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An analytical study was made of the economic possibilities
of the use of corrosion-resistant low-alloy steel for girders
in composite action with a precast high-strength concrete
deck for short and medium length highway bridges. A design
procedure is presented. Structural quantities and cost data
are developed for one- and three-cell steel boxes for 75- and
120-ft simple spans. The structures involve the integrated
use of a nickel-copper grade of ASTM A242 and T-1 steels.
Cost data are also given for the use of ASTM A441 steel, as
well as of stainless-clad steel for the exterior plates of the
steel box.

The results indicate that it is possible to design and erect
a box structure for short and medium length highway bridges
at a lower first cost than the conventional I-beam highway
bridge with a poured-in-place concrete deck. It is recom-
mended that a nickel-copper type of high-strength low-alloy
steel be used due to its better resistance to atmospheric cor-
rosion because thin plates are proposed in the steel box.

*THE OBJECTIVE of this work was to investigate the economic possibilities of
nickel-copper high-strength alloy steels in short and medium length highway bridges.
Two reports on this study have been published previously. In the first (l}, designs
for the superstructures of typical short-span concrete slab and rolled wide-flange
steel stringer highway bridges fabricated from nickel-copper high-strength low-alloy
steels were analytically compared with those fabricated from ASTM A7 and A373
structural steels. The results of this first study indicated that this type of highway
bridge could, for all practical purposes, be constructed of nickel-copper types of
high-strength low-alloy steels at the same first cost in dollars as if ASTM AT or
A373 structural steels were used.

The second report (g) was an analytical study of the comparative economic use of
various steels for welded I-section stringers with concrete deck for short and medium
length highway bridges within the framework of the standard design specifications.
The results indicated that structures of this type could be fabricated and erected using
a nickel-copper grade of high-strength low alloy steel at about the same first cost in
dollars as if ASTM A373 structural steel were used.

Since the publication of these first two reports, changes in the chemical require-
ments in the specifications for ASTM A36 structural steel have resulted in its being
accepted for welding in highway bridges. It is expected that ASTM A7 and A373
structural steels will be replaced by A36 structural steel. The cost of fabricating
and erecting the types of structures covered in these first two reports using ASTM
A36 structural steel will average about 95 percent of the same first cost in dollars
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if a nickel-copper grade of high-strength low-alloy steel were used. However, it may
be possible that the higher atmospheric corrosion resistance of the nickel-copper
grades of high-strength low-alloy steels will result in overall economy due to savings
in maintenance costs.

This report covers the third phase of the investigation, which was an analytical
study of the use of high-strength steels, with particular attention to nickel alloy steels,
in forms for short and medium length highway bridges independent of current standard
practice and design specifications.

PROPOSED TYPE

Presupposing satisfactory dynamic properties, the most efficient steel highway
bridge superstructure is one which incorporates a combination of the various grades
of constructional steels with integral action in all directions. Design procedures and
fabrication, erection, and maintenance problems must be considered in the overall
economic evaluation. The intangible matter of esthetics should also receive attention.

One possible type of construction is a welded steel box girder with a deck unit acting
compositely with it. This type results from an attempt to reduce the excess shear
carrying capacity of the standard I-beam highway bridge. The deck unit could be
either a steel orthotropic plate or a reinforced concrete slab. The types investigated
in this study are shown in Figures 1 and 2. It is proposed that a high-strength con-
crete deck be precast in units of suitable length and held in place with high-strength

i S 30-0" CLEAR ROADWAY i
2-0 15-0" 158-0" 2-0"

¢ ROADWAY — 5

;10"

ASPHALT WEARING SURFACE —

N e s

“WELDED R'S!

Vs
T T STl 5 T

I T

_—
E
|

2-0" - L_ o" o 80" g'-o" 7' oni 4_‘24_‘0«
9'-0" 16'-0" 9'-0"

Figure 1. Details of one-cell box.
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Figure 2. Details of three-cell box.
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grout and high-strength bolts to give integral action with either a one- or a three-cell
steel box girder. These slab units are joined together with high-strength grout.
Post-stressed strand might be feasible to hold the units together. This procedure

has been used for highway structures in Europe (3, 4). A combination of high-strength
bolts and epoxy resins has been used on one structure in Europe with a span of 7.38
meters, about 24 ft (5). The use of epoxy bonding compounds to secure composite ac-
tion is being studied at Rensselaer Polytechnic Institute (§).

Steel Box Details

The various grades of constructional steels are combined to give the best possible
balanced use of the material in the design of the steel box girder. The plates around
the box have one-sided longitudinal stiffeners, which are continuous throughout the
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length of the girder and participate in direct structural action with the plates. A rolled
structural T may be used for these longitudinal stiffeners instead of a welded T as
shown in Figures 1 and 2.

Intermediate transverse stiffening ring diaphragms are spaced at about 12-ft inter-
vals, (Fig. 3). Typical details of a transverse end stiffening ring diaphragm are
shown in Figure 4. These details are also typical for a ring at an intermediate sup-
port in a continuous structure. At an abutment end, the box is completely sealed with
a light gage seal plate. Access to the interior of the box girder is given by covered
entrance holes in the bottom plate, near the abutments where the bending moment is
small. The bearing details at an end or intermediate support vary, depending on the
substructure configuration.

The steel box is shop fabricated into the largest units which can be shipped to a
specific site. All shop fabrication is by an appropriate welding procedure and the side
plates are joined by butt welding to form appropriate units of the box.

Field Splices

No transverse field splicing is usually required for short and medium length struc-
tures. Longitudinal sections, 120 ft long, can be shipped to the site. Details for a
transverse splice at a stiffening ring are shown in Figure 5 for use in continuous spans
and other places where splices might be required.

Usually longitudinal field splicing is required. The details of a high-strength bolted
longitudinal splice are shown in Figure 6. Details of a complete penetration one-sided
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butt weld with backup strip are also shown. The bolted splice is preferred because
of ease of erection. The details for the splicing of intermediate and end transverse
stiffening rings due to longitudinal splicing are shown in Figures 3 and 4.

THEORETICAL ANALYSIS OF BOX

The units of the steel box, as shop fabricated, have to be braced for shipment to
the site. Circumstances vary, and this matter is not given further attention here,
because similar situations are now satisfactorily handled.

The complete steel box has to support its own weight and that of the precast slab,
either for the full length of a span or between erection bents. It is assumed that the
total deadweight of the structure is carried by the steel section and that the live load
is carried by the complete cross-section when the precast slab acts compositely with
the steel portion of the box girder.

Stress Analysis

The stress analysis of the steel portion of the box girder under the dead load of the
structure presents no unusual problems. Both the flexural and the horizontal shear
formulas are used, as well as the usual theory tor combined stresses.

The stress analysis of the complete box girder under the live load differs some-
what from that of the standard I-beam highway bridge. The primary stresses in this
coinposite section are those due to shear and flexure from symmetrical loading and
those due to torsion from unsymmetrical loading, especially live and wind loads.

The precast slab is transformed to an equivalent steel section by using the ratio
of the modulus of elasticity of the steel to that of the concrete (E4/E,). Using the
ratio between the shearing moduli of the two materials gives a ('oeff1c1ent Gs/ Ge =
0.92 Eg/E¢.

