range - 6 2.10-3.71 2.63-4.64 5.78-10.20

Most common - 6 3.21 4,02 8.83

* Minimum for concrete deck.
** Minimum for timber deck. 4
t+ Does not apply since N2 > Nj. ‘
++ D = 5.0 for timber deck; 7.6 for concrete deck.
+ D =4.25 for timber deck; 5.5 for concrete deck.
++ Most common 6 = 0.50.
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Table H6

Relationship of Stress (Maximum) from Specifications
to that from Theory (Class 60)

Base Stress = 1.00 for Military Single Lane (N])

Maximum Stress

Single-lane: 6 = 0.25-0.75
Military: 1.00

(E1) Theory: 0.53-0.78
(0.62-0.68)"

(C1) Theory: 0.50-0.73
(0.56-0.63)

Double-lane: 6 = 0.25-1.25
Military: One-lane: 1.00 Two-lane: 0.75-1.09
AASHTO: One-lane: 0.74-0.93 Two-lane: 0.87-1.29

(E1) Theory: 0.45-0.88
(0.53-0.69)"

(C2) Theory: 0.57-0.97
(0.60-0.79)

(C1) Theory: 0.30-0.70
(0.35-0.46)

* Most common range expected (6 = 0.5, Sg
** Does not apply if ratio less than 1 (N2

NY).
t+ Most common range expected (6 = 0.5, Sg

n v n
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St e S i R R e S O i



military lateral Toad distribution as compared to real behavior and other
criteria, a more realistic comparison can be seen in Tables H6 and H7.
Table H6 indicates the relative stress for various cases compared to

a maximum relative stress of 1.0 for the current military (N]) critical
case. The reciprocal of this relationship is the increased load that
can be carried at the same maximum allowable stress for all cases.
Table H7 shows the relationship between N (the number of effective
stringers) as predicted by theory and that predicted by current mili-
tary criteria. It should be remembered that the theory values assume
the deck to be solid (i.e., concrete or glued-laminated). Many timber
decks (nailed-laminated, plank, etc.) will result in poorer distribu-
tion. This condition is discussed later.

The theoretically computed stress ratio (as shown in Table H6) in
the critical girder for a single-lane bridge is at least 25 percent
less than predicted. Furthermore, only a slight decrease in stress
(s1ightly higher load) results from the caution crossing position case
(C1) compared to the normal design case (E1).

For double-lane bridges, although single lane N (i.e., N1) gen-
erally controls for design of beams for flexure, the critical case is
actually two lanes loaded. It can be seen that the stress computed
using the controlling military criteria is 5 to 40 percent higher (most
Tikely at least 20 percent) than the critical stress computed by theory
(for any loading). For the caution crossing position case (C1), the
stress computed by theory is 30 to 70 percent below the military stress.
Even if a caution class of 125 perce:t of base stress is used, the
computed stress will still be Tess than that predicted by the military
criteria.

Table H? shows that for single-lane bridges, the caution loading
ase (defined in Table H7) is critical. Assuming that a 125 percent
o mormal one way class would be permitted in that case, the ratio of

", ranges from 1.10 to 1.61 (i.e., the true class
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without actually exceeding the design stress is 110 to 161 percent of
design class), with it normally expected to range from 1.28 to 1.42.

A e i

This compares with a range in that ratio from 1.27 to 1.88 for the

T

general loading case (normally from 1.46 to 1.62).

The table also shows that for double-lane bridges the general
case is critical. In this case the ratio ranges from 1.00 to 1.75,
with it most 1ikely to fall between 1.24 and 1.67. For the caution
loading case (defined in Table H7), the ratio of Ntheory to Nmi]itary
ranges from 1.03 to 2.65 with the typical value being between 1.58 and
2.29.

