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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 U1e first (1) , de signs 
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 A 7 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 A 7 or 
A373 structural steels were used. 

The second report (2) 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 

Paper sponsored by Co=ittee on Bridges. 

102 



103 

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 
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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 r ing diaphragms are spa ced 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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Figure 6. Details of longitudinal splice. 

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 for 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 
con1posite 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 (E/ E c) . Using the 
ratio between the shearing moduli of the two materials gives a coefficient, Gs/ Ge = 
0. 92 Es/ Ee. 

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 dimens ions, (b) there are no re-entrant 001·ne r s , 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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( 1) 

where 

qt shear flow force due to torsion (lb/lin in.), 

T applied torsion (in. -lb), and 

AB area enclosed by box section (sq in.). 

The horizontal shearing stress formula may be written: 

Tt = VQ/ I = q (2) 

where 

T unit shearing stress, 

t thickness of plate at point in question, 

V total external shear at the transverse section under consideration, 

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

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

q 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 

VERTICAL LOAD 
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Figure 7. Distr ibution of shear flow forces. 
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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(~, 10, .!!_): 

acr or T er = __ k_11_
2 
E __ (_bt \ 

2 

12(1 - µ 3
) ~ 

(3) 

where 

acr critical normal stress due to bending and/ or axial load; 

T er critical shearing stress; 

a long dimension of rectangular plate element; 

b short dimension of rectangular plate element; 

Cl aspect ratio, a/ b; 

E = modulus of elasticity; 

µ Poisson's ratio; 

t = thickness of plate element; and 

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

The plates of the box may be considered as simply supported panels with lengths 
equal to tl,e s par.ing 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. 

Us ing E = 30, 000 ksi a nd u. = 0. 3, the Bryan buckling for mula reduces to acr or 
rcr = 27,114. 41<(t/ b) 2 lcsi. The constant le m ay be dete r m ined from Table 36 of Bleich 
(11, Chap. 11). For varying normal s tress 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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(4) 

where aD, aF and Tare, respectively, the actual average direct stress, the maximum 

flexural stress, and the shearing stress in a panel; and ocR,, o[r, and T er 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 stiffenerin the case of pure flexure may be taken as fol
lows: 

1. stiffener at mid-depth of plate: 

I = 0. 1167t3b 

2. stiffener at quarter-depth from compression flange: 

I = t3b (1. 1 + 8. 456) (a - 0. 3) 

with a maximum value of t3b (1. 4667 + 18. 33336); and 

3. stiffener at one-fifth of the depth from compression flange 

I = t3b [ 0. 354 + 0. 4670'. + (0. 807 + 7. 1146) o?] 

c-c tranverse 
stiffening rings 

Panel a 

Panel b 

l Panel c 

l:==:::3-====~ ~ - '------' 

!.°"Bottom 

Figure 8. Assumptions for buckling of side plate . 
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The nomenclature is as previously used with the addition of 6 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 Tor a welded T could be used for these rings. It is recommended 
at present (1963) that width to thickness ratios follow current practice (16). 

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-Sl6 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/ Ee, 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: y = 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 '2 are for use in the determination of the moments of inertia about 
the centroidal x-axis from the following: 

Ix = ~Ay' 2 - y2~A (6) 

For the composite section: 

Ix = 1,099, 724. 78 - 734. 06 (35. 9647) 2 150, 247.79 in. 4 
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and for the steel section: 

43,945.78 - 140.08(9.69) 2 30, 792. 81 in. 4 

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 flow force acting in 
each segment of the cut box, Llq = (V/I) Ay, is given (V/I = 100, 000/150, 247. 79 = 
0. 665567194 lb/in. 4). 

The intensity of the shear flow force at the center of each segment in the cut sec
tion, qy, 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 s·ome 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 qyL from the as
sumed torque center, the total torque is ~qyLa. The correction coefficient, q1, is 
equal to -~qyLa/I;La = 19,825,879 . 63/ 16, 189. 44 = 1,224.618 lb/in., where !:La= 
2AB, with AB 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 + q 1, 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 shea.r ilow forces, (qy + q1)L, 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, 2AB, is (2) (192) (42.16) = 
16, 189. 44, which is the same as the summation of Column 12, I: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 hol'izontal 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 [or the horizontal load. The intensity of the 
shear flow force at the center of each segment is designated by qx 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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HORIZONTAL LOAD AND TORSION-SHEARS'. 