The membrane analogy (7) is used to determine the shearing stresses due to tor-
sion and to locate the shear center of the box. The so-called shear flow forces (8)
are computed by subdividing the cross-section of the box into segments. It is con-
venient to use segments corresponding to the discontinuities in the static moments
caused by the longitudinal stiffeners. This gives an average shear flow force for
each segment based on the following assumptions: (a) the plate thickness is small
in comparison with other dimensions, (b) there are no re-entrant corners, and (c)
the shear is uniform across the plate thickness. Figure 7 shows the distribution of
these shear flow forces in the box for both a vertical load through the shear center
and a horizontal load through some convenient point.

The loads acting on the box are broken into load through the shear center of the
box and torsion about the shear center. The shear flow forces due to torsion are
computed by a direct application of the membrane analogy. The shear flow due to
torsion is given by:
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qt = T/2AB (1)

shear flow force due to torsion (Ib/lin in.),
applied torsion (in. -1b), and

area enclosed by box section (sq in.).

The horizontal shearing stress formula may be written:

where

q

Tt = VQ/I = g (2)

unit shearing stress,
thickness of plate at point in question,
total external shear at the transverse section under consideration,

total moment of inertia of the transverse cross-section about its centroidal
axis,

statical moment of the cross-sectional area of the transverse cross-section
on either side of the point in question about the centroidal axis of the sec~
tion, and

shear flow force per linear measure.

The units must be kept compatible. The box cross-section is assumed to be cut at
some convenient point and a quantity q is computed for each segment into which the box
is divided. The restoration of the cut section and torsional equilibrium are determined
in one operation by taking moments about some convenient point.

Stability Analysis

The steel plates of the box must be stable at all times, both during and after erec-

tion.

The top plates must have lateral stability until the precast slab units are in
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place. Temporary braces may be used, or a slab unit might be bolted in position to
serve as a temporary brace. The size and spacing of the stiffeners must be deter-
mined.

The upper limit of the elastic action of a plate may be either the theoretical elastic
buckling stress or the yield strength of the material. A plate element, such as one of
those comprising the box section, may carry additional load beyond the theoretical
elastic buckling strength by transferring the additional load to the edge supports.

This is usually referred to as the post-buckling strength of the plate and its magnitude
depends on the strength of the edge supports.

In this study the limit of elastic action is used as an upper bound to determine the
requirements for the stability of the plates in the steel box. The theoretical elastic
buckling stress at which elastic instability takes place is given for a rectangular plate
by the Bryan buckling formula (9, 10, 11):

k' E (t)2
Opp OF To, = ————o|= (3)
cr cr 120 - p%) \P
where
O,y = critical normal stress due to bending and/or axial load:;
Ter = critical shearing stress;

= long dimension of rectangular plate element;
= short dimension of rectangular plate element;

= aspect ratio, a/b;

= Poisson's ratio;

a

b

o

E = modulus of elasticity;

U

t = thickness of plate element; and
k

= constant depending on type of loading, magnitude of aspect ratio, and edge

support conditions of plate element.

The plates of the box may be considered as simply supported panels with lengths
equal to the spacing of the intermediate transverse stiffening rings and widths equal
to the spacing of the longitudinal stiffeners (12). Figure 8 shows the setup for a typi-
cal vertical side plate with flexural stress distribution. The setup for shear stress
distribution is similar. The horizontal bottom plate will be in tension in a simple
span and stability is no problem. In the regions of negative moment in a continuous
span, the bottom plate will be in compression and may be treated similarly to the
vertical plates.

Using E = 30,000 ksi and 4 = 0.3, the Bryan buckling formula reduces to 0, or
Tepr = 27,114, 4k(t/b)* ksi. The constant k may be determined from Table 36 of Bleich
(11, Chap. 11). For varying normal stress distribution, linear interpolation may be
made between the values of Cases 1 and 2 as given in this table. The theoretical elas-
tic buckling stress for each panel of the side plates must be determined for each stress
condition during and after erection. In a simple span the shearing and flexural stresses
will not both be a maximum at the same transverse section of the structure and they
may be considered separately. It is recommended that in no case should the theoreti-
cal elastic buckling stress for any panel be less than 1.5 times the actual comparable
flexural or shearing stress in the panel.

High values of flexural and shearing stresses may occur simultaneously at a trans-
verse section in continuous spans. The following interaction relationship may be used
to determine safe ratios between the actual stresses and the theoretical elastic buckling
stresses for the Panels 11 and 13:
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D 7 2 2

7_ .+ (%) - (;I—) < 0.67 @
OD OF cr

cr cr,

where OD, oFand are, respectively, the actual average direct stress, the maximum

flexural stress, and the shearing stress in a panel; and OC]%, UC};, and 7., are the cor-
responding theoretical elastic buckling stresses for each individual state of stress in
the same panel.

Longitudinal Stiffener Rigidity

Based on the stipulation that a longitudinal stiffener remains straight until the
theoretical elastic buckling stress is reached, with the panels and edge supports as
previously assumed, studies (14, 15) indicate that the required minimum rigidity for
a single-sided longitudinal stiffener in the case of pure flexure may be taken as fol-
lows:

1. stiffener at mid-depth of plate:
I = 0.1167t°b (5a)
2. stiffener at quarter-depth from compression flange:
I =tb(1.1 + 8.458) (o - 0.3) (5b)

with a maximum value of t*b (1. 4667 + 18, 33336); and
3. stiffener at one-fifth of the depth from compression flange

I =t% [0.354 + 0.467a + (0.807 + 7.1145) az] (5¢)

c-c tranverse

OTop stiffening rings
C I 'S
#] \ X Panel a ﬁ|'
; Panel b T
= \ \
Panel ¢ -'l

OBonom

Figure 8. Assumptions for buckling of side plate.
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The nomenclature is as previously used with the addition of § as the ratio of the area
of the stiffener to the cross-sectional area of the plate bt, and I as the moment of
inertia of the stiffener taken about the surface in contact with the plate.

For the stress distribution as shown in Figure 8, the stiffener rigidity, I, may be
computed using the plate width, b, for a hypothetical plate with width equal to twice
the greatest distance from the neutral axis to the edge of the plate (12). Shear will
not be a consideration in the determination of longitudinal stiffener rigidity for the
aspect ratios involved. The minimum size longitudinal stiffener will undoubtedly be
controlled by practical considerations and not by stability requirements, since the
stiffeners participate in direct structural action with the side plates of the box.

Transverse Stiffening Rings

Transverse stiffening rings are required to help hold the steel box to its original
configuration and control the aspect ratio of the side plates. Ring size would be set
primarily by practical consideration of the fabrication and erection problems. They
would probably be of the same size as the longitudinal stiffeners. Again, either a
rolled structural T or a welded T could be used for these rings. It is recommended
at present (1963) that width to thickness ratios follow current practice (E).

SUGGESTED DESIGN PROCEDURE FOR ONE-CELL BOX

A suggested design procedure is illustrated by the analysis of a 75-ft simple span
structure consisting of a one-cell box for the H20-S16 live loading. The concrete slab
must be designed and preliminary thicknesses for the side plates and spacings and
sizes for the longitudinal stiffeners estimated. The flexural stresses may be deter-
mined from the flexure formula and the shearing stresses, including those due to
torsion, computed by an application of the membrane analogy.

