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ABSTRACT ' -

The static behaviour of simply supported box gird-
er bridges with or without- intermediate diaphragms and sub-
jected to concentrated joint loads ‘was investigated. The

purpose of this investigation was to confirm experimentally
" ! . i

that -deformation of the cross section of a box girder induc-

es ‘an appfediable amount of warping and distortion stresses
* ) ' ‘ - ) [
and that these stresses can be substantially reduced by in-

serting rigid diaphragms-at sélected locations.

By starting with the governing differential equa-

tion for the Beam of Elastic Foundations and‘bx applying the

' proper boundary conditions,expressions for the dimensionless

moments and deflections in terms of the Beam on Elastic
Foundation Analogy and support properties can be determined.

These values are later used in calculating the warping and

“~
distortion stresses in the analogous box girder.. In the

analogy, bending stresses in the Beams on Elastic Foundation

‘Analogy are related to the warping stresses in the box gird-

er, and the load is related to the torsional load on the box
girder. Warping stresses in the girder may be found by eval-

uating the moments in the Beam on Elastic Foundation Analo-"

_ o411



gy.> Similarly, distortion stresses are obtained by finding
the deflections of the corresponding Beam on Elastic Founda-

tions.

The experimental program was limited in scope to
the test of two different types of cross-sections for single
cell box girderé >faﬁricated from plexiglas._ The static
loads, which were applied normal - to the compression-flange
of the box‘girdér,were kept small enougg so that the strains
in the plexiglas models were within the elastic range. The
models were desi'gned so that the shaée Bf the cross sgctién-
would be distorted undef the test loads, thus resulting in
warping and distortion stresses of éasily meésuréable maani-’

tudes.

g . .
The evaluation of distortion stresses” was accom-

. . -
plished by subtracting the stresses measured by the tran-

sverse web gages-due to concentric loading from those due to
\ ;

. .

" eccéntric loading.
Similarly, the experimental warping stresses were
determined by subtracting the flange stresses due to concen-

’

tric loéding from those obtained when the model was loaded

eccentrically. .



The experimeﬁta}- results indicate that-the dia- -
phraéms are much more éffective-in contrplling distortion
°,stfesses than warping streéses.‘ Thus in the design process
it would seem reasonable to space diaphragms'té‘cgntroi‘dis-
tortion Stresses, and ‘then check the warping .stresses to eh-,

sure that they are within acceptable limits.

3

The distortion and warping -stresses determined
from the B.E.F theory agree well with the experiméntal

stresses.

I

i
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 NOMENCLATURE

top width- of box gifder cell

[+

A cross sectional area of box girder cell

A crdss:sectional area of diagonal brace

A middle surface area of diaphragm plate

b bottom width.of box girder cell

“BEF beam on elastic.fouﬁdation

c slant width of box girder web plate

d stiffness‘spécing S

d effective width of plate acting with a stiffener
D flexural rigidity of a-platé . . ‘
B modulus of elasticity

E modulus of elasticity for a brace

F parameter related to distortion stress

G shear modulus of reference material

G shear modulus of plate element

h depth of béx girder cell

I moment of'ingrtia of plate per unit width

1 ' moment of inertia of equivalent beam on elastic foundation
1 moment of inertia of box girder cell

ko« foundation modulus for BEF

lA panel length of box girde; between diaphragms

L span of box girder

length 6f a2 cross brace -

[l

-xi -~ .
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n w9

t

diamensionless moment

moment

[
-

* distributed vertical, distributed torsicnal lecad . ];

concentrated vertical'ioad, concentrated torsional load

‘concentric load

medium eccentric load

maximum eccentric load

dimensionléss brace stifiness

bréce stiffness .

diméns{Snless regction of BEF . N
reaction of BEF |

section modulus of plate elément per unit length
thickness of plate element ’ |

thickness of diaphragm plate

y-direction (transverse displacement,Eq.B.B.B)
shear in BEF

dimensionless deflection of BEF ' T : :
N.A.of box girder cell below middle surface of deck plat
beam on elastic foundation.paraméter

unit vertical deflection due to torsional load
brace distortion bdx girder cell

§oisson's ratio

bending stress

distortion stress at exageme fibers

warping axial stress

shear stress in plane of plate element

slope in BEF

_xil  _



function for BEF
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Chapter 1
I NTRODUCTION

1.I  GENERAL

Closed-section girder type bridges have become in-
creasingly popular as a major component in highway bridge
éistems. The interest in box girdef bridges is due to the
advantages ;hat they have over other t&pes of bridges. Due
to the bbxes,‘ tﬁe bridges have a high torsional‘stiffness
and consequeﬁtly, a bette; transverse distribution of loads,
with.fevou:able effects on éhe load carrying;)capacity'and,
therefore, on economy; The maintenance co;t is reduced in
_theée'b;idges because a smaller percentage of the total sec-
tiop ¥s exposed. Utilities and services can be contained
within the boxes. The c¢lean and siﬁple lines of the boxes

make them aesthefically pleasing.

The cross sectianﬁof box girder bridges may Ee ei-
ther i) - steel box- steel plates to be cut'into desired
shapes and the resultant pieces to be joined by welding .ii)
concrete -box= the entire section made by concrete and iii)

composige construction- a concrete deck acting with the

steel box in a composite fashion. The primary appeal of com-

b
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i
posite construction is economy, since loads may be carried
with less weight of material when the concrete and steel are

acting compositely. 2

. It is a well known fact that the Cross sections of
box girder bridges do not always retain tﬁeir “original
shapes under eccentrical loading. In this case, the deforma4‘
tion o0f the crossJSect;on is accompanied by adaitional
stresses, such as thé distortion and warping stfesses in
thin-plate members. Hence diaphragms or cross bracings are

usually installed in the box girders to prevent such unfa-

vourable distortion and its harmful effect.

The beam on elastic foundation analogy (25) is

_used to obtain distortion and warping stresses in the box

girder cell caused by the deformation of the cross section.
The beam on elastic foundation analogy finds its widest ap-

plicability in steel and composite box girders..

1.2 OBJECTIVE

The objective of this thesis is to examine the ef-
fect of diaphragms in reducing warping and distortion
stresses that. are caused by the deformation of the box gird-
er cross section. Model tests were conducted on plexiglas’

models for two different types of box girder sections. ° Re-



3
sults were compared with values obtained £ fom the so
called"B.E.F analogy" modified to fit the model sections un-.