I 2 3 4 5 6 7 8 3 

A '/.. A•X A•X 2 H 
L19_x"""fA x a L 

Se'lment Area Arm Fr-om 
9..x 

Arm Len~th 
,t BDX 

(in~) (in~) (in.) (in~) (ib /'in.) (lb / in.) (in.) (in.) 

I 12.75 96.00 I 224.00 I 11,504.00 1590 15 90 9600 9.50 
2 5,00 9600 48000 ~6, 08000 6 24 22 , 14 96.00 12 00 
3 5.00 96,00 4B0.00 46,080,00 6 24 28.38 96,00 15.16 
4 6.04 %00 579.84 '55,lof,4, E,4 7 5:1 35."ll 0,0 26,00 
5 /3.75 70.00 %2 .50 iol,375 00 12 50 48.41 0.0 2800 
6 13.75 42.00 577 50 24,2SSOO 7 50 5591 0,0 woo 
7 13.75 14.00 192 .50 2,69500 2 So 5841 0 .0 2800 
8 13.75 - 14.00 - l':l2 ,50 2,695 00 - Z 50 55 91 00 28,00 
9 13 15 - 42 00 - Sl / 50 24, 255,00 - 1.50 48 41 0 ,0 28.D0 

10 13.75 - 70.00 %2 50 61, 375 oc - i2 50 35 ell 00 26.00 
II 6 04 - 960D - 51J 84 55,664.<i,4 7 53 2835 9600 15 16 
12 5 OD - 9600 - 4f('. C,O 41c, ,080,•0 - 6 .24 2'2. i4 % .00 12 00 
13 5.00 - 9600 - 4?,,, oc 40,0B0.00 . 6 .24 IS .~O 96.00 '3. SO 
14 12,15 - %00 - 1224 ,00 111,50400 - 15 .30 0 .0 % .00 S 50 
A 2703 -190 43 - s 14e 84 980,78U7 • 6689 - 66.89 42 16 21 43 
8 3007 · 163 06 . S 001 .05 815,524, 14 - 64 .97 • 13186 42. 16 26 93 
C 3667 -136 13 - 4 986.53 6')9,433 .54 ·64 B3 - 19669 42. /1', 27. 10 
D '12.61 -109.03 4 647 OS 508,'311 .91 · 60 38 -257.01 42. 16 13 03 

!5 20 Q(1 . 9 t;_i'V1 I 920 Qc'.\ 184,320.00 -24 94 ·282 01 42 1,. z., 00 
16 46,,1 - 10.00 ~ 326630 228,683.00 - ,12 44 ·324 45 4'2 I'=> 2B 00 
11 4b{.7 - 42 00 1%014 82,:125 f\P · 25.46 · .~49,'.l I 4216 ZB,00 
18 46 61 - 14 00 - f.5.>.38 9, \47 32 - 8.4~ ·35S 40 4'2. 16 28 00 
\', 46.">l 14 ()O i5:I 3f ~,147 .Jc A.4~ -,'14:J,'.1 I 4,. 1, 28 .00 
20 4.,., 1 47.00 I %0.14 B2,325.8E' 25.4/c ·324.4S 4-Z ltc 28.00 
21 4'_,;,7 7000 3,'Zf .:~ 'JC 228,683.00 4-Z 44 -282 01 42 16 2", (\(> 

21 20.0C• % .00 I 921'.'•C•O 184,320 00 't4 :)~ 00 %0C 5.SO 
D 42 bl 109 .(>3 4(ai.' l C,5 508,':l-l/ .91 (o0,3B - 25·1 Dl 47. 14, 13 .03 
C 3661 /36 1., 4%b5J <ol9,433.54 64.8:1 • Dlc-.<i,'.I 42 16 2l 10 
B 30,61 1030G sc,c 1 .(15 815,524 14 b4.'3"1 - 131 .Bf 4210 ,Zf_, '33 

A 21.03 1'304'3 5/.\8 .84 ~B0,1Bl 7.7 0,(-,,8') - G6.8'.) 42 I~ 21 43 

734 06 H.J7,Cl3,A0 

restoring the cut section, as Segments A, B, C, and D do not resist torque. The cor
rection is given by: 

(7) 

In this case, q1 = 3,656,878. 49/16, 189. 44 = 225. 88 lb/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 e:,qn·ession for the increment in angle of twist at 
the section is 

22 

(l / 2ABG) L qL/t (8a) 

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

2 2 

(l/2ABG) ~ (qx + q
1
}L/t (8b) 
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.LYSIS, ONE-CELL BOX, 75-FOOT SPAN 

11 12 13 14 15 16 17 18 19 20 

'lx • l · a q_,•9., ( q_, t q_,) L (9.,•q,)~ b. a' l• 0
1 

9.~ • L·a 9.,' 'l, C'\., •'\.,) \ t 

(1 b · in.) (1 b/ in.) (lb) (1.,/in.} (in.} ( ·1n~} (tb· in.) (1 b/'1n) (11,/ 'in.) 