The details of the one-cell box for a 75-ft simple span are shown in Figure 9. The
box is divided into segments, taken symmetrical with respect to the stiffeners. Seg-
ments A, B, C, and D in the cantilever portion of the slab resist shear, but torsion is
resisted only by the box section, Segments 1 through 22. A modular ratio, ES/EC, of
6 is used for 5, 000-psi concrete to obtain the equivalent steel area for the slab seg-
ments.

Vertical Load

The computation of the section moduli required to obtain the flexural stresses due
to vertical loads and an analysis for the determination of shear flow forces for a shear
of 100 kips due to a vertical load through the shear center of the box are given in Table
1. The assumption that each segmental area (Col. 2) is concentrated at the center-
line of the side plate is considered to give sufficient accuracy to the computations.
Dividing the sum of the vertical distances from each element to the center of the bot-
tom plate, y’, and the first moments of the segmental areas about the center of the
bottom plate, Ay’, by the total area locates the centroidal axis from the center of the
bottom plate: § = 26, 400.26/734.06 = 35,9647 in. for the composite section; and
y = 1,358.04/140.08 = 9.69 in. for the steel section.

The values of Ay’? are for use in the determination of the moments of inertia about
the centroidal x-axis from the following:

Ix =2Ay12 _ yzEA (6)
For the composite section:

I, = 1,099, 724.78 - 734.06 (35.9647)% = 150,247.79 in.*
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and for the steel section:
I, = 43,945.78 - 140.08(9.69)° = 30,792.81 in.*

The shear flow forces for a 100-kip shear due to a vertical load through the shear
center may now be computed. The box is cut between Segments 22 and 1, and the
resulting shear flow forces are computed around the box. The place the box is cut is
a matter of convenience. Cutting where q =0 simplifies the computations. The torque
of these shear flow forces around a point is determined and used to restore equilibrium
and continuity to the box section. The shear flow forces in Segments A, B, C, and D
on the left are opposite hand to those on the right and may be neglected in computing
any torque. The static moment, Ay, of the segmental area about the centroidal axis
of the composite box is computed by using the distance, y, from the centroidal axis
to the center of each segment. The average increment in shear {low force acting in
each segment of the cut box, Aq = (V/I) Ay, is given (V/I = 100,000/150, 247.79 =
0. 665567194 1b/in. %),

The intensity of the shear flow force at the center of each segment in the cut sec-
tion, dy> is found by summation, beginning with Segment 1, and it is assumed constant
between the centers of the segments. The subscript y is used on q to indicate that the
shear flow forces are from vertical loads. The shear flow forces create a torque.
Since there is no torque with the load acting vertically through the shear center, the
forces must be corrected, except for those in Segments A, B, C, and D, and brought
into equilibrium. This may be done by determining the torque of the total shear flow
forces around the box section about some convenient point and making the necessary
correction to reduce the torque to zero. The torque will be computed about the inter-
section of the centerline of the bottom plate and the vertical centroidal axis of the box;
clockwise torque is taken as positive. Columns 10 through 13 of Table 1 contain the
computations necessary to determine the correction coefficient to be added algebraical-
ly to the values of qy in Column 9. The distances between the centers of adjacent seg-
ments are noted by L. The total shear flow force between the centers of adjacent
segments is qyL and, letting a denote the perpendicular arm to each q,L from the as-
sumed torque center, the total torque is IqyLa. The correction coeffYcient, qi, is
equal to -quLa/ELa =19, 825, 879.63/16, 189. 44 = 1, 224, 618 1b/in., where L La =
2Ap, with AR being the total area inclosed by the box section.

The corrected values of the shear flow forces from a 100-kip shear due to a verti-
cal load through the shear center, qy + di, may be used to determine the shear flow
force due to any vertical loading symmetrical with respect to the shear center of the
box. The unit shearing stress is obtained by dividing the shear flow force by the
thickness in inches of the side plate.

A check for horizontal and vertical equilibrium is obtained by noting that the values
of the total shear flow forces, (qy + qiL, for segments of opposite hand should have
the same magnitude but be of opposite sign. Another check on the computations is to
note that twice the area inclosed by the box section, 2Ap, is (2) (192) (42.16) =
16,189, 44, which is the same as the summation of Column 12, £La = 16, 189, 44,

Horizontal Load and Location of Shear Center

In the analysis for a 100-kip horizontal load, it is convenient to assume that the
load acts along the horizontal centerline of the bottom side plate of the box. It could
be assumed to act along any horizontal line. The computations in Columns 1 through
13 of Table 2 correspond to those in Columns 1 through 15 of Table 1. The location
of the vertical centroidal axis is known for the horizontal load. The intensity of the
shear flow force at the center of each segment is designated by gy to indicate that the
shear flow force is from a horizontal load. The shear flow forces in Segments A, B,
C, and D must be considered, since the shear flow forces on the left and the right
cantilever sides of the box act in the same direction. They must not be corrected in
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T

HORIZONTAL LOAD AND TORSION—SHEAR S

[ 2 3 4 5 6 T 8 9
A X Ax A Bqs % Ax 9. a L
Segment | Area |Arm From Arm Length
. € Box . . 4 5 ; .
(in?) (in.) (in?) (in% (1b/in.) (ib/in) | Gn) (in.)
| 12.75 9600 | 224.00 117,504.00 1590 1590 | 9600 9.50
2 500 96.00 48000 46,080.00 6.24 22,14 96.00 12.00
3 5.00 96.00 480.00 46,080.00 6.24 2838 96,00 15.16
4 6.04 96,00 579.84 55,664.64 7.53 3591 0,0 26.00
5 13.75 70.00 962.50 67,375.00 12.50 48.41 0.0 2800
6 13.75 42,00 577.50 24,255,00 7.50 559| 0,0 28.00
7 13.75 14.00 192 50 2,695.00 | 250 5841 0.0 2800
8 13.75 - l4.00 192.50 2,695.00 = 250 5591 0.0 28.00
9 1375 | - 4200 571.50 24,25500| - 7.50 4841 0.0 28.00
10 1375 | - 70.00 92,50 67,3150  -i2.50 359 0.0 26.00
1l 6.04 | - 9600 57384 55,664.64| - 1.53 2838 | 9600 15.16
12 500 | - 96.0¢C 48000 460,0800C| - 6.24 22.14 | 9600 12.00
13 500 | - 9600 480,0C 46,080.00 6.24 1690 | 9.0C 9,50
14 1275 | - 96.00 1224.0C 117,50400 | - 15.90 0.0 9¢.00 5.50
A 2703 | -19049 5148 84 980,787.27 | - 6689 - 6689 4216 21.43
B 3007 -163.06 5001.05 815,524, 14 - 6497 -13(.80 42 16 26.93
c 3667 | -i36.13 498653 619,433.54 | -¢c4.83 - 196.69 4216 27.10
D 42,6\ | -109.03 4647.05 508971 .9¢ -6038 -257.01 426 13.03
15 20.00 - 940N 1320 00 184,320.00 -24.94 -282.0| 42 ie 26.00
o o1 - 70.00 320690 228,683.00 -4z 44 -324.45 42 16 28.00
17 4667 | - 4200 1960.14 82,325 88 -25.4¢ -34591 42.18 28.00
18 4661 | - 14.00 €5338 914732 | - 842 -35540 | 4216 28.00
1% 46,67 14.00 €53.3¢8 9,147.32 & .49 =342 42.1¢ 28.00
z0 4661 42.00 1260.14 8232588 25.4¢ -324.45 42 16 28.00
21 4667 7000 3,2¢»90 228,683.C0 42,44 -z282 0! 42 16 26.00
2 20.00 9¢.00 1 920.00 184,320.00 24.34 ¢.0 26.0C 5,50
D 4261 109.03 4647.05 508,37( .91 60,28 25707 4216 13.03
C 3667 [36.13 4980.5) ©79,433.54 648% “Deed 426 21.10
B 3067 163.06 501,05 8156,524.14 ©4.97 -131.8¢ 4216 26,93
A 2103 190.49 5148.84 980, 1B 27 6EED - 6689 | 4z1¢ 2743
73406 1.697,€33,40
restoring the cut section, as Segments A, B, C, and D do not resist torque. The cor-
rection is given by:
q, = -ITqyla/Tla (M
In this case, q, =3, 656, 878.49/16, 189. 44 = 225, 88 1b/in.
Since only Segments 1 through 22 resist torque, the total shear forces in Segments
A, B, C, and D must be considered an external load on the box section in location the
shear center (Fig. 7). The general expression for the increment in angle of twist at
the section is
22
dé/dz, = (1/2AgG) ; qL/t (8a)