Unusual Cases

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
6 approach the upper part of the range of the 6 values considered (0.25
to 1.25). In fact, it is possible to have 6 values higher than 1.25.
A review of Tables H5 and H7 indicates that at these higher values of 6
the current military criteria for load distribution are, for the criti-

cal Toading cases, reasonably accurate in predicting behavior. It is
possible, however, for extreme cases (a short-span double-lane bridge),
that the current military criteria may actually be unconservative when
compared to theory.

Bridges with large aspect ratios are generally short double-lane
bridges. It is not likely that large aspect ratios will occur often
in single-lane steel stringer bridges.

Nailed-Laminated Decks

In all studies outlined previously in this appendix, the deck
was assumed to be solid (i.e., concrete or glued-laminated). However,
it is expected that occasions will arise where decks which are not
"sol1id" will be used in the T/0. These decks will generally be of the
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nailed-laminated type. Research has shown that the nailed-laminated
deck is initially not as efficient in distributing load as the "solid"
glued-laminated deck. Furthermore, with time, the nails tend to work
loose, further causing a reduction in distribution capabilities due to
loss of torsional rigidity.

A review of field tests of military bridges with timber decks
(Table H2) indicated that an o value (torsional constant) of 0.16 is
realistic for a timber deck bridge. This value of o was determined
from studies of bridges with narrow stringer spacings. It is expected
that wider spacings may be used, possibly resulting in lower o values.
If this rigidity is reduced to zero (no torsional rigidity), an indi-
cation of the effect of loss of laminating characteristics can be
obtained. Using the results of the NCHRP study, it is estimated that
a reduction in the effective number of stringers of 10 to 15 percent can
result from the loss of the torsional rigidity. Thus, the average
difference between "true class" and that computed by current military
criteria (Table H7) will be reduced to about 110 to 140 percent with a
typical value of about 120 percent.

Other Studies

This study did not deal with bridges with prestressed concrete
stringers. However, a review of current AASHTO criteria and the re-
sults of the NCHRP study in.'icated that the behavior of prestressed
concrete stringers (i.e., distribution of loads) should be comparable
to the solid deck bridges with steel stringers studied in this in-
vestigation.

Although this study was directed toward class 60 through 90
bridges, the results should be applicable to both higher and lower
class bridges. Although the lighter class vehicles have narrow wheel
spacings (track), the 6 values for bridges of these classes (20 through
40) are lower than expected for class 60 through 90. The lower values
of 6 have the highest conservatism.
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For the heavier class bridges (up to Class 150), the 6 values 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 applicable for all classes of vehicles.

The distribution of load indicated in this report was developed
for static loadings, but should also apply equally well for vehicle
impact as specified in the current military criteria.

General Summary

Although these results are based on the ranges of variables
studied, it is felt that, within general limits, they will apply to
most steel stringer military bridges. The following results apply to
lateral load distribution criteria and specifications only; other
criteria, such as allowable stress, are not considered. Unless other-
wise stated, use of "criteria" or "specification" refers to the mili-
tary 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.

2. For typical single-lane solid deck* bridges, the true moment
for the general loading case (Table H7) is at least 20 percent less
than predicted by current criteria. The moment for the caution cross-
ing 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 capacity
is at least 10 percent higher than predicted by current criteria.

* Glued-laminated timber panel or concrete deck are considered solid.
** Unless stated otherwise, 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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3. For typical double-lane solid deck bridges, the true moment
capacity for the general case (Table H7) is generally from 25 to 65
percent higher than predicted by specification; however, for wide
spacings this percentage can become very low. For typical bridges,
the increase for the caution crossing position case with a 25 percent
increase in class from the general case is at least 30 percent.

4. The current criteria seem to adequately predict the behavior
for the bridges with high aspect ratios (i.e., N*/L > 1). However, in
cases where W/L is significantly greater than 1, the current criteria
can actually become unconservative.