14,500.80 241 .18 2,?.96.91 9, 187,64 3800 96.00 912 00 14, 500.BO 16.19 638.02 
25,505. 28 248. 02 2,976.24 \\,904.% 48.00 96.00 I \52 00 25,505.28 23.03 I 105.44 
4\,303,\1 254.26 3,884 58 I 5,418 .33 60.64 96.00 145536 41,303 . 12 29.27 1774.93 

0.0 2GI . 19 6,806.54 21, 1so.9a 83, 20 36.45 947. 70 34,031 . 91 36.80 30.,1.16 
0 .0 274 ,29 7,68012 24,576 3B 89 60 36.45 I 020 60 49,407.ZS 49.30 4417. 28 
(\0 28 I .79 7,89,:, 12 25, HB ,38 81,bO 36,4S ,ne, c· 57,061.15 s. '.· C 5 089 '28 
0 .0 254. 29 7,%0. \2 25,472. 38 89,60 36,45 ; 020,GC- S~,613 25 59_3C 531.3 . ZS 
00 281 . 79 7,890 12 25, '1.48.38 89,60 "645 I 020 .60 57,06\ 75 5680 5089 28 
0. 0 274 . 29 1,680 12 24,576.38 89.60 36.45 I 020.60 49,407.25 49 30 441728 
0. 0 261 . 79 6,806.54 2 I, 180."l3 83,20 36.45 947 70 34,031 .9 I 36.80 30bl , 16 

4 I, 303. I 2 254,21o 8,854,58 15,418.33 60,64 % ,00 1455 30 41,303. 12 n .n 1774, ')3 
25,505 .28 248,0'1. 2,'376 24 11,904,96 48,00 96,00 I 152,00 25,SOS.28 23,03 I \05.44 
14,500.80 241 ,78 2,'2%.91 9, IB7.G4 38.00 96,00 912 00 I 4, 500.8C 16.19 638 oz 

0 .0 225.88 1,24'1..34 745.40 3 30 '36,00 52B 00 0 ,0 087 2 ,87 
77,354.94 - 66.89 . 1,834.13 5,71 156.63 - 10,416 .98 -66.89 

149,lOJ .89 -131 . 86 . 3,350 99 5. 7\ 15~ .-ll - Z0,276 . \I -131 .86 
224,726, 13 -\% 69 . 5,330.30 5.71 154 74 - 30,435 ,8 I -\%,69 
14-1, '218.83 -251 07 . 3,349.62 5 71 74 40 · 19,126. 01 -25701 
30'3,\2B .08 - 5b , \3 ,. 1,453,38 . 875 .63 15,60 5,/1 148.4 6 - 41,861 .20 -281.\2 -438541 
383,C·o., 74 - 98 ,57 . 2,759.96 - I 655 ,98 16 ,BO 5 ·1 I \59 8f, · 51,873.07 ·323,SG -543581 
413,061 .76 - 124,03 - 5,47284 - 2083.70 16.80 5.11 15'l.88 - 55,'343 .61 -34902 - 5,8b3 54 
423,084.03 - 132 ,SZ 3,110 56 . znG. 34 IG.FO 5 . ii 159 88 - 57,300 ,'39 -351.5 I . 6,00(,17 
413 ,oo I .76 -124 03 . 3,472 f,4 . Z 053, 70 16.BO 5 . 11 153 BR - 55/343.(, I ·349.0'/. · 5,Bt;,3,54 
383,00(,., ,74 - '.le.E",7 - 2,793.CJ<o . I 6.S5 ,:l8 16 ,BO 5.7 I \5:l8R ·51 ,873. 07 ·32'5G - 5,435 81 
30~, 12 e, , OB - 56 13 - 1,459.38 . 875.63 1500 5 ,71 1484~ ·41,80720 ·181.12 · 4,385.47 

C'.O 225,88 - I, '24'2. 34 745.40 3.31) % .DO 5'LE' .OC 0.C O.B7 2 B1 
14!,'218,33 ·257 07 - 3,.34:J.62 5.71 14.40 - \~, 1'26 .01 ·257 07 
2'1.4,126 , 19 -l'l<o . \9 5,330 30 5 ,·11 \S4 .74 - 30,4~5.B I ·1%.&9 
149,70'.l . 8') ·131 . 66 - 3,350 '.)9 5.11 IS3 l7 - 20,276.11 ·131.86 
11,354. 94 - 66.89 . 1,834.79 5.11 \%.63 - I0,476 ,9B - 66.B9 