L]

der investigation. o )

1.3 OQUTLINE OF THESIS

-~

" Since the problems studied in this_thesis are re-
lated to the effects of interior diaphragms in box girder
bridge sections, existing literature rélating to the topics
are briefly reviewed in chapter 2. In chapter 3, theoretical
formulation of the Beam on Elastic Foundations Analogy is
presented. Chapter ¢ presents the experimental set-up and
subsequent testing detéils. Analysi§ and discussiog of the

tests can be found in chapter 5.

In the final chapter, chapter 6, conclusions based
on the theory and experimental results are summarized.
Whenever possible,such results are compared with solutions,

obtained by other investigators.
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Chapter 1II
REVIEW OF LITERATURE

The inéreasing use of box girder bridges 1in the
last few years is due to the fact that box sections often
lead to economical and aesthefical designs. For bfidge of
longer spans,transverse stiffeners or intermediage dia-
phragms are used to prevent excessive distortion of the

cross section of the box elements.

Several analytical methods have been developed in
recent vears for the elastic analysis of box girder bridges.
A comprehensive revew of current methods can be found-in

references (1,2).

The Qreatest degree of general{ty is achieved'by
the finte element methods but, due to the associated high
computing costs, the method is used only for very complicat-
ed geometries. The accuracy of'the results depends mainly on
the aséumptions used in the formulation of the element
stiffness matrix and on the fineness of the mesh. More de-
tailed descriptions of this method can be found in several ‘

references (3,4,5 and 6).
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For box girdef analysis, - a three dimensional
assemblage of elements may be necessary. Sisodiya, ‘Ghali and
Cheung (7) usedlthe finite element method of analysis to in-
:vestigate'the effect of transverse sfiffenérs in single cell
and double cell box girder bridges with various angles of
skew. Scordelis (8) applied rectangular finite elements in
thé analysis of continuous concfe;e box girders with rigid
interior diaphraqms and obtained results which are in good
agéeemgnt with those given by the folded plate theory.

There is no logical 1limit to structural complexi-
ﬁy. However, even for simple bridées, a large number of ele-
mentsgfj necessary to_obtain desirable accuracy. The result-
ing computational cost is high, also the amount of input
prepafation and output data reduction for clear interpreta-

tion of the results can be excessive.

Cheung,Y¥.K (8,10,11) developed a shell strip for
the analysis of prismatic folded plate structures’ and box
girders. The assumed deflexion function consists of a -one-
way slab function ( a third order polynomial) across the
width of the~ strip and a characteristic function in the
lohgifudinal direction.'ghepng.gave several examples to dem-
onstrate the power of the methéd when dealing with réctangu-‘-
lar plates with various combinations of'boundary‘conditioﬁs.

Loo and Cusens (12) developed the fipite strip method for

. i

-
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orthotropic plates by assuming a’fifth order polynomial as

ca
b3

"  the transverse displa%ement function and obtained satisfac-
tory results with a small number of strips. Branco,F.A (13)
‘used the finite strip method to study the influence of the

bracing system on the open box girdérs;

Scordelis (14) applied the folded plate method to
box girders considering the bending of each plate out of its
plane accordiﬁg to the plate flexural theory and the bending
in the plane according to plane stress theory. The external
loads were represented by a Fourier series. This analysis

can only be applied to constant cross section box girders.

The application of grillage analysis for box gird-
‘er bridges was first proposed by Sawko (lS).'The‘application
to box girders (16,17), while not being the most rigorous,
has the benifit that computing costs are low and output is

simple to understand.

There are several methods developed to study the
effect of the cross section deformation. Knittle's‘method'
(18) analyses the transverse bending stresses and the tran-
sverse normal stresses due to torsional distortion of the
section. The loads are assumed to act at the webs. The dis-
tortion of the flanges due to concentric loading out of the

webs is not considered. Richmond (19) developed the equiva-
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lent beam method, and considered only the ahtisymmetric load
case. The transverse bending stresses, transverse normal
stresses and distortional warping stresses are obtained.
The loéds are considered as acting on the.webs. It is as-
sumed that .there are rigf& éiaphragms at the supports but
these do not restrain warping. The analysis is simplified by
considering the flanges of the box girder replacedé by eguiv-
alent flénge§ of two beams, latticed together in the planes

of the flanges. A similar method proposed by Kupfer's (20),

: . oy . -
considers two independent sfructural systems which are de-

formationally compatible. In the first, the box girder is’

treated as a hinged folded  plate structure considering only
the longitudinal behaviour of the walls. SéEondly, the box
is considered as a rigid Joint close-frame and only tran-

AY

sverse structural action is obtained.

P.Nimityongskul,R.P.Pama and Seng-Lip Lee (21}
presenfed an accurate -andlefficieht method‘of analﬁsis for
box girder_bridges- and takes into'account the influence of
intermediate diaphragms. The elements in the box section are
treated as rectangular plates subjected'to lateral and in-
plane boundary forces. fhe solutions due to ~unit vertical
and horizontal loads applied at the joints Tor the case
without intermediate diaphragms are obtained and used as in-
fluence coefficients to derive the solutions for any combi-
nétion of concentrated 1live lcads applied at the joints as

well as the effect of intermediate diaphragms.

..
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_ Abdul-Sémad,Wright and‘Robinson (22} qppiied thin.
walied'beaﬁ theorf (23) to box girder of deformable cross
seqtidn. Thin-walled beam theory is extended to cover stiff-
ened plate elements and of deformable.ﬁnterior diaphragms. A
simplified formulation was studied by Dalton and Bichmond
(24) to obtain the solution for girders of trapezoidal cross
section by assuming that only the diaphragms or Cross frames

resists the cross section distortion.

Wright, Abdel Samad and Robinson (25) have devel-
Qped an anélogy to the well known "theory of beam on elastic
foundation” (B.E.F) to obtain an approximate analysis proce-
dure which acéounts for the effect§ of diaphragms or cross
‘gracés on the warping and aistortion stresses ~ of bdx gird-.
ers. Comparison with more refined analysis show that the
B.E.Fa@nalogy is'an adequate substitute for these much more

refined procedures. Rajagopalan,N, Rajagoplan,B.K (26) ex-

‘tended this B.E.F analogy for support diaphragms.