5. The AASHTO Toad distribution criteria do not appear to
provide any significantly better indication of behavior than the cur-
rent military load distribution criteria. 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 solid deck bridges, the general loading
case (using current ciriteria for N, or N2) is critical. For the
critical case for single-lane solid deck bridges the ratio of N by
theory to N by military specification ranges from 1.10 to 1.61 for
the expected spectrum of bridges, with an expected value of 1.28 to
1.42. For typical double-lane solid deck bridges, the ratio for the
critical condition ranges from 1.00 to 1.75 with the expected range to
be from 1.24 to 1.67. In both the single~- and double-lane cases a
ratio of 1.35 is about the average value.

7. For both single- and double-lane bridges with nailed-
laminated, planked, or multiple-layered decks, the ratio of N by theory
to N by military specification ranges from about 1.10 to 1.40 with an

* W = width of bridge floor; L = span length.
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Table H8b

Values of Reduction Factor, c,* Used in Recommended Formulas in
Table H8a for Determining the Effective Number of Stringers

Ratio of Bridge Floor Width (out-to-out)
to Bridge Span Length (W/L)

Bridge Deck Type W/L 1.0 W/L>1.0

Glued-laminated timber or
concrete 1.0 0.75

Nailed-laminated timber, plank,
or multiple-layered 0.90 0.70

* The factor c accounts for the reduction in Tateral load distribution
when using nailed-laminated timber, plank, or multiple-layered decks
and/or bridges which are very wide compared to their span length.

average value of about 1.20 (compared to an average value of 1.35 for
solid decks).

8. The conservatism of the current lateral load distribution cri-
teria can be compensated by increasing the allowable stresses for flex-
ure (moment) as developed in Appendices C and D. The effects of large
W/L ratios and the use of decks which are not solid, such as nailed-
laminated, plank, or multiple-layered decks, can be accounted for by
reducing the effective number of stringers N, by a reduction factor c
(i.e., cN), as given in Table H8b.

Recommendations

Based on the material presented herein, the following recommenda-
tions are made:

1. The current equations given for determining the effective
number of stringers in Paragraph 6-5 of TM 5-312 should be replaced by
the recommended equations given in Tables H8a and H8b. The

184




recommendations for the effective number of stringers should be combined
with the allowable stress recommendations given in Appendix D.

2. A significant increase in class of vehicle permitted on the
bridge may result in extremely high deck stresses. The designer should
be cautioned to check the deck design.
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APPENDIX I:

DEVELOPMENT OF SHEAR FORMULAS FOR
MILITARY STEEL STRINGER HIGHWAY BRIDGES

Determination of the distribution of loads to the supporting ele-
ments in the floor system of military highway bridges is one of the
major factors in designing these elements. The study described in
Appendix H outlined a procedure for determining load distribution fac-
tors for moment in the stringers of steel beam bridges. Although
moment is generally the critical factor in the design of these string-
ers, the shear is critical in some instances, [In addition, the shears
must be known to undertake the design of the stringer connections.

The current Army criterion for shear for steel stringer bridges
(TM 5-312) simply states that one-half of the shear from a single ve-
hicle shall be carried by each stringer. The study reviewed herein
indicates the lack of suitability of this criterion and gives recom-
mendations for new shear criteria.

General Discussion

The distribution of shear to the steel stringers depends signifi-
cantly on the longitudinal, as well as the transverse, placement of
loads on the bridge deck surface. The Tongitudinal placement of
vehicles on the bridge which will maximize shear results in the ve-
hicle being placed as close as possible to the reaction.

The transverse distribution of these loads is then affected by
the flexibility of the entire floor as well as the transverse place-
ment of the loads. As the loads are moved longitudinally away from
the reactions, the floor tends to deform more, resulting in distribu-
tions which conform to those which are used for moment.

Since the beams do not deflect at the reactions, the loads are
distributed laterally by the slab or deck behaving as if it were a
series of simple beams supported by the stringers. This is based on
the assumption that transverse continuity of the deck is minimal at
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the stringers. This approach to shear distribution is the same as
that used in the current AASHTO specifications.

After reviewing the AASHTO approach to shear distribution and
the inflexible approach currently being used by the military, it is
recommended that the military criteria be revised to more closely fol-
low those currently being used in civilian design. It should be remem-
bered, however, that the vehicle types are different and direct use
of the AASHTO criteria is not possible.