,<o56,B78.49 231, 739,46 16,189.44 - 14,065.10 
i:AB 

The general expression for torque about the shear center is 

(9a) 

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

T 2 = 71,868.60e (9b) 

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
zonta.l force for zero torque about the shear center is located from e 2 = (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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.r 
Tota I force 1n Total force in 
A., B,C,8..D = 14.,065.70 lb. A,B,C,&D = 14,065.70 lb.\ .. 

Line of action 
for 100,000 lb. 
external load 
without torque 

Externa I load J 
= 100,000 lb. 

L H =O 

~ 

Res u It ant 

8~0" 

" 

r--,__S hear center 
I 

!,- Pt. I 

force= 71,868.60 lb. 

8(.. o" 
-

• 

100,000 - 2 X 14,065.70 = 71,868.60 pounds 

L M Pt.I 

de = dz, 2A8 G 

de = 
dZ2 2A 8 G 

T2 ¾ dZ 2 = 
T, % dZ 1 

22 

2 X 14,065.70 X 42.16 
el = ----'--------- = 16 • 5 II 

71,868.60 

[ q ~ & 
I 

22 

[(qx+q,) ~ 
I 

71,868.60 e 
16,189.44 q 

& 

231,739.46 
= 1,029.48 q 

e = 50.71 II 

--... 

(\J ::, . 
(\J Li) 

II en 
N I'-., 

::, ~ - ID ::, 
(\J - -
. ..f (\j I'-

(') ~ 0 
Li) 

II ., 

'in 
U) -
'!.. ., 

T2 = 7i,868.60 e 

Figure 10 . Location of shear cent er, one - cel l box , 75- ft span . 



which is in this case 14,065. 10/ 16, 189. 44 = 0. 87 lb/ in. 

Torsion Only 
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The shear flow force for pure torsion about the shear center is equal to T/2AB, 
This gives for a pure torsion of 100 ft-kips about the shear center, qt= (100,000) (12) 
/16, 189. 44 = 74.12 lb/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 

Asphalt wearing surface 

Precast concrete deck 

Steel box 

467. 4 lb/ ft 

450. 0 lb/ ft 

3, 711. 7 lb/ ft 

550. 7 lb/ft 

5,179.8 lb/ ft Total 

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. Thefollowing 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 

Maximum live load plus impact 

Dead load at point of maximum 
LL moment 

(5. 1798) (75) 2/ 8 = 3,642.1 ft-kips 

(2) (1075.1) (1. 25) = 2,687.8 ft-kips 

[(5.1798) (39. 83) (35.17)] ; 2 
3, 628. 0 ft-kips 

The following maximum shears occur under the same conditions: 

Dead load at end of span 

Live load plus impact 

1s'-o" 

C.G. of two lanes 
6'-o" 

(5.1798) (37. 5) = 194. 2 kips 

(2) (63. 1) (1. 25) = 157. 8 kips 

15-0" 

t Roadway 

7'- 0 " 

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 

LL + I 

Torque 

= (194. 2) / (2) (36) (1/4) 

(1. 578) (1. 230518) / (1/4) 
/n nn,..,,-\ /n ,.,.,..,.,..,. n.\ / /.,. / ~\ 

\ol,l1oln:l/ \V,Vl':U4/ / \.l/'±1 

Total 

10. 79 ksi 

7. 76 ksi 

1. 17 ksi 

= 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 1x about the 
centroidai axes. It is necessary to cut the three-ceii box into three one-ceil boxes 

TABLE 3 

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

Load 

Dead Load 

Live Load and Impact 

Total 

Top of 
Steel 
(ksi) 

38.84 

o.26 

39.10 

Bottom of 
Steel 
(ksi) 

13 .93 

1-16 

21.69 

Top of 
Concrete 

(ksi) 