Even though there were many paper -published refer-
ring to the distortional’ behaviour of the girder 1itself,
onlys/a few pfoposél have been given with respect to design
criteria for intermediate aiaphragms so far. éhese'are Mer-"
‘risén's rule (27),propo§al by Sakai ahd Nagai (28,28).. Mer-
rison's rule ado@ted the resulté'obtainéd by Wright, Abdel-

7 . : . .
Hjﬁmad and Robinson (25), who applied B.E.F (beam on elastic

.
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foundation) analogy. In that rule, the approxiqgie formulae
for the additional stresses induced in box girderé*and those

for the reguired minimum rigidity and stresses of diaphragms

are listed. Sakai and Nagai (28,29) have presented at first

beam analogy to formulate the distortional behaviour of box
‘girders. The theory:-is based on the assumption that the in-
fluence of elastic foﬁndation uniformly distributed gpaﬁhise
on the -distoftiohéi-behaviopr may be neglected under the
sufficiently rigid condition of diaphragms. Then they de-
rived the compratively simple formulae as proposed by Merri-
son's rule. Further more , they proposea for the first time
the critical space of diaphragms being such that the addi-
tional #arping stress becomes negligible in comparison with
the primary bending stress. Sadao Komatsﬁ and Masatsugu Na-
gai (30) have ?resented'a recomendation for design of inter-
mediate diapﬁragms in the box girders on the basis of B.E.F

analogy.

Myers and Cooper (31) reported stress distribution

in a plexiglas model of a one cell box girder with various

'diaphragm arrangeﬁents for loading. The results are .in gen-
eral in aéreement with those predicted by thin we}led beam
theory using the beam on elastic foundation analog?: Varia-
tion between experiment and theory can be attributed to di}—

ficulties in achieving rigid joints, stress relaxation in

the plexiglas, and two way plate action in the short panel

e
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:1gngphs between diapﬁragms. Godden and Aéiam (32) presented
thé results of an experimental study bn.the static response
of skew box girder bridges and theoretical results based on
a finite element analysis was used for comparison. An exper-
imental investigétidn .to study the behaviour of composite
simply supported beox girder bridge‘wiﬁh end diaphragms was
carried out by Mattock and Johnsténe (33) and the result-
- agreed well with those obtained by the folded plate theory
(34). Maggard and Parr (35) have reported a series of stat-
ic tests on steel box girder models in which the loads were.
applied at the diaphragms. The experimental results were
compared wiﬁh stresses ohtained from'a simple flexural anal-
ysis superimposed with the St.Venant torsional stresses.
This wofk *is being extended to give further dééa with re-
spect td the stresses in the immediate vicinity of nofmallf
spaced digphragﬁs. Vlasov (23) reported test results on a
' box girder model for confirmation of the ;hin walled beam
theory. These tests considered an applied warping ;Bad.
While agreement between theory and exggriment is good, the
loading is not rgpresentafive of - a box girder bridge. Pama
R.P -(36) experimentally studied the influence of inéermedi-
ate diaphragms on the behaviour of a simply supported
straight double-cell on‘girder bridge. ~The experimental
results are compared with theoretical valges suggested-by

Nimityongskul, Pama and Lee (21).
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Recently, experimentai research was developed and

several tests were conducted using 1/4 scale model

open box girder (13,37). These test results were used to
check the results of an analytical study,

of-an

Sich s iband
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Ghapter III .
INTRODUCTION TO BEAM ON ELASTIC FOUNDATION
ANALOGY

The beam on elastic foundation analogy (B.E.F) was
déveloped by Wright, R.,N., Abael-Samad, S.,R. and Robin-
son,A.,R. (25) to obtain an approximate analysis procedure
which accounts for the effects of diaph:agmg.or cross braces
on ﬁhe_warping and distortion stresses of”bGQ’girders. This
chapter summarizes the salient features of the Beam on elas-

tic foundation analogy (B.E.F):

3.1 OUTLINE OF THE B.E.F. ANALOGY

The response of a box cell to loading that causes deforma-
tion of the cross section can be represented by a differen-
tial eguation identical in form to that of a beam on elastic
foundations. A direct analogy exists between the physical
properties of the box cell and the beam on elastic fouqea-
tion. A similar analogy has proved useful for evaluatlon of
bending stresses in cylindrical shells.

Deformation of the cross—seétion produces distor-~

tion in the plane of the cross section. One basic assumption

_12_
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regarding this in-plane motion is borrowed from the .theory

of torsion of thin-walled beams of open sections. It is as-

sumed tha;.the distortions are accompanied by sufficient
warping to annul the average .shear strain in the plates
which form the cross section. It can be seen that if the de-
formation is not - constant along‘Ehe beam, some warping dis-
placement must then be preéent; It is eﬁbhasized that for
the box cell this warping displacement arises from the de-
formation of the.cross sectidn;and is not the warping asso-
ciated -with St.Venanf‘torsion:‘ Just as in thin walled beam

theory for open sections, warping can be regarded as in-

plane bending of the plates forming the cross section.

The warping displacements are not in general con-
stant along the axis-of the box cell. Longitudinal stresses
arise from constraint. 1If, in turn, these warping stresses

vary along the girder, shearing forces ate'required by con-

‘siderations of longitudinal equilibrium.These shear force in

the plane of the plates also change from section to section,
resulting in 2 net resistance to deformation of the cross
section which adds to the resistdnce caused by the flexural

stiffness of the cross section in its own plane.

»

—
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3.2  BASIC RELATIONS OF B.E.F

-

An element of B.E.FP is shown in figure 3.1 with’

the positive gquantities indicated: deflection,W; concentrat-
\“-'— . + - B

ed-loéaTPT“dlstrlbuted load, p; shear, V; ard moment,M. The

governing differential eguation is

EId*W/dx*+kW= p ) {3.2.1)

Here k is the foundation modulus and I is the mo-
ment of inertia of the beam cross section. The solution is
written in terms of the B.E.F. parameter s , which includes
the flexural rigidity of the beam as well as the elaéticity
of the supporting me?ium, and is an important factor influ-
encing'thg shape of the elastic line. For this reason the
factor @ is called@ the characteristic of the system, -and
since its dimension is inverse length, the term /s is fre-
‘quently referred to as the characteristic length. Conseg-

uently , Bx will be an absolute number.

B =YEKJIEI : (3.2.2)

The general solution in terms of the end condi-
tions , % ,8,,V,, and M., is given by

~

-

W= W (Bx)+86 s (8x)/26 -MoO, (x)/2E1@>
-V O (Bx)/4EIB*+p(1-0, (@x))/4Eis" £ (3.2.3)
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© = -Wa%k (Bx)+60, (8x)-Mo®, (8x)/2EIS
-Vo O (8x)/2E182+pdy (8x) /4EIS*> _ (3.2.4)

Wis - 2870y (6X)-8 a0 (ax) Mo, (8x)/EI
~V §; (aX) /2E18+p0y (8X)/2EI8% (3.2.5)

W= -W, 28°0, (8x)-8,28%9, (8x)+Ms @ (ax)/El
-%, O, (8x)/EI+p0. (6x)/2EIR (3.2.6)

W= R, 4840, (8x)-8028°0; (8x)+My283d; (8x) /EI
+vom O (@x)/EI +pd, (8x)/EI (3.2 7),

Where,
" 0, (6x)=cosh(gx)cos(gx)
¢1(ax)=cosh(ax)sin(ax)+sinh(ﬁx)cos(@x)
9, (gx)=sinh(gx}sin(gx)

Q, (8x)=cosh(gx)sin(gx)-sinh{sx)cos{sx)

The four function o, ,0.