Shear Distribution

Tracked Vehicles

The distribution of shear is simpler for tracked vehicles than for
wheeled vehicles, as the load is concentrated over a short longitudinal
distance and has only one track configuration per class. Thus, for
any given class, there is only one vehicle configuration to consider,
and the load is placed longitudinally very near the reaction. Conse-
quently, the deck supporting the loads does- not deflect significantly,
but rather conforms more to a series of simple beams between supports
(i.e., steel stringers).

Figure I1, which shows the possible placement (transverse) of
tracks, indicates that the critical situation for a single vehicle
(Figure I1a) generally would be for one track (or one-half vehicle)
to be directly over the stringer. Unless the stringer spacing exceeds
the track spacing, the track load would be the only load to the string-
er. The exception would occur only in cases with very wide stringer
spacing (Ss 2 6 ft) together with light class vehicles (class < 16).
Even for the lightest class (4) and widest spacing (8 ft), the error
in assuming only one track is 35 percent; this percentage decreases
rapidly as either the class is increased or stringer spacing reduced.
Thus, for a single-lane bridge (or a single vehicle on a double-lane
bridge), the single track concept is suggested.
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a. Single vehicle.

Wy an* Wy

(=8ft)

b. Multiple vehicles.

(wt = track or wheel spacing - i.e., c. to c. distance
between tracks.)

‘
!

1

H
1
E

* Minimum distance between tracks assumed to be 4 ft.

Figure I1. Transverse load positions for tracked
vehicles for reaction shear.
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For multiple vehicle loadings, the most likely critical configu-
ration is shown in Figure I1b. The track of each vehicle farthest
from the "design" stringer affects the design only if the stringer
spacing is greater than the track width (i.e., the farthest track is
between adjacent stringer and design stringer). The design criteria
(transverse distribution) are again based on simple beam loading ne-
glecting this outside track. Even for the widest possible Ss (8 ft)
and minimum class (4), the error is only about 25 percent. The error

again decreases rapidly and the criterion shown (Figure I1b) is cor-
rect for all classes above 20, even at the widest stringer spacing.

For both single and multiple vehicles, the shear to be distrib-
uted for tracked vehicles is assumed to be equal to the reaction
shear given in Appendix D of TM 5-312. Because tracked vehicle loads
are considered to be short in length compared to the span length, when
they are near the reactions (such as for shear), no transverse distri-
bution due to deck distortion is assumed and all reaction shear is dis-
tributed by the simple beam concept.

Wheeled Vehicles

The shear distribution for wheeled vehicles is different than for
tracked vehicles, since many of the wheels are longitudinally placed
significantly farther out on the span. Thus, the deck has the oppor-
tunity to deform and it can be assumed that the transverse distribu-
tion of load for shear conforms substantially to that for moment (in
this case, the wheels are assumed to be near midspan). This is a con-
servative assumption which will be adequate for design.

Thus, the suggested design criteria are based on a simple beam
distribution for the axle over the reaction and on the distribution
criteria for moment for axles out on the span proper. The appropriate
Toads to be distributed can be determined using Appendix D of TM 5-312.
The shear given in that appendix is for the entire vehicle and the re-
action shear (due to axle over the reaction) is simply the weight of
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the heaviest ax]e* with the shear to be "distributed" equaling the re-
mainder.

In the case of wheeled vehicles, however, the transverse configu-
ration of the wheels can take three forms (Figure I12) as given in Ap-
pendix D of TM 5-312, with a possible fourth form of a solid roller
wheel. In the case of multiple vehicles, this results in the same type
of critical transverse loading as tracked vehicles for the reaction
axle (Figure I12), since type A will always provide a more critical
simple beam loading than the other three types.

For single vehicles, however, types C and D can result in higher
simple beam loads, because the distributed wheels can concentrate more
loads over a centered stringer. The results of a study of the effect
of the various types of wheel configurations are given in Table Il.
The equation derived from this study is shown in the table.