The increment in angle of twist at the section due to the external loading under con-
sideration is

de/dz, = (1/2AgG) zZf)(qx + q )L/t (8b)
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LYSIS, ONE-CELL BOX, 75-FOOT SPAN

I 12 13 14 15 16 17 i8 19 20
L . 1] '
Q- L-a Qe+ ()b (ctx*ql)% x a L-a 9P s, (q.n“h)ht
(i1b-in) (1b/in) (1b) (to/in.) (in.) (n?) (tb-n) |Gesin)] (w/in)
14,500.80 24178 229691 9,187.64| 3800 | 9600 912.00| 14,50080 1619 638.02
25,505.28 248.02 2,976.24 11,904 96| 4800 | 9600 115200 2550528| 23.03 1105 44
41,3032 25426  3,854.58 15.418.33| 6064 | 9600 | 45536| 41,303.12| 29,27 1774.93
0.0 261.79 6,806.54 21,78098| 8320 | 3645 947.70| 34,031.91| 36.80 3061.76
0.0 274,29 7,680.12 2457638 | 8960 | 3645 1020.60} 49,407.25| 49.30 4417.28
0.0 28179 7,8%312 2524838 8360 | 3645 26| 57,061.15] BesC 5089 28
0.0 284.29 7,960.12 25,412.38| 83¢0 | 3645 i0206c| 5961325 5330 5313,28
0.0 281,79 7,890.12 25,248.38| 8960 | 3645 1020.60| 517,061.75| 56.80 508928
0.0 274,29 7,680.12 24,576.38| 8960 | 3645 1020.60] 4940725 49.30 441728
0.0 261.79 6,806.54 21,18093| 8320 | 3645 947 70| 34,031.91| 3680 3061.76
41,303.12 254,26  3,854.58 15,418.33| 6064 | 96.00 145536 41,303.12| 29.27 117403
25,505.28 248,02 297624 11,90496| 4800 | 96.00 11652.00| 2550528 23,03 1105.44
14, 500,80 24178 22991 9,18764| 3800 | 9600 912,00| 14,5008¢) 1619 638.02
0.0 225.88| 1,24234 74540| 330 | 96,00 528.00 00| 087 2,87
11,354.94 - 6689 - 1,834.19 571 196.63| - 10,476.98|-6689
143,709.89 -i31.86] - 3,350.99 571 i53.77] - 20,276.11 | -131.86
224,726,19 -196.69| - 5230.30 571 154.74| - 30,435.81 |-196.69
141,218.83 -257.07| - 334962 571 14.40| - 19,126.01|-25707
303,128 .08 - 56143 | - 1,459,338 - 87563 16,60 511 148 46| ~ 41,867.20-28112 | ~ 4385.47
383,006 74 - 9857| - 2759.96| - 185598 1680 571 152.88 - 51,873.07]-32356 | - 54358l
413,061.76 -124.03| - 5471284 - 208370| l680 571 159.88| - 55943.61|-34902 | - 583508
423,084.03 -132.52| - 37086 - 222634] 1GFO 5.1 159.88| - 57,30039|-35751 | - 6,00617
413,061.76 -124 03| - 347284| - 208370| i6.R0 511 152.88| - 65943 ¢.1|-300.02 | - 580354
383,006, 74 -9e67| - 272996 - 165538 le.Bo 5.71 16288 -51,873.07|-32356 | - 54358
309,128, 08 - 5613| - n4s038] - 87563 1560 57 14846 | -41 867.20|-t8112 | - 4,385.41
¢o 22588 -~ 1,242.34 4s.40| 330 | 9600 52600 oc| ow1 781
141,218.33 -267.07| - 334962 571 7440 - 19,126.01 | -257.07
224,126,19 -196.13 | - 5330.30 571 15474 - 30,435.81 [-19669
149, 702.89 -131.86| - 33509 577 163.77] - 20,276.11 | -131.86
11,354.94 - 6683| - 183479 571 156.63| - 10,476.98 |- 66.83
656,878.49 231,739.46 i6,189.44| - 14,085.10
2hg
The general expression for torque about the shear center is
Ty = 29Ap (9a)

The expression for torque about the shear center for the external loading under con-
sideration is

Ty = 71, 868.60e (9p)

where e is the distance from the resultant force to the shear center (Fig. 10). The
computations necessary to locate the shear center are shown in Figure 10, The shear
center is the point through which the line of action of the resultant external loading
must pass in order to have no torsion. The point of application of the 100-kip hori-
zontal force for zero torque about the shear center is located from ey = (28,131. 4)
(7.95) / 100,000 = 2, 24 in. above the shear center (Fig. 10).

The shear flow forces in Column 7 must now be corrected to give torque equilibrium
about the shear center with the external load of 100 kips. This load must act 2. 24 in.
above the shear center for zero torque. This is done by taking the torque of the ex-
ternal load and internal shear flow forces about some convenient point and determining
the shear flow corrections to give torque equilibrium about the shear center for the
internal shear flow forces. It is convenient to take moments about the line of action of
the 100-kip load for zero torque—2. 24 in. above the shear center. The correction is
found from:
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8/_011 8/-0” (2
4 > s "
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100,000 - 2 X 14,065.70 = 71,868.60 pounds
2 M PLI
2 X 14065.70 X 42.16 _ 16.5"
Le 7,868.60 A
22
ﬂﬁ = l th & T = 2q9A
1Z; 2heG &1 I S
de 22
T NCRIL e
-_ = + - & i»=7i,868.80 e
iz, 2AsG & L PAr 2m
dy
T2 Az,
= (y
0 iz,
71,868.60 ¢  231,739,46
16,189.44q ~  1,029.48 q
¢ = BO7L”

Figure 10. Location of shear center, one-cell box, 75-ft span.
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4y = - 2 qla’/ Xla’

which is in this case 14,065.10/16,189. 44 = 0.87 1b/in.