-

,0, and &, are the spe-

cial functions associated with deflection,slope ,moment, and

shear respectively.

3.3 ELEMENTARY SOLUTIONS

Solutions are presented for B,E.F with simple, un- .

:
deflecting support at each end and loads either uniformly
distributed or concentrated at midspan. These show how the

response quantities of interest are non-dimensionalized for
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plotting in a generally uséful'form.The same dimensionless
parameters and response gquantities are later used for more

complex boundary conditions:.

For simple span B.E.F . under ﬁniformly distributed
load p, the origin‘x=0-is taken at midsﬁén where d,=0 and V
=0.Boundary conditions at the support are W( £ /2)=M(£/2)=0.
Using eqdatioﬁ (3.2.3-3.2.7), the / solﬁtions for dimension-

less deflection at midspan, w,, moment at midspan, m, and

rqaction;at the sﬁpport, r,'ére ' | ///f“ﬁ
.W°=4EItS‘Wo/p =1- f/p2+p4? (3.2.8)
m,=2B’M°/p. = G/p2+p ‘ k312.9)
r =R/p¢ =1/25¢ (-F;.w; tam e ) -l ) (3.2.10).

-

Here the term £ =0 (8e/2). The quantity g¢ may be
considered the dimensionless span.
; For a simple span B.E.F with concéntrated load P
at.midspan the érigin x=0 is taken at midspan where © =0 and
vV ==P/2. 'BOundary conditions at fﬁ%\supporp are W(&/2)=M(
42)=0. Using equat{on (3.2.3-3.2.7)it£é solutions for dimen-
sionless midspan deflection, w, , midspan mdment m,, and re-

action, r, are

Yis

=8E1 B °Wo/P = ~CfAle (3.2.11)

r

o



17

T

Mg 4BMQ/P . ro’v_f.Gv : S ' (3'2'12)
v =R/P =1/2-1/8(wa)* 1/4(m.m) (3.2.13)

~dere the £ terms are as defined above.

”

3.4 DEVELOPMENT OF CROSS SECTION PARAMETERS

A symmetrical single.cell girder of the type shown’
in Figure 3.2 is considered to be loaded by a uniformly'dis-
tributed unit line torsicnal load . 'The longitudinal flexur-
al properties of the cross. section are computed assuming the
web and bottom flangesm;to be made of material bf-Youhg's
modulus E. The decE may havé a different modulus Em.The
thickness t, ,t. ,and t.of the déck ‘,flangeg,and’web respec-
tively (Fig.3.3), are effective values including longitudi-

nal stiffeners. The transformed area is given by
A = at,Ba/E + 2ct.+ bty (3.3.1)
_fhe centroid 1is located at distance Y below the
top flange middle surface ,where
(3.3.2)

¥ = (h/A) (bts + Cte)

The moment of inertia of the cell, neglécting

thickness squared terms, is



1N
I. =atqEa¥?/E+2ctec (h3/12+(h/2-Y)?)+bts (h-¥)?
l l ; (303.3‘-) -

Figs. 3.4-3.8 show the forces acting on an element

of the girder of unit length in the span direction. The

. twisting moment of the torsional loading is balanced by the

~gradient of the St.Venant torsion &n\ihe cell walls. Consid-

er now an element of unit length cut'along the span of the
structure and assume thét a twisting moment M = pa 1is ap-
plied as shéwn in' Figure 3.4. This twisting . moment will
transfer a shear eguivalent to pa/(a+e)' at the inflection
points as shown in Figure 3.4c. This also causes a unit

shearing forces 4 given by the expression

T = MT/ZA = Pa/h(a+b) (3.3.4) :

Where A is the area enclosed by the median line of

+he box section.

The statical problem of evaluating the bending mo-
ments acting in the walls of the box section has one redun-
dancy.1f the box section is cut at its axis of symmetry,'the

forces acting will be as shown {n Figure 3.5 .

)

yields,

Equilibrium of forces in the vertical direction

g, *pa/a+te = g, *Mh | (3.3.5)
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Substituting for 4, _from equation (3.3.4) and

solving for q,.

q,=q, +pale-b)/(a+b)(a+e) L  (3.3.6)

With g, expressed'in.terms of the unknown shear
force q,, the.strain energy ‘in bending may be evaluated with
out any difficulty.Assuming that the deflection of point A
is zero so that (2u/agq, )=0, after some transformation, the

unknown shear force-g, may be determined,thus;

-

gy =Pa/(a+b)(a+e) . (2a+b)(a+e)bc-a’P(e-b)

/2c(a*+ab+b®)+b3+a’P ' (3.3.7)

Where, P=EI. /EI, =(tr/t.)?
tr=thickness of web plate
te=thickness of top plate

setting g,=v

v=(1/De) (2a+b)abe+(1/Da)ba’/

(a+b) ((a*Da+{2c(a*+ab+b?)}/Dc+b*/Du) (3.3.8)

. _ '
In equation (3.3.8) Da,De,and De denotes the tran-

sverse flexural riéidity per unit length of the deck, web

and flange plates, respectively. For an unstiffened plate.

D = Et*/1l2(1-»%) ' (3.3.9)

-

-



T

20

For a transversely stiffened plate the effective

" width of pléte acting with a stiffener is computed by

do =d tanh(5.6d/b)/(5.6/b) (1-¥*) (3.3.10)

*

Where @ is the spacing of the transverse stiffen-

ers.., Then D= EI where I is the moment of 1inertia of com-

“ bined section of transverse stiffener and effective width of

plate, divided by the stiffener spaéqng.
The deflection s, of the loaded node, Figure 3.9,
resulting from transverse flekural deformation 1is obtained

using the principle of virtual displacements, noting that if

‘no work from- the shear flow gradient 1is considered no tor-

sional deflection is included.

& =ab/24(a+b). (¢/D. (2ab/a+b -v(2a+b)
+a?/Da{(b/a+b -v)) _ _ (3.32.11)

Where,v is given Ry eq {3.3.8)

‘Observe that 5, is constant along the length of the

box if the torsional load and cross section remain constant
and no diaphragms are present. The distortion stress at the
N .

bottom of the web is giveﬁjby (Figs.3.7 & 3.8)

6. = Fa=bv/2S . (3.3.12)
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N At the top of the web the distoxtion stress is

given by (Figs. 3.7 & 3.8)

at=E4=(a/2si(b/a+b -v) o T (3.3.13)

In Equation (3.3.12) and (3.3.13),S is the section
modulus of the web per unit length in the box  span direc-
tion.