..lWiQ 

o.4o 
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TABLE 4 

VERTICAL LOAD-SHEAR STRESS ANALYSIS, THREE-CELL BOX, 75-FOOT SPAN 

I ' 3 4 

A ,· AY 
Seqme11r .... Arm From 

(in~) 
't:Botr It 

( in~) (in,} 

I 656 36375 235.620 

2 '25 27 )25 il5'2BI 
3 '25 \5 i'l.S G4 -z.BI 
4 411 DO 00 
5 II 00 DO 00 

• 11 00 00 OD ., 
II CO 00 oo 

• 1 ., 00 00 

• II 00 00 OD 
10 II 00 00 00 
II II 00 00 00 

" ,.. 00 00 

" 11 00 oo 00 

" II 00 00 00 

" II 00 00 00 
16 471 00 00 
t7 "' I) l'l5 642BI ,. 4" 27 125 115 2BI ,, 6 56 3{, 37~ 138620 
A 20 00 40E,'l.5 811. 500 
B ""' 40U5 8fi4 'JOE, 
C 25?.I 40b1.5 lO'Z4 156 

20 1600 40625 050.000 
21 9200 4062.5 1300000 
22 3?00 40 625 l 300000 
23 3200 406'Z5 1300 000 
'4 3'2 00 40 6'l5 1300 000 

•• • 56 3637-' 2386'20 

" 425 2ll'l5 115281 
38 4 25 15 115 64181 
12 
24 
ZS •200 40 G2.5 130000 

" 3100 40 b"l:5 !300 00 
27 32 00 40 b?.5 !30000 

" 32 00 d0"15 130000 ,, 6 56 .3&375 23B6ZO 
34 4 2> 21 12s 115281 
35 '25 15 125 64 ZBI 
8 

28 ,. 32 00 40 €,15 1300 DO 
,0 "00 40"25 l::wooo 
31 32 00 40615 1300 00 
32 J I(, 00 4061~ 6~00 
C 25.-ZI 40G25 10141% 
6 21 29 406'2.S 861\<)0& 
A 2000 40615 811. SOCl 

Comp S s~ 70\ 04 2'2,i>l5b52. 

-:ite~lsu. ,e,<1. 04 1,101211B 

V • 100,CIOO IL,, t 

J!....:. 100,000 o SBS 153 \ 2 1tv"in~ 
I 110,89.5.44 

' • ' 8 9 

AY'l y AY £1.q_• !AY 'l y A,-m From 

(in~) Co{tnJ Ca . (in!J (lb/ in,) (lb / inJ 

8,Gl9 80 4029 26430 15466 15466 
312100 !! :fl 22 IB'} 12304 2482 

91'2 25 nn1 13169 4'lB11 403.\5 
OD - 323-ib - 1&2 350 69 148 \'l.949~ 
00 - 37346 • 355806 - 2O0:z.O1 337694 
00 - 32 ~46 - 355 BOG · 208201 5458% 
00 -32 346 ·355 80b · 20B 20 1 - 1540% 
00 · 32'!1•W, · 248 7dl -i45 552 - 899 648 
00 - 32 346 -355 00€> - 208201 - 1101.oso 
00 ·32 346 · 3SS BOE> -208201 -1316050 
00 · 32.!146 ·355 80~ -2oe zot -1S2'l251 
00 ·32 346 - 284 141 -1<15 ssz -\f,6')003 
00 -32346 - 3S5 606 - 200 201 - ltH0 004 
00 - 3l 34& · ?55 806 - 2~201 • Z066105 

00 - ,2 346 •:t55 eoo · WBlOI -2194 401'.. 
00 - 32 346 - 151: ,so - B'l 14B ·23035':lO 

97125 - 171:11 H 18':} • 42 871 -1'26411 
3,12700 • 5 1.'Zt 2Z 1B~ n 9M -1439 40! 
e,,1'lao 401.') 26&)0 

15 """ 
- 247.!I 'l~5 

33,001 Sl sin IG5 5BO ~H, e'lO 966':lO 

3!>,1%.81. B '2.1, 11,;, H,0 103 1,, 1.00 029 
'1 l,f:,06.'35 8219 1.0B 714 121. 130 n21s'J 
26,40625 B'Zl'~ 1,'l 464 11 511. -2024 C64 
52.,8\250 8?1':I 264 928 155 023 - \B69 24! 
51.,Bl?. 50 6'1.19 2'-4''26 155023 - 1114 21B 
52,8\2 50 Bll9 21::>4 9'ZS 155 013 -1559 19S 
!52,BIZ SD e,n, 2G4 'HB 155023 40 345 