Torsion Only

The shear flow force for pure torsion about the shear center is equal to T/2Apg.
This gives for a pure torsion of 100 ft-kips about the shear center, q; = (100, 000) (12)
/16,189.44 = 74,12 1b/in.

Flexural and Shearing Stresses

The dead load per foot of bridge for the one-cell box on the 75-ft span to be used in
the stress computations is as follows:

Railing and curb = 467. 4 1b/ft
Asphalt wearing surface = 450, 0 1b/ft
Precast concrete deck = 3,714, 7 Ib/ft
Steel box = 550. 7 1b/ft

Total = 5,179, 8 Ib/ft

The maximum bending moments and shears for one lane of H20-S16 live loading are
given in the AASHO specifications (16, p. 273). The impact factor is 0.25 in accord-
ance with these specifications. The following maximum moments result from full
loading of the structure, noting that the maximum live load moment occurs 2. 33 ft
from mid-span with 14-ft axle spacings for the live load:

Dead load at mid-span (5.1798) (75)2/8 = 3,642.1 ft-kips
Maximum live load plus impact = (2) (1075.1) (1.25) = 2, 687.8 ft-kips

Dead load at point of maximum
LL moment

[(5.1798) (39.89) (35.17)]/2 -
3,628, 0 ft-kips

The following maximum shears occur under the same conditions:

(5.1798) (37.5) = 194, 2 kips
(2) (63.1) (1.25) = 157. 8 kips

Dead load at end of span

Live load plus impact

|5-0" j B Ou
C.GC. of two lanes *——¢ Roadway
Ig'o‘ 20! 6-0" [44“61' 246"240"  6-0" 7-0" E!Q'i'
| 0
| Lo ! i
1
L | H
" |-
e el s s = O &

Figure 11. Transverse position of live load for maximum torque.
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Torque is obtained by the unsymmetrical placing of the live load lanes on the road-
way. Figure 11 shows the transverse position of the live load on the roadway deck
for maximum torque, both lanes loaded, with the end heavy axle placed over the sup-
port. This gives the value of the maximum live load plus impact torque, with the
value of the torque from each load distributed to the end similarly to its effect on end
shear as:

[(64) (2.5) + (64) (2.5) (61) / 75
+ (16) (2.5) (47) /75] (1.25) = 393.75 ft-kips.

Assuming the dead load carried by the steel box alone and the live load and impact
by the total composite section and using the moments of inertia previously computed
to obtain the appropriate section moduli yields the unit flexural stresses given in
Table 3.

By assuming the dead load shear to be uniformly distributed in the vertical side
plates, and determining the maximum live load, impact and torque shearing effect by
the use of the coefficients previously determined, the unit shearing stresses between
Segments 1 and 2 are as follows:

DL = (194.2) / (2) (36) (1/4) = 10.79 ksi
LL + I = (1.578) (1.230518) / (1/4) = 17.76 ksi
Torque = {3.8375) (6.074i2) / (i/4 = 1.1iTksi

Total = 19,72 ksi

SUGGESTED DESIGN PROCEDURE FOR THREE-CELL BOX

The details of a three-cell box for a 75-ft simple span are shown in Figure 12,
The box is divided into 32 segments around the cells with each cantilever portion of
the slab divided into Segments A, B, and C, which resist shear but not torsion.

Vertical Load

Tables 4 through 7 contain most of the computations for the effect of a shear of 100
kips due to a vertical load through the shear center of the box. The nomenclature is
the same as used for the analysis of the one-cell box. Columns 1 through 5 of Table
4 give the data for the location of the centroids of both the steel box alone and the
composite section and the determination of the moments of inertia of each I, about the
centroidal axes. It is necessary ito cut the three-~cell box into three one-cell boxes

TABLE 3
FLEXURAL STRESSES, ONE-CELL BOX, 75-FOOT SPAN

Top of Bottom of Top of
Load Steel Steel Concrete
(ksi) (ksi) (ksi)
Dead Load 38.84 13.93 -
Live Load and Impact 0.26 T1.76 0.40

Total 39.10 21.69 0.40
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TABLE 4
VERTICAL LOAD—SHEAR STRESS ANALYSIS, THREE-CELL BOX, 75-FOOT SPAN