“The changeTin distance between oppogite corners of
the cell caused by:;he deformatioﬁ of the c¢ross section is

given by

5 =1/JT7(a+b/2R):. ((a/12Da) (b/(a*b)-v)
+(abc/12De ) (2a/a+b-v{(1+2a/b}) (3.3.14)

or simply-

S.= 2(1+a/b) s, /Vi+(a+b/2h)* | {3.3.15)

This deformation gquantity is used in the relation
*

of bracing stiffness to cell stiffness.

3.5 ANALOGY TO BEAM ON ELASTIC FOUNDATION - ’

o~

As noted by Vlasov (23),the stiffness !4 with which
a box cell responds to a unit uniform deformation of the
cross section may be linked to the stiffness k of an elastic

foundation supporting an elastic beam .. A long uniformly

"
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loaded beaﬁ‘on elastic foundatioh ,Sig&rgé 3.10 & 3.11, has
no!axial-stresSes.-.In the analogy between the beam on elas-.

_tic-foundation,ahd the deformabie section box ‘girder, the
bending stresses in the beam are relatéd'.;o the. warping
stresses in the box.éirde:,and the load on tﬁe é.E.Ffis\re-

lated to the torsional load on the box girder.

The propertieS'of the 'ahalogous B.E,F are defined
from the 'box girder properties,E 1is the referenceAYoung's
modulus of Eguation 3.3.1; I, is approxiﬁated by oneffoufth
of the transformed section moment & inertia of the .box
cell(25),I. of eguation (3.3.3),and k= l/s, ,where é‘is Yiven
b by- equation (3.3.11). The beam foundétion’ parameter

3
A hecomes,

5 = VE/IEL, =V I/ELé. (3.4.1)

Using one fqu;th the moment of inértia of the box
girdef cell as I,, the moment of inértia éf the analogous
B.E.F, give good results for normal bridge cell propor-.
tions(25). '

The diéensionless stiffness of a flexible support
of the B.E.F, g, is expressed by relating.the support stiff-
ness,_.Q k/in , to the stiffness k, k/in_.,of the elastic

foundation summed over support spacing 2 ’

Q = gké=4gseEl 8’ =qgeEILe’ ' A (3.4.2)
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The B.E.F support stiffness analogous to the

stiffness of a box girder diaphragm. or cross bracing is ob;

tained using the brace areg A, corresponding to one of a pair

of agtual braces,or to a plate diaphragm as given by Equa-

tion below (3.4.4),and the brace elongation & of Equation

(3.3.15). The brace stiffness is defined as the magnitude of
concentrated torsional load which must act through the dis-
placement s, of Figure 3.9 to produce unit & when the cross

section itself acts as a linkage.

Q = E.A, /L (%50 -~ (3.4.3)

’

where, _
5 = Got.hi / Eu(a+h).(l+(a+b/2h)3)°  (3.4.4)
or,
A = Geto.L)/2E,Am .
A= Cross.sectionai area of plate diaphragm
L.= brace length
E.= Young's modulus of brace.
t,= thickness of plate diaphragms
A.= middle suraface area of a plate diaphragm

Ge.= shear modulus ®f plate diaphkagms

g = 8/t =(Euhy /L)(P45) (3.2.5)

B.E.F solution for various loading and boundary

conditions ‘are plotted in Figure 3.12 - 3.14 (25).

b
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) For conceﬁtrated torsional loads the analogy is
directly extended.The loading on the box girder is a force P
actiné up at one top'nbde‘and an équal forcé. P acting down
at the adjacent top node. The analogous B.E.F is loaded by a
single load P as shown in Figure 3.11. Figure 3.12 to 3.14
give dimensionless deflection w and dimensionless moment m

for the B.E.F subjected to concentrated load.

=" 8EI,@’W /P = 2EL &°W/P = 2W/Pas, (3.4.6)

E %
1

=
]

48M/P (3.4.7)

: Disto%tion stresses in the box girder subjected-to'
concentfated torsional loaéﬂaée obtained by considering the
deformed shape of the bdx girder té be tﬁe same for the same
node deflécfion for uniform or concentrated torsional load.
Distortion stress is .given by the factor E;df Equation

(3.3.12) or (3.3.13) multiplied by W/, .
&, =F4 .PW/2EL @3, =1/2 F,@Pw (3.4.8)
Warping stress in the box girder is computed from
the moment in the analogous B.E.F
Sw=My /I, =Pym /I.@3 (3.4.9)
Theoretical values of bending and shear stresses

were computed for concentric and eccentric loading using the

fundamental flexural formula and shear formula. The deflec-
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tion is computed as the sum of bending and shear deflections

as computed from elastic theory for concentric loading.
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3.6 SAMPLE CALCULATION

In this sample calculation, the distortion and
warping stresses were computed by inserting diaphragms at
selected locatioﬁs in the box g¥rder. Since the testing pro-
gram was divided into three major parts ( illusfrated in de-
tail in section 4.7 and Table-l) the corresponding theoreti-
.cal values are caléulated for the above three cases (case-I,
"case-II and case-I1II). ‘

3 et

The cross section for a trapezoidal box girder
having a spanllength of 46 inches (1168mm) 1is shown in the

following figure. The actual dimensions of the model are

used for this calculation.

i

S
h=4.625"

L
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The cell dimension in the above figure are

a = 7.75 in.{197mm)

b= 5.875 in.(149mm) - T

e = 4.719 in.(120mm)
h = 4,625 in.(118mm)
teg= 1/2 in.(lZ.?mﬁ)
te= te = 1/4 in.(6.4mm)
E = 0.440x 10° psi(3.03x10 N/m*)
» = 0.37 '
The varioug B.E.F analogy parameters have been

calculated as follows.

Using the B.E.F Equation 3.3.1, the c¢ross section-
al area of box girder cell is
A = atg+ 2¢t.+ bty
=7.75 x0.5 +2 x4.719 x0.25 +5.875x 0.25
=7.70 in.? (4.97x10 mm?)

The centroid is located at a disgg;ZE\f below the

top flange middle surface (Eg. 3.3.2) as shown in the previ-

ous  figure

Y =(h/a) (bt, +ct.)
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=(4.625/7.703) (5.875x0.25+4.719x0.25)
=1.59 in.(40.&mm) .