As noted earlier, the axles out on the span are distributed on
the same basis as moment.

Recommendations

Based on the previous discussion, it is recommended that the mili-
tary criteria for distribution of loads for shear be revised to con-
form to the concepts used in the current AASHTO design specifications
(Article 1.3.1A). Considering the different configurations possible ,
for military vehicles, the following specific design criteria are rec- |
ommended for incorporation into Paragraph 6-6 of TM 5-312 and should
be combined with the allowable shear stress recommended in Appendix D:

* TFor 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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Figure I2. Transverse load positions for wheeled
vehicles for reaction shear.
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Table I1

Distribution of Wheel Loads for Reaction Axle
(Wheeled Vehicles)* (Single Vehicles)

Stringer Spacing Range of Load
S to Critical Equation
= Stringer** Load
2.5 0.30-0.50 0.58
4.0 0.35-0.53 0.63
6.0 0.40-0,69 0.69
8.0 0.51-0,77 0.75
E uation‘* 0.5 + Ss
q : . 32
* Figure I2a shows wheel configurations.
**

Assuming simple beam reaction load for all four wheel types. Each
type was used for the classes of vehicles shown for that type in
Appendix D-1 of TM 5-312. Type D (which is a s?ecial type not

shown in the appendix) was not used for light ¢
(< 16) or S_ < 4 ft,

ass vehicles

This equatian approximates the fraction of axle load distributed
to critical stringer as a function of the stringer spacing Ss'
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a)

} 6-6. Shear Check (Shear Design)
Steel Stringer Bridges
(2) Live Load Shear: The maximum shear loading for one

stringer (vLL) occurs when the vehicle is near the
abutment or support. The value of the total live load
shear in kips (VLL) is obtained from the shear curves
(Appendices D-4 and D-5). The value of UL the total
live load shear per stringer, including a 15 percent
increase for impact, is:

(]
UL 1.15 YL [Eq I1]
where Yy - total live load shear per stringer in
; kips, including impact
L * live load shear force per stringer in kips

from Table 12, excluding impact
Based on the above, the total design shear is:

v o= N-D-L—+ YL [Eq Ila]
: [Revised Eq 6-14b, TM 5-312]
where v = total design shear per stringer in kips

VDL = total dead load shear in kips
total number of stringers in bridge.

=
n

193

el Cole




Table 12

Value of Live Load Shear Force per Stringer,

1]
VL Excluding Impact

[] * 1 K
YL for Single Lane L for Double Lane
(kips) (kips)
s\ [, A\]| /52 1o
vehicle P 1 3 2
s 5.-2
Tracked 1.25 G jie S VLL
vehicle S T
where VLL = wheeled vehicle shear in kips, as given in Appendices D-4
W and 0-77 of ™™ 5-312
VLL tracked vehicle shear in kips, as given in Appendices D-5
T and D-77 of ™ 5-312
VA the heaviest axle load in kips, as given in column 3+ of
Appendix D-1 of TM 5-312
SS center-to-center stringer spacing in ft
N] effective number of stringers for single-lane bridge de-
fined in Table H8a
N2 effective number of stringers for two-lane bridge defined

in Table H8a

* The coefficient of 1.25 is used to adjust shear from the normal
crossing case to the caution crossing case.
** For the double lane bridge case, v{| shall be computed for both
single and double lanes and the larger value of UE% shall be used.
X

+ The entries in Appendix D-7 and Column 3 of Appen

D-1 are given

in tons, which must be converted to kips.
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SI CONVERSION FACTORS

1 ft = 0.3048 m
1 ft-1b = 1,3558 Nm
1 in. = 2,54 cm
1 kip = 4,448 kN
1 kip-ft = 1.3558 kNm
| 1 ksi = 0.69 kN/cm®
1 sq in. - 6.4516 cn®

(°F -32) 5/9 = °C
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