' 2 3 4 5 @ ! 8 8 10 i (3 13 14 13
A Y AY ay? ¥ ay Aq=¥ay L a La “w “Lea .
Segment | Aees | Arm From Arm From e e Length | Arm U i B
. +Bott R X P Comp C G " 9 8 . < . . .
(in) (in} (in2) (in®) {in) (in}) | Gbzin) | (v7in) {in) (in) (in?) (b} (b -in) (b /in.)
| 656 | 36375 238620 8,67980| 4029 26430 15 466 15466 925 [14400 1,332 00 143 061 2060071 | 558894
2 425 | 27125 115281 312700 - &s2) | - 22189 [- 12984 2482 | 1200 14400 1,728.00 29 784 4,28890 | 545910
3 425 | 15125 G4 28] 97225 | <2zl | - 7389 |- aze21 |- 40345 | 1525 [14400 201800 |- 10218 [+ 8781141 | 503083 |
4 471 00 00 00 | -32346 152350 |- 82168 |- 129493 | 2400 | 00 0.0 00 0.0 413935 o
5 1100 00 oo 00 |-32386 | - 355806 | -208201 |- 337694 2400 | 00 0.0 00 00 2057134 =
3 I 00 00 00 00 | -32346 | -355 806 | -208 201 |- 545835 | 2400 | 00O 00 00 00 2467 ~
7 1100 0D 00 00 | -32 346 | -355 806 | 208201 |- 754096| 2460 | 00 0.0 00 00 210668 -
) 7.69 00 00 00 |-3234¢ 145552 | - 899,848 2400 | 00 00 a0 00 | 312327 ~
) j1.00 00 00 00 | -32346 -208.201 [-1107.050| 2400 | 00 00 00 a0 104 126 =
10 1) 00 0.0 (1] 00 | -32 346 -20820i |-1316.050 2400 | 00 00 00 0.0 104075 ~
" 11.00 00 00 00 | -3z34¢ -208 zoi | -1524.25| 24 00 00 00 00 00 312276 =~
12 769 00 0g 00 16 -145.552 | -1669803| 2400 | 00 00 a0 00 | 2107702 «
i3 11 00 90 00 00 346 -208 201 |-1e18004| 2400 | 00 00 00 00 2501 =
1] 11 00 00 20 00 | -32346 -208 201 |-2086205| 2400 | 0O a0 00 Q0 205100 =
15 11 00 06 00 00 |-32 366 2087201 |-2194 406 | 2400 | 00 00 0.0 00 41390) —
16 471 00 00 00 |-32346 - 83148 | -2383590| 15125 | 14400 211800] - 36051193 |+ 5,131,45902 | 503089 1
1 425 15125 6428 97225 -7 22 - 4z 827 | -2426410 1200 |14400 172800 -29,117 604 |+ 4,192,84858 545912
18 425 | 27125 115 281 3,12700] - sz221 - 12984 | -2439 401 225 |14400 133200 | -22,564459 |- 3,249,28213 | 558896 |
19 656 | 36375 236620 8,619 80| 4029 15466 | -2423 935 425 | 14400 %1200 | -10,301.724 483,448 22 | 543430 ¢
A 2000 | 40625 812500 33,0078L| 8279 96 890 96 890 96890 —
8 2129 | 40625 864906| 3513682 8219 103139 200 029 200029 -~
c 2521 | 40625 1024 156| 41,60635| 6219 122,130 | 322.159 322159 =
20 1600 | 40625 650.000| 26,40625| 82719 11612 | -2024 24| 2400 | 40625 975 00 « 1,913,65740 | 1437159 ~
2| 3200 | 40625 1300000| 6281z50] 8219 165023 | - 1869 24t | 2400 | 40 625 915 00 < 1,822,50998 V264 -
22 3200 | 40625 1300000| s7812.50] 8219 165023 | 1714 218 | 2400 | 40625 91500 - 1,671,361255 | 166287 -
73 3200 | 40625 13g0000| s2et2 50| 8219 155 073 | -1559 195 [ 2400 | 40025 91500 - 1,520,216.03 | 321310 =
24, 3200 | 40¢25 1300 000| 52,81250] 8213 155.023 | - 4oxs| 425 - 174 .40 08875 1
36 656 | 36375 238620  8,61980| 4029 15466 |- ssevi| 9e5 | - 51625 T24.341 ¢
31 425 | 21125 115.281 3121.00| - 5221 (2.984 | - 4az.821| (200 - 513.920 14,357 4
38 425 | 15125 64 28 972.25) - 17.221 « 4z 821 668530 t
2
2 =144 517| za00 | 40625 97600 = 1,40840408 | 232542 =
25 3200 | 40625 120000 | 5281250 8215 | 264928 | 155,023 | < 1289.430 | 2400 | doees 91500 “ 1,251,25666 17519 -
% 3200 | 40625 130000 | 52,812 50| 82713 | 264928 | 155023 | -113a.471| za00 | d0e28 97500 = 1,106,109 23 11504 ~
27 3200 | 40675 130000 | s2etzs0| 8279 | 204928 | i55023 |- $73448| 2400 | 40625 37500 * 95836180 | 232521 =
28 3200 40625 1300 80 52,812 50 8219 | 264928 155 023 40 345 425 - 171466 08892 ¢
33 65 | 363715 238620 8,61980) 7 4023 26 430 15 466 55811 9.25 - 516.251 724358 4
34 425 | 27.125 115281 3,121.00] - 5221 | = 2283 | - 12 984 42827| 1200 - 51390 711374+
35 425 | 15125 64,261 97225|- 11221 |- 13189 |- 42877 668547 |
8
28 = 2400 | 40625 215 00 - B431507% 321,342 -
23 3200 40625 1300.00 52,812 50 8219 264 928 155023 | - 4 2400 | 40625 0 692,003 33 166319 <~
30 3z00 | 40625 130000 sz81230| 8279 | 264928 | 155 03| - 554724| 2400 | 40625 540,855 90 1296 =
34 3200 | 40625 130000 | 5281250| 8219 | 264928 | 155023 | - 339701 2400 | 065 38570848 | 45121 =
32 16 00 | 40625 65000 | 2640025 8219 | 132 464 17 512 00 425 |144000 543428 4
(4 25,21 40 625 1024 156 | 41,606 35 8219 | 208714 122 130 322 159 322159 =
B 2129 | 40625 864906| 35,136 B2 821 | 176260 | 103 133 200023 200029 -
A 20 00 40 625 Biz 50| 33,0078 8279 165.580 96 B30 96 890 96830 ~
Comp Sec| 701 04 22,675852 | 304.368.16 23,400 00 | 100,000 887 | = 28,360,215 03
Steel See | 184 04 161278 | 51116 20 3(2 Ag)
Ve 100,006 1t Tarant S £ 5,088 n above & bor® Fuomp © EISETE - 22,346 in,obove € bori, B
Y 100000 , . g gagisaiz 'Hind T, - 51,116 20 -184 04 (9 0889)°= 35,913.00 in! T, = 30436816 - 101 04(32 346)° = 170,895 44 in*

L 170,895.44

and to tie them together again with the principle of consistent displacements, noting
that the segments in the two interior vertical plates must be considered as a part of
each adjacent cell. Columns 7 through 14 in Table 4 and Tables 5, 6, and 7 contain
the data necessary to find the shear force corrections, qq, qg, and qg, for the left,
middle, and right cutback one-cell boxes, respectively.

The first of three equations necessary to find these corrections is based on the fact
that - quLa / Tha = qq + dg + 93, where ZLa = 2Ap for each cell. This
gives q; + qg + q3 = 28,360,215.03/7,800 = 3,635.928, 2Ap, 40.625(96) (2) =
7,800, checks one-third of the summation of Column 12 in Table 4.

The other two necessary equations are based on the fact that the adjacent cells
must deform similarly. The equations are found by equating the movement for the
left box in Table 5 to that of the middle box in Table 6 and the movement of the mid-
dle box to that of the right box in Table 7. This gives -223,125. 588 + 850. 376q
- 197.188q5 = =552, 651.36 - 197.188qy + 850.376q9 - 197.188qg and -552, 651, 36
- 197.188qq + 850.376qy - 197.188qg = - 1,360,148.00 - 197.188qy + 850. 376qs3.
These reduce to 1,047.564q - 1,047.564q5 + 197.188q3 = - 329, 525. 77 and
- 197.188qy + 1,047.564q - 1,047.564q3 = - 807,496.44. Their solution gives
qq = 543. 428 1b/in. , qg = 1,211,975 lb/in., and qg = 1, 880.505 Ib/in. These values
are used to obtain the corrected values of the shear flow forces given in Column 15 of
Table 4.

Horizontal Load

Tables 8 through 11 contain most of the computations for the effect of a 100-Kkip
horizontal load assumed to act along the horizontal centerline of a bottom side plate of
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the box. Again the three-cell box is cut into three one-cell boxes and the shear flow
forces are computed as given in Columns 1 through 7 of Table 8. The shear flow
forces in Segments A, B, and C must be considered because the shear flow forces on
the left and right cantilever sides of the box act in the same direction. They must not
be corrected in restoring the cut sections because Segments A, B, and C do not resist
torque; also, the total shear flow forces in Segments A, B, and C must be considered
as an external load on the box to locate the shear center.

Columns 8, 10, 11, and 12 of Table 8 and Tables 9, 10, and 11 contain the basic
data for the restoration of the cut sections to equilibrium about the centerline of the
bottom plate on the vertical centerline of the box. The summation of Column 9 in
Table 8 is a check on horizontal equilibrium of the section under the 100-kip hori-
zontal load. Again - Zaqy La/ £Lla = d1 + 4 + d3, with TLa = 2Agp, twice the
area of each cell. This yield q; + 9 + q3 = 3,122,041,.54/7,800 = 400, 2617,

As before, the other two necessary equations are based on the principle of con-
sistent displacements. Tables 9 and 10 yield 9, 242.495 + 850.376qy; - 197.188qy =
7,156.400 - 197.188q; + 850.376qy - 197.188q5. Tables 10 and 1} yield 7, 156. 400
- 197.188qq + 850.376q5 - 197,188qg = 9,242,495 - 197.188qy - 850. 376q35.
These two equations reduce to 1,047, 564qy - 1,047.564q9 + 197.188q3 =
- 2,-86.095 and - 197, 188qq + 1,047.564qy - 1,047.564q3 = 2,086.095. Their
solution gives qq = 124,919 Ib/in., q9 = 150.424 1b/in., and q3 = 124,919 1b/in.
Thus, (2A5G) (d8;/dz) = 9,242.495 & 850.376 (124.919) - 197,188 (150.424) =
85, 808. 81 and (ZABG) (deg/dz) = 7,156,394 - 197,188 (124.919) + 850.376
(150.424) - 197.188 (124.919) = 85, 808. 29.