Moment of inertia of the cell, neglecting terms

involving squared is {(using Eq;3.3.3)

Q_=at¢¥=+2ctc(h=/12+(h)24?)=+btb(h—?)= ,
=7.75x0.5x(1.59)*+2x4.719x0.25((4.625)% /12
+(4.625/2-1.590)*)+ 5.875x0.25(4.625-1.590)*
= 28.76 in.* (1.20x10 mm*) -

The transverse flexural rigidity is:(Eq.3.3.9)» .
D= Et?/12(1-y?) '
Da/De =t% /ti= (0.50)2/(0.25)°
=8.000

u

D¢/Da= (0.25)°/(0.50)% = 0.125

-
.

The redundant shear normal to the middle sufface

of the bottom flange is (using Eg. 3.3.8)

v =(1/Dc) ((2a+b)abe)+(1/Da) (ba®)/(a+b) ((a*/Da
"~ +(2c(a*+ab+b?)/De+b?/Du) - o
={(2a+blabec}+(De /Do) (ba?*)/(a+b){((De/Dala’
+(c(a*+ab+b?))+(De/Dy)b?) o

=({2x7.75+45.875}7.75x5.875x4.719)}
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+0.125(5.875x(7.75)*)/ ,
(7.75+5.875) (0:125(7.75) *+(2x4.719((7.75)*
+7.75x5.875+(5.875) )+ (5.675)%)
- = 0.23

: : Ve
. {.l . X ' - L -
The- vertical deflection for unit torsional load is

- (BEg.3.3.11)

8‘=ab/24(a+b). %{c/D. ) ({2ab/a+b =-v{2a+b))
+(a?/Da) (b/a+b-v}) '

where, :
‘D =440x(0.25) */12(1-0.37%)

-0.664 k-in.(72.75 N-m) ' i
D¢=44ox(o.50)=/iz(1-o.3757‘*-

"=5.310 k-in. (599.85_&-m)

o~ 5.=7.75£5.875/24(7.75+5;37s) .
P X '(4.719/0.6640(2x7.7éx5.€é5/ . '
' 7.75+5.875 -0.2287(2x7.75+5.875)+((7.75)%/5.310)
(5.875/7.75+5.875 -0.2287)) '

, =2.10 in*/k (304.6mm?/KN)
. ‘ —

o -

The brace elorigation for wunit torsional load is

(Eq. 3.3.15) .-

b -_ .
i et

*
Lcatannd ook b B
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8“=2(1+a/b)x8./Jl+(a+b/2hl’
=2(1+7.75/5.875)x2.0957
/ V1+(7.75+5.875/2x4.625)"
=5;46 in.2/k (791.95 mm?/KN).

Area of brace(Equation 3.4.4)

G/E = 1/2(1+v)=0.364

where, Ce A

Ab =Gptp(Lb):/2EhA-

te =thicknéss of plate diaphragm =0.25 in.
L, = V(4,625)*+(6.8125)% -

=8.24 in.{(209.3mm)

o

A= 0.364x0.25x(8.234)°/2x(7.75+5.875/2)x4.25

=.88 in.*(567.74mm*) .
"By using Equation 3.4.5
ge/A, = ES, /LS, =0.440x10°x(5.46)%/8.2341x2.0957

=760.10 iA. (29.9mm )

The B.E.F’ parameter s may be calculéted_ by using
: ]

Equation 3.4.1

o

» =N1/ELS, = V1/0.440x10°x28-763%2.0957

=0.078 in.(0.003 md') Ny ’

Using Equation 3.4.9
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Sw/Pm = Y/I.» ,where Y is the distance from the

bottom flange to the neutra axis.

SwPm = Y/I.a = 3.035/28.763x0.0784
= 1.35 1A% (0.002mi°)
[ = t1/6 =(0.25)32/6

1.042x10 in?*/in.

The factor F; for distortion stress at bottom of

web is (BEg. 3.3.12)

F. =bv/28
=5.875x0.2287/2x1.042x10
=64.49 in7 (2.54mm’ )

Eguation 3.4.8

Se = 1/2 Fa@ P w
or, %fu= 1/2 F <
“1/2x64,4934x0.0784 -
= 2.53'iﬁf(0.004ma?)

\The factor I for distortion stress at top of web

is (BEg. 3.3.13)

Fyq = Ia/_2S(b/a+b'-v) _
=7.75/2%1.042x10(5.875/7.75+5.875 —0.2287)
=75.30 in.' (2.96mm )

Uéing Eguation 3.4.8

St/pw =1/2F,m
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=1/2x75.3032x0.0784
=2.95 in? (0.005mm° )

SUMMARY OF B.E.F PARAMETERS

—————— e ——————— Ty S -

Parameters } ) Equ_z_a;:ibn Results
-___-_--__---_--_--_-__--T-_—-—_----__----—---.—-;—-_-—__‘---.--h _______
A, in in* (mm?) 3.3.1 7.70 (4.97x10°)
L, in in' (mm*) 3.3.3 28.76 (1.20x107).
h-%, in in (mm:) 3.3.2 N 3,08 (77 )
v 3.3.8 0.23
5. in if*/K (mn” /KN ) 3.3.11 - 2.10 (304.61 )
S in in* /K (mo” /RN ) 3.3.15 5.46 (791.95 )
@, in in' (mo') 3.4.1 0.078 (0.003)’
ql/A, ,in in'(mn) 3.4.5 760.10 (29.9 )
S, in in3/ in (me® /mm) | 1.04x10 (170.42)
6 /pw, in in (mi®) bottom | 3.4.8 ©2.53 (0.004)
Se/Pw, in in®(mm>) top - 3.4.8 . 2.95 (_0.'605)'
Seospm, in id% (mAt) 3.4.9 1.35 (0.002)
A,, in in.(mm") 348 0.88 (567.74)

- .
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The bending stresses at the bottom flange . were
< T
computed for loading 123.8 pounds ( 550.66 N ) using the
.fundamental flexural formula and given in th; foligging ta-
ble.
Location Calculation Results in'psi
‘ (N/m )}
Load at A measure at A
t - — .
123.8x46x3.04/4x28.76 $50.22 (1.04x10%)
: Load at B measure at B
[ l | :
& 3 s
d 123.8x37.5x8.5x3.04/46x%x28.76| 90.52 (6.24x10 )
Load at A measure at B
— 3 — - 5
123.8x8.5x3.04/2x28.76 55.52 (3.83x107)
Load at.B measure at A
— =g ' .
& - 123.8x8.5%x23x3.04/46x28.76 55.52 (3.83x10°)




CALCULATION OF DISTORTION & WARPING STRESSES -

in

(mm)

—— k.