B,Gl':180 4 0?9 26 430 \5 466 558\\ 
3,121 00 52.1.1 22 \l!i'l l2 '384 41.1:11.l 

'.!12?5 - ll2'l.l 73 IB'l • '12 81.l 

""1444517 
sz,e11. ~o 8219 26491.B 155 023 • 118'3 4~4 
5?.,81'!. 50 8'?19 ?b-4 ,'Z.S 1S5 0?.3 - \ !~4 411 
52,Blt '° 8119 'Zb4':118 15501.3 91':I 44B 
52,812.50 8 .'Z.7') 204 ':HB J55 01:3 -40 J45 
8,G1980 / 40?9 "Zloll~O 15 ™' 55.Bll 
-'.1-Z.100 Sill • 2'2 189 12 984 42 ~Zl 

972 25 - 17 2?1 T3 16~ - 428?.7 

- 064 110 
52,Bl'Z SO 6219 2E,4 'H6 15!)01, 70'3 141 
!)Z81"2~ 8279 Z&4'HB 155 OB - 554124 
52,012 50 8219 2&4 928 155 013 - 3'39101 
£f,,40b "2~ 8119 13'l 4b4 17 512 00 
41,b06 35 827S 108114 12"2 1~0 J'l2 IS9 
35,1~6 82 8 '21~ !16260 \03 139 200029 
:33,00lBI 81.79 [f,5. 560 9& B':lO 91'., l',')() 

904 3'o8 Ito 

51,1\E, zo 

y"5 ,..._1~ lfJ>~l\
1
;: • 90889-iri abol(etbot-1. R! 

I~ ~ 51, ll6 20-104 04 {<J OBB9)i.~ 35,913 00 in~ 

10 

L 
Len'lth 

{in.I 

9 25 
12 00 
15 125 
2400 
2400 
24 00 
24 OD 
24 00 
2400 
2400 
24 00 
24 00 
'2400 
l4 00 
24 00 
15125 
l'ZOO 

"' 4" 

24 00 
24 00 
14 00 
24 00 

'25 
025 

l'l. 00 

2400 
?.:100 
?400 
2400 
4'5 

"' 1100 

2400 
'l.400 
2400 
24 00 
'25 

" u " " ,s 

• L•Q 'l.)'•L 'ly"L a 'lyt'l 
A,m 

(iri,) (in!) (lb} (l b - in.) (lb /\n.) 

14400 1,~32 00 143 061 20,60071 558894 I 
14400 l,728 00 29 184 4,28890 545910 I 
144-00 2,\16 00 GIO 21B . 81,81\ 41 503083 I 

DD DO 00 00 413 935 -
00 OD 00 0 0 205H4 -
00 00 DO 00 2 .(~1 -
00 00 00 00 2106GB -
00 00 00 00 312 327 -
DO 00 00 00 104 12& -
00 00 00 00 104075 -
00 00 00 00 312. 276 -00 00 00 00 210102 -00 00 00 00 'l C::.01 -00 00 00 00 205100 -
00 00 00 00 413901 -

14-400 '211800 -;6_0511~ 5,l'H,45'l02 !>03 oe9 I 
14400 r neoo ·2'3,1\1(104 4,l'l1.,848~6 54S'l\t I 
14400 I ~31. Oo · 22,%4459 ~ 3,U'l,282 L~ 558B'l6 I 
14400 CQl'lOO - 10,"0I 724 1,48!1,4401'1 5'13430 I 

%s,o -200029 -
322 159 -

ME:>25 'lls ao 1,'H3,G5140 14315'3 -
,jQ b'ZS 91500 1,B2?.,50'J'lB \\264 -
40Gl5 91500 1,611,'H,'l.5!1 IG6l81 -4062.S 91500 1,510,21513 31\ :510 -lll _41ob 108875 I 

Sl(o 'l5l 124 !141 I 
51~ 920 ll\ 351 I 

66B.S30 t 

40&?.5 97&00 1,408,40408 232 542 • 
40~2'5 91500 . 1,1.57,?.SE.65 ll'!:"519 --40 b15 ,1,00 - I !06,I0-, 'l..3 11SO-t -
~O 01S 97500 954,%1 80 132 511 -111%& 1068"n I 

5\G 251 1?4 356 • 513920 111 374 ' 668541 I 

4002$ ~1500 . 84:3.15015 321342 -40b?5 97500 6'11.,00333 166'19 -
40GZ':> 91500 540.85590 II 2'M> -
40E,?'5 915 00 - 369.10845 14'.!1?1 -14400(1 ~1200 54S-UB I 

37.? 159 -
2oom., -

96e<JO . 
23,40000 100,000e,t,7 ., ZB,'360,"215 03 

5(2.As) 

Y~om? ' f"l,~~~-~~S.:. 0 :'12 ,34~ in.above~ bon Ji. 