It is now necessary to compute the shear flow forces tor pure torque about the
shear center. Using an external torque of 1, 200, 000 in. -1b, with the three-cell box
cut to give three single cells, it is seen from the data in Tables 9, 10, and 11 that the
deformations due to torque are (2ARG) (d61/dz) = 850.376qpy - 197.188q g, (2ARG)
(d8y/dz) = -197.188qpy; + 850.376qpg - 197.188qpg, and (2AgG) (d63/dz) =
-197.188qpg + 850.376qypg. By letting d8q/dz = dfy/dz and dfy/dz = dbg/dz, and
noting that 2A (qu + qpg -+ qrs) = 1,200,000 where 2Ag = 17,800 there results
qpy = 48. 25P1b/in. qry = 57,338 Ib/in., and qpg = 48.254 Ib/in. Thus, (2ARG)
(del/dz) = 850,376 (485.)4) -197,.188 (57.338) = 29,727,678, These shear flow
forces are used to determine the shear flow forces due to a pure torque of 100, 000
ft-1b about the shear center. The final shear flow forces due to this 100, 000 ft-1b
torque about the shear center are given in Column 17 of Table 8.

The shear center is located by noting that the torque of the shear flow forces given
in Column 7 of Table 8 must be zero about the shear center. The deformations (2ABG)
(d6/dz) are not proportional to the torques involved. Thus, the magnitude of the tor-
que, T, which must be reduced to zero is T = (d8y/dz) (1,200, 000) / (d8;/dzq) =
(85, 808. 29) (1, 200, 000) / 29, 727. 678 = 3,463, 773.6 in. -1b.

The total shear flow force in Segments A, B, and C due to the 100-Kkip horizontal
load is 8, 286. 886 1b (Fig. 13; Table 8, Col. 9). The resultant force is 100, 000 -
8,286.886 =91, 713.114 1b, and it must be applied to balance the 8, 286. 886 1b force
in Segments A, B, and C about the line of application of the 100-kip load on the hori-
zontal centerline of the bottom plate. Thus, the resultant is applied at a distance of
ey = (8, 286. 886) (40.625) / (91,713.114) = 3. 671 in. below the centerline of the bottom
plate. This gives the distance from this point to the shear center of e = 3, 463, 773. 6/
91,713,114 = 37,767 in., which places the shear center as shown in Figure 13. The
point of application of the 100-kip horizontal load for zero torque about the shear cen-
ter is computed from eg = (8, 286. 886) (6.529) / 100,000 = 0. 541 in. above the shear
center (Fig. 13).

The shear flow forces in Column 7 of Table 8 must be corrected to give torque
equilibrium about the shear center in combination with the 100-kip external horizontal
load. The external load of 100 kips must act at 0. 541 in. above the shear center for
zero torque. This is done by taking the torque of the external load and the internal
shear flow forces about some convenient point and determining the shear flow correc-
tion to give torque equilibrium about the shear center for the internal shear flow forces.
It is convenient to take moments about the line of action of the 100-kip load. Again
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Figure 13. ILocation of shear center, three-cell box, 75-Tt span.

- Tay La'/ELa = q{ + q3 + 93, with ZLa’ = 2Ap for each cell. Thus, q{ +
qz + q3 = - 341,658.608/7,800 = - 43,8024. Again, based on the principle of
consistent displacements, Tables 8, 9, and 10 yield 1, 047, 564q - 1,047, 564q2 +
197, 188q3 = - 2,086.095 and - 197 188q1 + 1,047, 564q2 - 1 04'? 564q3 =

2, 086 095. Solutlon of these gives q1 = =14, 363 lb/in,, q3 = -15 076 1b/in., and
q3 = =14, 363 1b/in. These corrections are applied to the shear forces in Column 7
of Table 8 to give the corrected shear flow forces for the 100-kip load with zero tor-
que about the shear center as given in Column 16 of Table 8.

Flexural and Shearing Stresses

The dead load per foot of bridge for the three-cell box on the 75-ft span to be used
in the stress computations is as follows:

Railing and curb = 467. 4 1b/ft
Asphalt wearing surface = 450, 0 1b/ft
Precast Concrete Deck = 3,232,5 1b/ft
Steel box = 743.1 1b/ft

Total = 4,893.0 1b/ft

The maximum bending moments and shears for one lane of H20-516 live loading are
given in the AASHO specifications (16, p. 273). The impact factor is 0. 25 in accord-
ance with these specifications. The following maximum moments result from full
loading of the structure, noting that the maximum live load moment occurs 2. 33 ft
from mid-span with 14-ft axle spacings for the live load:

Dead load at mid-span

i

(4.893) (75)2/8 = 3,440.4 ft-kips

Maximum live load plus impact (2) (1075.1) (1.25) = 2,687.8 ft-kips

Dead load at point of maximum
LL moment

[(4. 893) (39. 83) (35. 17)]/2 .
3, 427.1 ft-kips
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The following maximum shears occur under the same conditions:

(4.893) (37.5) = 183.5 kips
(2) (63.1) (1.25) = 157. 8 kips

Dead load at end of span

il

Live load plus impact

The torque resulting from the unsymmetrical placing of the live load lanes on the
roadway is the same as for the one-cell box—393, 75 ft-kips. With the same assump-
tions as for the one-cell box, the unit flexural stresses are given in Table 12, As-
suming the dead load shear to be uniformly distributed in the vertical plates, and de-
termining the maximum live load and impact and torque shearing effect by the use of
the coefficients previously determined, the unit shearing stresses between Segments
36 and 37 are as follows:

DL = (183.5) / (4) (36) (3/16) = 6.80 ksi
LL + I= (1.578) (0.724341) / (3/16) = 6.10 ksi
Torque = (3.9375) (0.009804) / (3/16) = 0.21 ksi

Total =13.11 ksi

STABILITY ANALYSIS FOR ONE- AND THREE-CELL BOXES
The steel boxes acting alone in the carrying of the total dead load give the critical
condition for the stability of the top fiange and side plates. The theorelical elastic
buckling stresses may be obtained with the Bryan buckling formula, Eq. 3, with
27,114, 4k(t/b)2, as previously given.

Top Flange Plates

The top flange plates are assumed to have three simply supported edges and one
free edge. The value of k = 0. 43 is found by Bleich (11, p. 330). This gives 0oy =
(27,114, 4) (1/9)2 (0. 43) = 143.9 ksi, as compared to the actual extreme fiber stress
of 38. 8 ksi due to dead load for the one-cell box on the 75-ft span. It also gives
Oep = (27,114.4) (0.5/9)2 (0.43) = 72.0 ksi, as compared to the actual total extreme
fiber stress of 31.53 ksi due to dead load for the three-cell box on the 75-ft span.

