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Bending Tests of Large Welded-Steel Box Girders at
- Different Temperatures
By Ambrose H. Stang and Bernard S. Jaffe

Tests were made to determine the effect of comatraint eauscd by geometrical shape and

by differences o temperature on the doctile bebavior of welded structures,

Four large box

girders of identical design were fabricatcd from fully killed steel from the same heat, The
box gleders were tested ay pimply supported besme, one girder being tested st sach of the
following temperaturce: —40* 0° 40 and 80° F. The girders tested at —40° and 0* I
biroke with a square type of fracture. The other two girders could not be broken with the
available equipment, slthoogh deflections at midspan of more than 16 inches were indused
on B 22-foot span.  The resulfs of these teata are digcuesed And compared.

I. Intraduction

The failure of several welded-steal ships during
the early part of World War II indicated that
problems needed to be solved to place the design
of welded struetures on a scound hasis. One of
these problems was the cffect of constraint cansed
by geometrical shape and by differences in tem-
perature on ductile behavior. This constraint is
believed to result in multidirectional atresses that
are “locked-up” in the strueture and not caused
directly by apilied loads. To study thiz prob-
lem, the Structural Steel Research Committee of
the Welding Research Council cutlined the tests
reported in this paper.

The box-girder type of specimen was chosen,
hbecause it simulates to a large extent the geomeatry
or shape that was suspected of having caused
trouble in ships and other welded structures.
Four box girders of identica) design and all from
one heat at the steel mill were fabricated by the
Ingzlls Shipbuilding Corporation, Pascagouln,
Miss,, and tested as beame, wimply supported, in
the laboratory of the Engineering Mechanics
Bestion, National Burean of Standards. The
steel was a plain low-carbon open-hearth steel
(ABTM A-T) fully killed and hed good notch-
toughness properties at relatively low tempera-
tures. The same sequence of welding was used
on each of the girders. Great care was teken to
eliminate defectea of workmanship during the
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welding and any possible incipient cracks prior
to teating.

One girder was tested &b ench of the tempera-
tures —40°, 0° 40°, and 80° F. The girders
teated at —40° F and at 0° ¥ broke with a square
type of fracture. It was impossible to break the
other two girders with the available equipment,
although deflections at midspan of more than 16
in. were induced during the tests on a 22-ft span.

Il. Box Girders 5
1, Daskign

The details of the box girders are shown in
figure 1. Each girder consisted of a hottom plate,
A, 1% in. thick; of two side plates, Bl and B2,
each 1% in. thick; of a top plate, C, 2¥ in. thick;
wnd of nine diaphragms, D, 1% in. thick. The
bottom plate, A, was made up of lour separate
platez—Al, A2, A3 and Ad—with three trans-
verse welds. The diaphragme, ID, had snipes, 24
in. on & side, at ench of the top corpers, and
amaller ones &t the two bottom corners, as well as
a central hele 6 in. in dinmeter. Backing-up bars,
E and F, were used as indicated in figure 1.

The center of gravity of the cross saction of the
box girder was approximately 10 in. below the
top of the girder. The moment of inertia of the
section gbout the neutral suriace wos about 14,600
int
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2. Fabricaton

The sequence of assembling and welding of the
parts of the girder was the same for each of the
girders and was as follows:

Plates Al, A2, A3 A4, Bl, B2, and D wets
assembled, fitted, and tack-welded securely by
welding one pass on the diaphragm plates, D, to
the 4 and B plates. The outside welds of the
two lengitudinal butt joints joining the A to the
B plates were made; the center diaphragm wos
welded and welding of the other diaphragms pro-
grossed to the ends. The back-up bars, E, were
installed on top of the A plates Jor the later trans-
verse welds between the Al and A2 plates and
hotween the A3 and A4 plates. ‘The inside welda
of the two longitudinal butt joints betwecn the
A and B plates were complated, and the snipes at
the bottom of the diaphraging were welded. The
back-up bars, F, were instslled for the longitudi-
nal butt jointa between the B and O plates, and
the strain gages were installed on the ingide of the
girder. The C plate was fitted to the I} plates,
and the longitudingl butt joints between them
were made. The transverse butt joints between
the Al and A2, the A3 and A4, and the A2 and
A3 plates were made, in that order, to completa
the fabrication. The tops of the diaphragms, D,
were not welded to the bottom of the C plate
but formed a smooth bearing surface for plate C.