I. = ~Ot1,%e !'c:. - 10 I Od.(-'"2 3M,J2 " 110 895 44 "1n~ 

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, q1, q2, and q3, 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 - ~qyLa / ~La = q1 + q2 + q3, where r:La = 2AB for each cell. This 
gives q1 + q2 + q3 = 28,360,215. 03/7, 800 = 3,635.928. 2AB, 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. 376q1 
- 197.188q2 = -552, 651. 36 - 197.188q1 + 850. 376q2 - 197.188q3 and -552, 651. 36 
- 197.188q1 + 850. 376q2 - 197. l88q3 = - 1,360,148.00 - 197.188q~ + 850. 376q3. 
These reduce to 1,047. 564ql - 1,047. 564q2 + 197.188q3 = - 329, 52.>. 77 and 
- 197.188ql + 1,047. 564q2 - 1,047. 564q3 = - 807,496.44. Their solution gives 
q1 = 543. 428 lb/in., q2 = 1,211 . 975 lb/in., and q3 = 1,880.505 lb/ 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-kip 
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 - ~qx La/ ~La = ql + q2 + q3, with ~La = 2AB, twice the 
area of each cell. This yield q1 + q2 + q3 = 3,122, 041. 54/ 7, 800 = 400. 2617. 

As befor e, the other two necessary equations are based on the principle of con
sistent displaceme nts . Tables 9 and 10 yie ld 9, 242.495 + 850. 376q1 - 197. 188q2 = 
7,156. 400 - 197. l 88q1 + 850. 376q2 - 197. 188q3. Tables 10 and 11 yield 7,156.400 
- 197. 188q1 + 850. 376q2 - 197. l88q3 = 9,242.495 - 197. 18842 - 850. 376q3. 
These two equations reduce to 1,047. 564q1 - 1, 047. 564q2 + 197. l88q3 = 
- 2, -86. 09 5 and - 197. l88q1 · 1, 047. 564q2 - 1, 047. 564q3 = 2,086.095. Their 
solution gives ql = 124. 919 lb/ i11. , q2 = 150. 424 lb/ in ., and q3 = 124. 919 lb/in. 
Thus, (2ABG) (d81/ dz) = 9, 242.495 + 850. 376 (124. 919) - 197.188 (150. 424) = 
85, 808.81 and (2ABG) (d8ifdz) = 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 for pure torque about the 
shear center. Using an external torque of 1, 200, 000 in. -lb, with the three-cell box 
cut to give three single cells, it is seen fro m the data in Tables 9 , 10, a nd 11 that the 
deforma tions due to torque are (2ABG) (d91/ dz) = 850. 376qTl - 197.188qT2, (2AaG) 
(d 02/ dz) = -197.188qT1 + 850 . 376qT 2 - 197.1 88qT 3• a nd (2ABG) (d83/ dz) = 
- 197. 188qT2 + 850. 376qT 3. By letting c191/ dz = d92/ dz a nd d92/ dz = d93/ dz, and 
noting that 2AB (qTl + qT2 + qT 3) = 1, 200, 000 where 2AB = 7,800 the r e results 
qTl = 48. 254 lb/in. qT2 = 57. 338 lb/in. , a nd qT3 = 48. 254 lb/in. Thus, (2ABG) 
(cte1/ dz) = 850. 376 {48. 254) - 197.188 (57. 338) = 29,727.678. These shear !low 
fo r ces are used to de te rmine the s hear flow forces due to a pure torque of 100, 000 
ft-lb about the shear center. The final shear flow forces due to this 100, 000 ft-lb 
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) 
(d8/dz) are not proportional to the torques involved. Thus, the magnitude of the tor
que, T, which must be r educed to zero is T = . (ct a1/dz) (1,200,000) / (d91/ dzT) = 
(85,808.29) (1,200,000) / 29,727.678 = 3,463,773.6 in. -lb. 