It also gives ocp = (27,114.4) (0.5/9)2 (0. 43) = 72,0 ksi, as compared to the actual
total extreme fiber stress of 31.53 ksi due to dead load for the three-cell box on the
75-ft span.

Vertical Side Plates

The dead load flexural stresses tor the panel subdivisions of the vertical side plates
for both the one- and three-cell boxes on the 75-ft span are shown in Figure 14. The

TABLE 12
FLEXURAL STRESSES, THREE-CELL BOX, 75-FOOT SPAN

Top of Bottom of Top of
Load Steel Steel Concrete
(ksi) (ksi) (ksi)
Dead Load 31.53 10.55
Live Load and Impact 0.81 6,13 0.39

Total 32.34 16.68 0.39
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theoretical elastic buckling stresses and comparisons with the actual maximum flexural
stresses are given in Tables 13 and 14.

The theoretical elastic buckling stresses for the case of shear are given in Tables
15 and 16, as well as the comparisons with the actual total shearing stresses in each

panel. The coefficient k = 5.3 is used for computing these buckling stresses due to
shear.

Deflection Limitations

The total moments of inertia which a two-lane superstructure needs to meet the
live load and impact deflection limitations of present standard specifications for high-
way bridges (1_6) are shown in Figure 15. Also shown are the moments of inertia fur-
nished by the final composite structure for 75- and 120-ft spans with both one- and
three-cell boxes. The basic background of this figure was presented previously (3,
Fig. 4). It is evident that the steel box structures meet current practice with respect
to live load and impact deflection limitations.

38.84 ksi 31,53 ksi
] X N .
37.40 g 30.96 %o
Panel a by
24.75 20.61
I] % s
~ )
3 N
Panel b o & N
” 7.74 - 6.92
Panel ¢ ?Q "
¢ s
o o
o (T L] &
13.49 — i 0.25 | b
-
13.93 ksi 10.55 ksl
ONE CELL BOX THREE CELL BOX

Figure 14. Setup of flexural stresses for buckling computations, T75-ft span.

TABLE 13

STABILITY OF SIDE PLATES, FLEXURAL STRESSES,
ONE-CELL BOX, 75-FOOT SPAN

Panel k Ocr Ratio to Max.
(ksi) EFS = 38.84 ksi
a 5.3 110.9 2.75
b 6.6 T 2.00

8 2k.0 180.8 4.65
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TABLE 14

STABILITY OF SIDE PLATES, FLEXURAL STRESSES,
THREE-CELL BOX, 75-FOOT SPAN

Panel k T Ratio to Max.
(ksi) EFS = 31.53 ksi
a 5.2 61.2 1.9
b 6.5 43.0 2.08
c 24.0 1017 3.22
Ratio to maximum stress in Panel b of 20.61 ksi.
TABLE 15

STABILITY OF SIDE PLATES, SHEARING STRESSES,

A~

ONE-CELL BOX, T5-FOOT SPAN

Panel T Actual Ratio 7 to
cr cr
(kst) T
Panel Actual 1 in
Panel
a 110.9 19.72 5.6
b 62.4 19.53% 3.2
(3 39.9 19.10 2.1
TABLE 16

STABILITY OF SIDE PLATES, SHEARING STRESSES,
THREE-CELL BOX, 75-FOOT SPAN

Panel T Actual Ratio 71 to
cr cr
(ksi) T
Panel Actual 1 1in
Panel
a 62.4 13.1 h.7
b 35wl 13.0 2.7

c 22.5 12.6 1.8
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Figure 15. Deflection requirements H20-316 live loading.

COST COMPARISONS

The structural steel quantities and cost estimates for one- and three-cell boxes on
a 75-ft simple span are summarized in Tables 17 and 18. Also shown are the struc-
tural steel quantities and cost estimates for one- and three-cell boxes on a 120-ft
simple span. The 120-ft span one-cell box has top flange plates of T-1 steel, 16 in.
wide and 1% in. thick, with vertical side plates, 48 in. wide and % in. thick, and a
bottom plate, 16 ft wide and 7z in. thick. The 120-ft span three-cell box has top flange
plates of T-1 steel, 16 in. wide and 1 in. thick, with vertical side plates, 48 in. wide
and % in. thick, and a bottom plate, 24 ft wide and % in. thick. The other structural
details are the same as those for the 75-ft span box structures.

In Figures 16 and 17, comparisons are made with results for the rolled wide-flange
and welded I-stringer structures (1, 2). The cost comparisons include the concrete
roadway deck, since the quantities involved vary with the type of structure. The rail-
ings and curbs are not included in the cost estimates, as their cost would be almost
identical for all the structures compared. The cost of the shear connectors for the
stringers are considered to balance that of the high-strength bolts used to help hold the
precast deck in position on the steel boxes. Estimates are made for the use of either
ASTM A242 and A441 steels with a heat-treated constructional alloy steel, designated
T-1, used for top flange plates when required by high stresses.
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Figure 16. Cost comparison, 75-ft spans.

Cost Estimates—3Steel Boxes

The fabrication cost of the steel box bridges was determined. It was assumed that
the erection cost for the three-cell box would be the same as that for a welded I-
stringer structure of the same length, which for the one-cell structure was computed
on a tonnage ratio with the three-cell structure. Freight was taken as $0.015/1b.
The cost of steel bearing details was assumed to be $300. 00 for each of the steel box
structures.

An estimate was made using stainless~clad steel for the outside side and bottom
plates, as well as the outside longitudinal splice plate and the seal plates at the ends
of the bridge. The base price for the stainless-clad material, after consultation with
two leading manufacturers of stainless-clad plate, was taken as $0.2665/lb. This
compares with $0. 0785 as the base price of nickel-copper ASTM A242 steel. The
fabricating costs for the stainless-clad plates were assumed to be about one-third
higher than for plates of A242 steel. This gave an additional cost of $0.23/1b for the
stainless-clad plates over those of A242 steel. Structural T's were used for the longi-
tudinal stiffeners and the stiffening rings in the cost estimates.

The asphalt wearing surface on the precast decks for the steel box structures was
estimated at $2.00/sq yd of roadway area.

Comparisons

The estimated cost of the one-cell box structure with the 75-ft simple span is less
than the lowest cost structure with either rolled wide-flange or welded I-stringers,
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Figure 17. Cost comparisons, 120-ft spans.

except when stainless-clad steel is used in the outside plates. However, the three-
cell box structure has, in general, a slightly higher estimated cost.

The estimated cost of the one-cell box structure with the 120-ft simple span is also
less than the lowest cost for the welded I-structure, except when stainless-clad steel
is used for the outside plates. The three-cell box structure has, in general, a slightly
higher estimated cost, but the difference is less than in the case of the 75-ft simple
span.
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These estimates do not reflect any possible long-term maintenance savings due to
the increased resistance to atmospheric corrosion or the better paint life of nickel-
copper types of high-strength low-alloy steels.

CONCLUSIONS

The results of this study indicate that the steel box structure with a precast con-
crete deck has definite economic possibilities for use as a highway bridge. It is
recommended that a nickel-copper type of high-strength low-alloy steel be used for
these structures because of its better resistance to atmospheric corrosion (_1_), since
thin plates are proposed. It should be noted that a heat-treated constructional alloy
steel, designated T-1, is used for top flange plates where required.
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