If cracks in the weld metal were ravealad at any
time by magnafluxing, the mctal around the erack
was chipped out and rewelded before the subse-
quent welding pasa was made.

The welding sequence, s described above, was
designed to set yp large shrinkage stresses and
produce high values of locked-up stresses.

III. Coupons

Extra lengths of the steel plates, A, Bl, and B2,
were furnished with each girder. Chemical anal-
ysis of this material showed percentage contents
sa followa: Carbon, 9.22; manganese, (.56; phos-
phoruz, 0.015; and sulfur, 0.026.

From each of these lengths two tensile covpons,
in the direction of rolling, were machined, six for
each girder. The coupons were 12 in. long, 1% in.
in dismeter in a reduced section # in. long, and
were threaded at both ends (o fit the adaptors
of the pulling rods.

The tensile tests were made in a horizontal
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Amsler testing machine, 100-kip capacity, at the
samme temperabure as that at which the correspend-
ing box girder was tested. For those coupons
tested ab temperatures below 30° F, the tempera-
tore was maintained by carbon dioxide ice in an
insulated box surrounding the specimen. For
temperatures of —40° F and of 0° F, the tempera-
ture was measured by means of two copper-con-
stentan thermocouples atiached one to each and
of the reduced section of the speeimen. A mer-
cury thermoreter weaa used for measuring the
temperature for tests at 40° and at 80° F.

The average results of the coupon tests are given
in tabls 1.

Tanre 1. Averege reaulls of fensife tesfs of coupona

Codipon length paralli] to directlon of roliing.  Eosh value 13 the svaraga for
the § coupona tested at the sume lemperature
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The axial atraine and the transverse strains were
each determined by means of two B3R~ bonded
resistance wire struin gages (A5 or A3J) atteched
pt midlength of the epacimen. Young's modulus
of elsaticity and Foisson’s ratio in the elasiic
range, ahd axial strain-stress and axial strain—
Poiseon's ratio data for plastic straina—wers com-
puted from these data. The rcinginder of the
results given in table 1 were computed in the con-
wihtional menner.

The values in talde 1 show that the proportionsl
limit and vield-strength valuea deeressed as the
tempersture incregsed. The other walues did not
appear t0 be mllucneed by the temperature,

Figure 2 shows the average values for the stress-
gtrain and Poisson’s ratio—axigl-strain relations,
The latter values did not appear to vary consist-
ently with temperature. In the stress-strain dia-
gram, the stresscs ab the Jmes of the curves de-
preasied as the temperature increasad, but on the
later ascending portions of the curves, the tem-
perature eifects appear to be negligible.
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IV. Tests of Box Girders
1, Ganeral

Each box girder was tested as a simple beam,
supported on eylindrical bearings on a horizontal
span of 22 ft, and loaded by two equal loads, 5§ ft
apart snd each 8 ft & in. (102 in.) from the nearer
support. Figure 3 shows the box girder in the
testing machipne for the test at 80° F,

For testa at temperatures lower than 80* F, the
girder waa enclosed in an insulated box and cooled
with carbon dioxide ice.  Te obtain and maintain
the low teraperatore, some of the ice wae pilad on
top of the girder and some placed m the ends of
the girder through the holes at the middle of the
end disphrapme. Cooling wae hastened and regu-
lated by forced circulation through a closed circuit
cousgisting of a blower, pipe to the girder, the girder
and & return pipe to the blower ag shown 1o figure 4.
The temperatures were measured by means of aix
copper-constentan thermocouples near midspan.
Thres tharmocouples were on top of plate C and
three on the bottom of plate A3,

2. Strain Sages

The strains at various locations betwesn the
linos of load application were measured with
5R—4 bonded-resistance wire-strain gages. The
locations of the strain gages are shown in figure 5.
Gages 22, 23, 54, and 55 on the bottom edges of
the plates B were single gages, Al or A3. The
gages at other locations were rosette guges, AR-1
or AR-2. The nominal gage length was 13/16 in.
for all gages.

For the girder tested at —40% F, the atrains
ware measured with scanning switches and re-
cordars shown in figure 4 to the left of the girder.
Portable strain indicators were used during the
other tosts.