CASE-I1
' 12

(305)

17
(432)

Stresses for concentratd torsional

3Distort?on Warping

Location

—— v —— -

B.of Web

‘T.of Web

B.of web

T.of Web

B.of Web

T.of Web

e e e s — —— — —

Ce Psi m
(N/m") |Fig.
3.14

181.53 [1.06
(125x10) *

—a

211.96
&
(1.46x10)

5 1.
(5.77x10)
. 97.64
(6.73x10)

(1.62x10)|"
27.81
(1.89x10).

S
(2.81x10)

23.47 0.68

. 40.68 0.80

6, psi

(N/m" )

88.30 .
(6.09x10

75.11
(5.18x10

56.65
.
(3.91x1Q

66.65
(4.6x10)"

continued



CASE-1I

[}

Ny

(127)

(203)

5

DETERMINATION OF STRESSES AT G

211.958 psi

0.63

——— —— o ———

.88

132.76

82.97

B. of Web

T.of Web

B.of Web

T.of Web

0.07

b

i
|

47.51
(3.28x10

5.48

6.4
4
(4.41x10)

11.03

12.88
*
(8.88x10

(3.78x10h

(7.6x10]
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. Distortion stress at lower gage locatioh

= 1.5087xExtreme fiber stress/2.1337.

= 0.707x EFS

Distortion stress at upper gage location

= 1.7413x Extreme fiber stress/2.4913
' \/}.0.699:: EFS -

Warping stress at outside gage location

5 2.5625x Extreme fiber stress/2.9375

= 0.872x EFS

ant
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Summary of Theoretical stresses at gage location

(P=123.8 #(550.66N), Maximum Eccentricity)

Values in brackets are in N/m

CASE I.
1)Distortion stress at lower

gage Jlocation

)

2)Distortion stress at upper

gage location

LOAD AT A
128.34 psi
(8.85x10 )

148.16 psi
(1.02x10 )

_ LOAD AT B
59.12 psi.
(f}.OBxlOs)

68.25 psi
(4.7lx105)

'cbﬁtihued

——————
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3)Warping stresses 77.00 psi 65.49 psi
| (5.31x10 ) (4.52x10 )
CASE II. .-
1)distortion stress at lower| 15.93 psi 28.76 psi

gage location

(1.10x10 )

(1.98x10 )

2)Distortion stress at upper | 18.392 psi 33.21 psi
gage location (1.27x10°) {2.29x10°) .
) &
S)Warping stresses 49.396 psi 58.64 psi
(3.41x10 ) (4.04x10°) .
CASE III )
1)Distortion stress at. lower | 3.87 psi 7.80.psi
gage location (2,67x104) (5.38x10" )
2)Distortion stress at upper | 4.52 psi 9.04 psi

gage location

. 3)Warping stresses

————

Computation of

concentric loading.

A=PL*/48EI (1+12,EI/GAL®)
Where, a

(3.12x10" )

26.15 psi
(1.80%10 )

i e e e T s e e e _\7 -

Deflection by elastic

(6.21x10" )

35.59 psi
(2.45x10")

theory ,for

LS T3

i s,
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' ' a .
E= 0.440x10 psi
I= 28.763 in.*
A = 7.7033 in.?® -
G =E/2(1+¥). = 0.161x10%psi -
%= A/A. = 7.7033/2.36 =3.265
L = 46 in. a | .
A= (Px(46)°/48%0.440%x10°%x28.763) (1+12x3.265
x0.440x10% x28.763/ 0.161x10°x7.7033x(46)?)
= 1.905x10 % P in.

\ For loading 120% =0.8229 in.
—
p —_
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“Chapter IV

EXPERIMENTAL PROGRAM

4.1 INTRODUCTION

The experimental program wés limited inl scopé to
tests on two different types of cross sections'single cell
box girder fabricated from plexiglas. The static loads,
which wére applied normal to the compression flange of the
box girder, were kept small so that the strains in the plex-
iglas models were withinthe elastic range.The models were
designe& S0 that the shape of the cross seétiqn would be
distorted under the test loads, thus resulting 1in warping

and distortion stresses of easily measurable magnitudes.

The phrpose of this investigation was to confirm-

experimentally that deformation of the> cross section of a
box girder induces an appreciable amount of warping and dis-
tortion stresses and that these stresses can ‘be substantial-
ly reduced by inserting rigid diaphragms at selected loca-
tion. The ‘entire experimental program,including the
détermination ;f material properties,establishment of exper-

imental technigue for plexiglas,design and fabric7tion of

model,test set-up,test measurements and the test program,was

-
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" designed with this goal in mind. = The experiment was con-
ducted on two different types of cross section as shown in
Figures_4.i'and -4.é;ﬁ$téter the results were compared with
values obtained from the so called " B.E.F analogy",an ap-
proximate analyticai method of box girder énalysis which

considers the stresses caused by warping and distortion.

-
-

4.2 DETERMINATION OF MATERIAL PROPERTIES

T | o \ -

Before any meaningful model tests could be con-

ducted, certain physi¢a1 propertiés had to be detefmined for
the model materiai. The literature indﬁcates that moré accu-
rate results may be obtained if the modulus of elasticity of
each moael component is deﬁermined' rather than relying én
:the results of tests on an isolated coupon. Therefore two
tensile coupons from the ﬁodel shown in Fig.4.1 én@ Fig 4.2
corresponding to the top flange and web/bottom flange , wés
fabricated and tested. In all cases the coupons were cut
from a piece of plexiglas adjacent to the component they -
feprésented, Fig.4.3..-It was found that the modulus of elas-
ticity for all model component @iffer by approximately‘lq

percent. - ' -

The dimensions - of a -typical coupon 1is shown 1in
Fig.4.3. Two holes of 1/4 in.(6.4mm) were made at the ends

of the coupon. One- end was hung by means of a 3/8 1in.
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(9.5mm) diameter bar and at the other end static loads were

applied at increments of 20 pounds (88.96N) and 10 pounds

(44.48N) for 1/2 in. (12.7mm) and 1/4 in.(6.4mm) thick cou- -

pons respectively. .The coupon test set-ﬁp are shown in
Fig.4.4. Artypiéal stress-strain curve 1is'shown in Fig.;.S
and Fig.4.6 fof model.one and modél two respectively. ‘The
tests were‘repeated witﬁ nearly identical results.. The value
of E=0.440x10°. psi (3.03x10%° N/m* ) and E=0.485x10° psi
(5.34xld?N/mv) wére found for models one and two respective-

1y."