The total shear flow force in Segments A, B, and C due to the 100-kip horizontal 
load is 8,286.886 lb (Fig. 13; Table 8, Col. 9). The resultant force is 100,000 -
8, 286. 886 = 91, 713.114 lb, and it must be applied to balance the 8,286.886 lb 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 
e1 = (8,286.886) (40. 625) / (91 , 713.114) = 3. 671 in. below the cente rline of the bottom 
plate. This gives the distance from this point to the s hear center of e = 3,463, 773 . 6/ 
91,713.114 = 37. 767 in., which places the shear cente r as s hown in Figur e 13. The 
point of appli ation of the 100-kip horizontal load for zero torque about the shear cen
ter is compu ted from e2 = (8, 286. 886) (6. 529) / 100, 000 = 0. 541 in. above the shear 
cente r (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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Total force in To ta I force in 
A,B,&C = 4,143.443 lb. A,B,&C= 4,143.~ 
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Figure 1 3 , Lo cat ion of shear center, three - cell box, 75- ft span . 
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""' L ' / ' ' ' ' 'th ..,. ' 2 f ' - ,., qx a I:La = ql + q2 + q3, w1 ...,La = AB or each cell. Thus, ql + 
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_i - 1,047. 564qz + 
197.188q3 = - 2,086.095 and - 197. 188ql + l,047.664q2 - l,047.564q3 = 
2,086.095. Solution of these gives qi = -14. 363 lb/in . , q2 = -16. 076 lb7in., and 
q3 = -14. 363 lb/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 

Asphalt wearing surface = 

467. 4 lb/ft 

450. 0 lb/ft 

Precast Concrete Deck = 3, 232. 5 lb/ft 

Steel box 743. 1 lb/ft 

Total 4, 893. 0 lb/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 O. 25 in accord
ance with these specifications. Thefollowing 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 

Maximum live load plus impact 

Dead load at point of maximum 
LL moment 

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

(2) (1075. 1) (1. 25) = 2,687.8 ft-kips 

[ (4. 893) (39. 83) (35. 17) ]12 = 
3,427.1 ft-kips 
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The following maximum shears occur under the same conditions: 

Dead load at end of span (4. 893) (37. 5) = 183. 5 kips 

Live load plus impact = (2) ( 63. 1) ( 1. 25) = 157. 8 kips 

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 flange and side plates. The Uieor·etical ela stic 
buckling s tresses may be obtained with the Bryan buckling formula , Eq. 3, with 
27, 114. 4k(t/ b)2, as previous ly 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(.!.!_, p. 330). This gives acr = 
(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 
O'er = (27,114.4) (0. 5/ 9)2 (0. 43) = 72. 0 ksi, as compared to the actual total extreme 
fi ber stress of 31. 53 ksi due to dead load for the three -cell box on the 75-ft span. 
It also gives crcr = (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 for the panel subdivisions of the verticai 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 

Load 

Dead Load 

Live Load and Impact 

Total 

Top of 
Steel 
(ksi) 

31,53 

0.81 

32,34 

Bottom of 
Steel 
(ksi) 

10,55 

~zl~ 

16.68 

Top of 
Concrete 

(ksi) 
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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 (16) 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 (2, 
Fig. 4). It is evident that the steel box structures meet current practice with respect 
to live load and impact deflection limitations. 

Panel a 

Panel b 

Panel c 

s 
~ 

38.84 ksi 

13 ,93 ks i 

ONE CELL BOX 

3 1. 5 3 ks i 

s 
r--
v 
,-: 
(\J 

TH REE CELL BOX 

Figure 14. Setup of flexural stresses for buckling computations, 75-ft span. 

TABLE 13 

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

Panel k acr Ratio to Max. 

(ksi) EFS "'38.84 ksi 

a 5,3 110.9 2.75 

b 6.6 77.7 2.00 

C 24.o 180.8 4.65 

s 
v 
"1 
,-: 
(\J 

(\J 

CJ) 
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TABLE 14 

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

Panel k 0 cr 
Ratio to Max. 

(ksi) EFS • 3L53 ksi 

a 5.2 61.2 1.94 

b 6.5 43.0 2.o8 

C 24.o 101.7 3.22 

Ratio to maximu_m stress in Panel b of 20.61 ksi . 

TABLE 15 

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

Panel 

a 

b 

C 

't er 
(ksi) 

110.9 

62,4 

39.9 

Actual Ratio 't to 
er 

't 
Panel Actual 'tin 

Panel 

19.72 5.6 

19.53 3.2 

19.10 2, 1 

TABLE 16 

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

Panel 

a 

b 

C 

T 
er 

(ksi) 

62.4 

35,1 

22,5 

Actual 

't 
Panel 

13.1 

13.0 

12.6 

Ratio T to 
er 

Actual 't in 
Panel 

4.7 

2.7 

1.8 
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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 ¼ in. thick, with vertical s ide plates, 48 in. wide and 3/s in. thick, and a 
bottom plate, 16 ft wide and % 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 ¼ in. thick, and a bottom plate, 24 ft wide and 5/is 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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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-ceii structure was computed 
on a tonnage ratio with the three-cell structure. Freight was taken as $0. 015/ lb. 
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/ lb 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 wer:.ring 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 
th se 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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