3. Deflactinne

The deflection of the girder at midspan was
measured by the tant-wire mirror-scale method.
Deflection readings were ganerally taken assoon as
the load was attained and alao at the same lond,
when the strain readings for that load had been
completed.

4. Mathod of Test

The girders were loaded in & number of stepa,
gradually increasing the load cach time but
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relaxing the lond completely botween increments
of loading. Sieains were measored at the various
loade and at the zero logds after tha load had baen
removed. For the gicder tested at 409 F the load
waa held for a period st 1,200 kips, during which
several sets of strain readings were taken, the last
get of readings being stacted 2 hr and 40 min
after the 1,200-kip load had been reached. A set
of readings, when the portable strain indicators
were being ysed, took from 15 to 20 min.

Loading was continued until either the girder
wis broken or until the middle of the girder was
nearly in contact with the supporting girder.

5, Load-Banding Moment Balation

From the condition of the tests, the bending
moment between the points of load application
whera the strain gages werc located waz aqual to
51 P-kip-in. if the total load, P, is in kipa,

V. Resulis and Discussion
1. Avarage Axia] Skraing

As was to be expected from the genersl agree-
ment of the stress-strain curves for the coupons
at different temperatures, the [oad-strein rela-
tionis for the girders were not much affected by
differences in  temperature. Consequently, in
this report it has seemed adequate to treat mainly
the load-strain relations at a single temperature,
namely 40° F. The wvariations for the girder
feated at that temperature ave gimilar to those
for the other girders tested at other temperatures.

The average strains et a given load for the
gages at equal distances from the top of the girder
were averaged and have been plotted—foc the
girder tested at 40° F—in fipures 6 to 17. In
these figures, the inclined dotted line terminated
by a horizontal bar repressnts the load-sirain
relation as computed by the ordinary beam theory
for 1the location of the gages under ¢onsideration
and using the average value for Young's modulus
for the conpons, as given in table 1 for this girdor,
The load at the end of this line eorresponds to
the average proportional limit stress from table 1.

Tensile strains are plotied to the right, Com-
pressive strains are plotted to ihe left and indi-
cated as negative. The observed aversge strains
due to the load are shown as open circlea. The
getz, remoining after the load waz removed, are
ghown aa solid eireles.
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In general, it may be noted in these figures that
tha load-axinl strain ecurves practically coincide
with the theoretical linss for loads in the lower
alastic range. The observed strains at the pro-
portional limit values were generally larger than
the computed wvalues. The set values for the
greater loads are generally a very large fraction
of the eorresponding strain-under-lond values.

The load-strain curves for gages on the bottom
of plate A, figures 12 to 15, are of eapecial intarest.
For the gages not on & weld, figures 12 and 13, the
strain was much less in the plastic range for the
gages that were opposite a disphragm, fgure 12,
than for thoss not opposite a diaphragm, figure 13.
Thess strains in the bottom of plate A not on a
weld were, in the plastic range, much larger than
for the pgages thet were on & weld, fizures 14 and
15. This same phenomenon may be observed dur-
ing the tensile tesi of & ateel coupon, which has a
traneverse weld at midlength. For some grades of
steal and of weld motal, the weld metal reduces in
pection very little, aftar the yialding of the plates
colnmences, whereaa thera is o visible reduetion in
gection of the adjucent plate material. The per-
manent aste for the gages on a wald were negative
for loads up to more than 1,200 kips, The differ-
ence betwesn the load-girain and the lead-set
curves, at & given load, is, however, very nearly
equal at each of these four locations.

The load-axial strain data, chtained during these
teats, throws some light on the guestion as to
whether sactions plane before loading remain plane
after a load is applied. To answer this query, the
average axial etrains on plates B and C for all the
girders have been plotted in figure 18, againat the
location of the gages on the girder. The solid line
ia for the 600-kip load {(average for four girders).
This line cuts the zero-strain line at the computed
location of the neutral surface, and all the values
are close to this oneline. The dash lines have been
drawn throurh the average values for the 1,200-kip
load (average for three girders, since the girder
tested at —40° F did not attain this load}, and
ceriainly no one line can be drawn through these
values &0 that the strain values at different dis-
tances from the top of the girder are close to it
It seems that for theze box girders, with dia-
phragma at various locations aloog their length,
plana zections did not remain plane under loads in
the plastic ranga.

It was suggested that thisz apparent warping of
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an initially wvertical plane section was due to the
timing under which the gage readings wore taken
and that if the load—while in the plastic range—
wera applied for some time before the resding of
the gages was sterted, the sections would be
found still plane. The procedure had hbeen to
atart faking the strain readings about as soon ae
the load was reached. To study this effect,
during the testing of the girder at 40° F, several
sets of readings at & load of 1,200 kips were taken,
a3 has been atated. The averape strain valucs
from the readings, started as soon as the load
was reached, are plotted in figure 19 against the
location on the girder as open cireles. As for
fipure 18, no one fine would represent the data
well. The atrein wvalues from the roadings,
atarted 2 hr and 40 min after the 1,200-kip load
had besn reached, are plotied ss aolid circles in
figura 19. They show the commonly observed
phenometon of continued yielding in both tension
and compression with & consequent still greater
warping. It may be noted thai the gages under
consideration were not located in the plane of a

diaphragm (see fig. 5).
2. Deflactions at Midspan

The load-deflaction curves for the girders are
shown in figure 20, The temperature apparently
had no significant influence on the deflection,
The arrow hends indicats the load and deflaction
at the failure of the girders, which were tested at
—40° and at 0* F. Thess failures were on the
rising portion of the curve. The results indicate
that the restraints indueced by the welding of the
duectile plates were of such magnitude as to result
in rather brittle failuro for temperntures as high
as 0°F. The temperature of 40° F was evidently
not low enough to induce failure.

The break in the load-deflection curve, figure
20, for the girder tested at 80° F, &t a deflection
of 11.58 in. and a load of 1,530 kips was due to
the fact that during the test of this girder, the
teat was stopped at this deflection when the
middle of the girder nearly came in contact with
the supporting girder. During thie first portion
of the test, tho supports for the girder were as
shown in fi;ure 3. Since fracture had not oc-
curred, the box girder was taken out of the ma-
chine, the eylindrical supports were raized about
6 in. by the blocks shown in figure 21, and tha
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girder was again placed in the testing machine.
The second poriion of the test was mada 7 days
after the first portion of the test. Om reloading,
the lond-deflection curve between loads of 1,530
and 1,650 kips wae not a smooth continuation of
the load-deflection curve obtained during the
first portion of the test but was much steeper.
After the load of 1,650 kips had beon attained,
the deflection incremsed with little increase in
load until the curve bécame practically a con-
tinvation of that obtained during the first por-
tion of the test. The moving of the girder and
the time between the two pertions of the test
evidently contributed to bringing about some
change in the load-deflection relation for this
gider, which had already been subjected to
plastic yielding.
3. Moaximum Loads

Table 2 gives a summery of the maximum
values obtained at the failure of the girders thet
broke during the teste at —40° and at 0°F, as
well a8 the maximum values reached duting the
other two {ests when failure did not occur.

The fractured surface of the girder tested at
—40° Figshown in figure 22. The fracture was
~ partly in the weld between the plates Al and A2
and parily in plate A2. The fracture at rmdzpan
of the girder tested at 0° F iz shown in figure 23,
This fracture took place in plate A2 and not in
any portion of & transverse weld.

Figure 21 shows the girder teated at 80° F with
& deflection of more than 18 in.

Tarrs 2. Summory of ferwral leste of box ginders

Tamp-ar-] Mazimum | Madmom | Moduha | Feximum
akws Joad mement = | of uptora » defecton
- Hipa Kip-in. Kipafind [
-4 LR B, 4080 .1 LAl
L] b1, 4 75, K oo B
15 o 1, 68 45, ¥ 0.4 14. 16
+a0 o 1,646 E5, B0 9.2 18.

+ As sompited rom the laad at fallore or rom the maddmom loed thet
wag rakedied,

b Logu? e fafluneg.

n Masjmuey fpad thaf wos reaobed,  Wa fadhara,
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Vi, Summary

Bending testz were made on larce walded-steel
box girders at temperatures of —40°, 0°, 40°, and
50°F. Tensile tests of the materal at these tem-
peratures showed that the steel was as ductile
at the lowest as at the highest tamperatura. Due
to the constraint indueed in the girders by the
walding, squars types of fracturs occurred in the
girders tested at —40%and at 0°F but did not
oceur in the girders testad at 40° and at 30° F.

VII. ﬂppeﬁdjx

A fAfth box girder, the materis! of which was & semd-
killed steel lnatead of the fully killed atesl uaed in the other
four girders, was alzo tested At room temparatura, abogt
80° F. This box girder wes the same gsize 68 the othars
and differad from the design shown io figure 1 ooly as
followa:

The two diaphragms D were omitted; the bottom A
plate waa mads of theed plabes with two trantverse welds,
Figyra 24 shows the details of the bottam view of thig
girder of semikitlad steel. [t failed with a aguars type of
fracture aiter being teated in 4 maoner similar to that for
the other four girders.

The load-deflemtion turve for the girder of semikilled
steel is shown in figure 26 br open cireles snd solid line.
The losd-deflestion surve for the girder of Mlly killed
atesl, which way teatad at * F, la alsa shown in thix Bgurs,
by aclid circlea and dash Hna, The results of the testa of
theae two girders are compared In table 3.

Tasrs 3. Reanlls of flecural tosds of fine box givders

Girder akeal Bemikiled | Fully killed
] L]
1,57 1,40
L, b, 200
e e
5,00 LY ]
B, 5o 1, 0

These reaulta show that the girder of {fully killed etael
feated at 0® F was superior in the load properties, as given
in tsble 3, 4o the girder of somikilled steel, which waa

teatod ab B0° F,

WagHINGTON, April 0, 1048,

487



RPAD ADG BY3 fo iftvagy -] TNODLY

¥Y¥ NCIL23S
g8 NOLD3S .+

WINWOD: § ING].

@

NO L¥A3T3

]

Journal of Research




BaAHI] [RRAGD JS00] a1 Ba0a]

A 08
N way o
D} S0f 8§ rog ¥if]

Jo auneepnsy  CF Au0 a1

) adofag g 08
o Sweiyaowe Burgeay ey)
i dapatl rog R AHNDD]

ol s o Fwa]

apeuay fo spnzas sbos 1T}

ANIIHIL NIVHLS TVIXY
01 8§ 9 & =2 8]

nm !

|||.|_
|
e
|
[
]
T

.
il
f
L
LS ]
| I
=1 [dolm]sle] |

u,.wn..mu... -

t .|T.-I...n_.1.|w|......... 1
e - |

| p——— ]

S

ol
=]
02
g2
oe

ot

=52
Se

S¥0

1 L

OlLYvH
S,NOSSI0d

§ Aaunong

NI/SdIM 'SS3YLS 3ISNIL

489

Welded-Steel Box Girders



liod wipam-gan fo woieeoT - AEODIJ
wollow
# A Al L n 1 W8S

s = : :
! LANE ! s arly “
¥ u“I_”“ra _ “-u.___.__ ui..:" “n_. u._.q.t" " ¥ LUYM “

il gm m m

i ——

. i
[ e o ———— )

1
“
oo et -1 o e i e e

Journe] of Reseorch

420



19 ey 14 14 M
I h:‘:ix 12 a
4 "‘“‘x‘\ [ R
T'\‘ o \\__ 10
N Wooc
. ! o
= i =, Wit b=t
Gog L-: - 6 ha B
. 1&'.' 2 % E-
fa] O 4
g ¢ | -4 1S
2 kl 2 J,: 2
¥ 1) 0 1 2
=10 =08 -06-04 02 0O -0 08 -0 04 -02 O -04-02 0O B ]

AXEAL STRAIM, PERCENT

Ficueg 8. Awrage axial sirgins FIaURE 7.

in iha fop of plale © of the girder
icsted at 40° F (8 gages).

LCAD, 100 KIPS

O 2 4 & B
AXiAL STRAIN, PERCENT
Froore 9. Average azial
alraing in plofes B of 1585
1. from the top of the (frder

teated o 0° F (8 gopesh.

Waldad-Steel Box Girders

AXIAL STRAIN, PFERCENT

Auerage aztal sfroine
m lhe bottom of plade ©F of ke
girder lested ot §0° F (2 goper).

(3 gages).

of

LOAD, 100 KIPS

s
s

ra
=

o

2 2 4 & & 10D L2
AXIAL STRAIN, FERCENT
Frauae 10. Awerage arial siroing in
the lop of plate A of the girder teated
al 40° F (T goges).

AXIAL STRAN, PERCENT
Fiauer B, Aserepe arsal afraine
in plaler B al B.25 in. from the
Lop of the pirder tesled af 0° F

491



\

LOAD, 100 KIPS
h

ol [
g 2 4 & 8 10 12 14 18
AXIAL STRAIN, PERCENT

Fiaure 11. Aseroge ouiel strates fn pleles
B opposile the midkefght of plale A of the
girder tested o 407 F {4 goges).

14 [——1
12 -
f..ﬂ-""-___.nr'"'"'
-
mrﬂ' f.-_ff
[N
¥ B /] [
o ;f 4
2 LIS
s
- 4 J"
I
2%
ol
o 2 a4 & 82 1O 12 4 16 18 20O

AXIAL STRAMN, PERCENT

FioweE 13, Aserage arial siraise in the botfom of plaje A,—
not on 2 weld, not opposite & diaphragm—of the girder
leated of §0° F {F goges).

492

/
‘“;;
/4
I/
[
i
]
o

{
i

!

c 2 4 &6 B 1012
AXIAL STRAIN, PERCENT
Fravre 12, Awerage oriel sirdins i
the bodtom of plode A —nof on o wedd,

oppoaits g diaphragm—al e pivder
teated abf $0° F {8 pegen).

e ]

—

p——

F Y

LOAD, IO KIPS
1)

M

=

¥

h-_h"!"b\_

|

100 KIPS
=+

23]

LOAD,
b

2 |

f

o 1

02 0 2 .4

AXIAL STRAIN, PERCENT

Ficuss 14,  Awsrage seial
#romes tn the bollom of
plate A —on a weld, op
poaite 2 diephregm—af
ihe girder lested of JO° F
(5 gogen).

Journal of Rezecrch




=
L ]

o

LOAD, 100 KIFS

-9

[
ik {

0
-02 O 2 4 &
AXIAL STRAIN, PERGENT

Frovee 15. Arerope awial
glraing in lthe boHom of
plote A,—on o weld, wol
opportie a diaphragm—of
Hhe pivder levted al §F F

{8 pages).
14 [ 1
e
i2 /f_,.ﬂ-‘
wlﬂ 7
S ol
= 8
=7
@ obd
=
& aff
-t a
2
ol

O 2 4 £ .8 10 12 4
AXlaL STRAIN, PERCENT

FrourE 17. Averoge ariol slraitia in the bollom
edpe of the plates B of the pirder lested at 40 F
{4 pages).

Welded-Steel Box Girders

BOTIZT—48— =10

5

h\'i
K
A

@
M)
Py

L]
-"'l"'-u...h_h

LOAD, 100 KIPS

) F-
-"—JF-_

o

0 2 4 &£ & 10 1214
aXlaL STRAIN, PERCENT

Fioure 16, .dwerage ociel sfratne in the
welda betwreen plo.ce A and B of the girder
teated al 46° F (4 gagenl.

h
*

g ¥

-f#=-2 0O 2 4 &5
AXIAL STRAIN, PERCENT

Fraure 18, dwerope azfol siroing versus goges
fecation, on pleler B and O for loads of
F00 Eips (sofid Line) and of 1300 Fps
{dask line).
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Fravre 19, Average axial slrains versus gage ol

location for a load of 1200 ."':il.l.< on the girder ol | |
tested at 40° F. Qe S4B |2 =i
Orpen eireles are for readings started as soon as the kowd was DEFLEGTIIDNI IN

renched; solid cireles for readings started 2 hr #0 min after the
lonad wns reschad, Frovre 20, Deflection al wmid

span for the girders.

Fioure 21. Girder lested ab 80° F when fhe rll.l_.'!'r'r-r.m.' LR Fiourg 22, Fractured surface of the givder Lested al JPF,
1806 .
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Frauvre 23. Fraclure al midspan of the girder lested al
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Froure 24, Hottom view of the girder of semiskilled steel.

Fiaure 25 Loawinid -J‘:_I.':I'.'.‘::.'. [ i B
Jor ot !',l.'.r.'- g

Bolid line, open cineles, a girder of semikillsd

st 1 at 80° F. Dazh line, solid circles,

a girder of fally killed stesl teated at 0" F.
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