4.3 EXPERIMENTAL TECHNIQUES

- ) . -

It is known that plexiglas 1is a poor heat conduc-

tor.. The heat input during the warming up of a strain gage
is not immediately dissipated as in the case of.metals, 5ut
confributeé to an added local deformation. To overcome this
problem, a procedure was déveloped in which each gage was

alloted the same amount of time to warm up. In all cases the

. current was applied to each gage for exactly five minutgé\:

before reading the gage. Readings were taken at 20 poﬁnd/

(88.96N) load increments. . -

“
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4.4 «MODEL DESIGN

The experiments were conducted on two box girder
models having a length of 48 1in. (1219mm) and cross sec-
tions shown in - Figure 4.1 and Figure 4.2 As stated in‘pré-
ceding sections, thé'moéels were designed so that there
would be substantial deformation of the cfoss section when
no interior diaphragms were used. Since the calculated dis-
-tqrﬁion stresses were mupﬁ larger than fhe corresponding
warping stregses‘ for a < given torsional loading,the-models
weré designed so that-the: smalle; #arping stresses would be
sufficiently large to bébmeasdred at anticipateéi.léad lev-
els. A peak ratio 6f wafbing to bending stresses of one-
:half was used as éesign criteria for model one and 0.43 for

¥

model two.

-

A maximum load of 120 pounds (533.76N) . was chosen
so that the peak penaing plus warping stress would not ex-
ceed the elastic range of the plexiglas. The material prop-
erties test had indicated that plexiglas behaves elastically
up to 400 psi (2.76§ld:N/mv): which is compatible with pre-
vious experiménts (38). Actually some extreme fibers may
have been subjected to stresses slightly above the yield
poinp due to the unegual 'digtributiéﬁ.of the warping stress

across the bottom flange (Fig.5.27).
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A detachable top flange (Figs.7) was used to per=

mit the installation of interior diaphragms for the later
tests. The top flanges were fastened to the Qébs'with NO;4
screws at 2 in,(50.8mm) center to center for model no.l and
NO.6 screws at 1- in.(25.4mm) center to center for model
no.2. This fastening method has been shown to result in ad- .
equate shear transfer to develop full comb&site attién'. Af-
ter fastening the top flange to the webs, the bottom flange
and end diaphragms were cemented into place with thylene
Dichl&ride, a plexiglas solvenﬁ cement that 1s easy to use
and produces medium strength Jjoints. After the application
. of ethylene dichloride,Tensol No.6 was uged to -produce
- stronger joints. When interior diaéhragmg were néeded for
-later tests, the top flange'was reﬁqved to permit cemedting/‘
screwing theﬁ intd position. In model no.l the interior dia-
phragms were'cemented into position with ethvline dichloride
and Tensol No.6 while in model no.2 the interior diaphragms

were screwed in position. )

4.5 TEST SETUP LT

For all of the tests the box girdef models were
supported on the rounded surfaces of steel bearing blocks
spaced 46 in.(1168.4mm) center to center (Fig.4.7 and
Fig.4.8). These blocks were bolted to two 7 in.(177.8mm)

diameter and 30 in. (762mm) height concrete base. The load
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was transmitted by means of special hanger as shown in Fig-
ﬁfe 4.7 to the ~ model by a 1l in. x 1/2 in. (25.4x12.7mm)

'steel bearing block.

4.6 TEST MEASUREMENTS

Static loads were applied manually to the box
girder'ﬁodels by means of a specially designed haﬁéer. Loads
were applied to the model with an 'increment ofwizﬁ pounds
(88.96N)  from 0-120 pounds (°i§33'76N’ ‘plus the weight of
hénge; wﬁich-ggs 3.8 pounds (lS.QN). 'All load readings were
tagén &hen thef strain indicator readings were steady. The

‘model was located in a temperature controlled room.

' Since the warping stresses are maximum under the
load point, strain were measured at the loaded sections with
KFC-5-C1-11 and KFC-10-Cl-11 gages. These gages were mount-
ed at the locatioﬁs indicated in Figure 4.9 to Fidure 4.12
using Bean CAe?OO§L adhesive. The géges on'the‘ webs were
.ﬁééd to measure the ;ransversé strains (corresponding to the
distortion stressés)  while tge-gages on the flanges were
" used to measure iongitudinal strains. The .measured ;ongitu?
| dinal st}ains include both bending and warping strains . For
'cqscentric loading the. longitudinal strains were due to

. bending only, - énd‘thus the experimental flexural strains

could be determined. With eccentric loading the difference
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between the flexural strains and 'Eﬁe measured strain in the
flanges cquld be directly attgibuted to warping. Hook's law
was used to convert the strains to stresses. The value of
Youné's modulus of.elasticity were taken to be 0.440x106 psi
“and 0.485x10% psi for (3.03x10°N/m” and 3.34x1° N/m” ) for
models no.l ;nd 2 respectively as determined from material

properties tests.,

A BLH Electronic,Idc1 .model 12008, digital strain
indicator in conjunction with a BLH Electronic,Inc., model
1225 switching and balancing unit was used to measure the

strains.

Tﬁroughout the model testing all load cycles we}e
repeated so that the strain gages and instruments could be
checked. The maximum deviation between the strains of two
test cycles was 20x10°° in./in., while in most cases the
strain were reproduced exactly. Considering the-problems in-
herent-with-élexiglas, this small discrepancy- is considered
to be wi%?in the‘accuracy ‘of the strain measuring equipment
and the procedures used.

Dial gages, 'lacated at midspan and shown in Fig-'
vres 4.8 and 4.11, were used to measure vertical déflections
of the models due to both concentric-and eccentric loadings.

This data proved valuable in establishing the distortion

patterns of the cross section (Fig.4.13c). Such patterns
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were used to verify the signs of the distortion stresses at

various points on .the cross section.-

4.7 'TEST PROGRAM

The testing ﬁrogram'was dividgd iqto tﬁrée_ﬁéjo:-
parts. Initially for case I, the model contained oniy ﬁhe7.
end diaphrag&s. The_load ranging_iﬁ 20 pounégh(BB.SGN)_'in-
crements from 0-120 pounds (0-533.76N), .was applied at t@dl
cross sections (one at midspan and ~thé other at. 8.5.“
in.(216mm) from support) as shown in Figure 4.14 and seﬁa-‘
fately.at three poimts across each érosé seétiéh (Fig.4.15§u
Strains were measured at various points on cross sections A
and B (Fig.4.9,4.10,4.21 and 4.?é)foE all of the loads on‘
each of the six load locations._

For case II,two interior diaphragms were inseried
(Fig.4.14,§.16) ;nd for case III four.more interior dia-
phragms were ﬁlaced in the models (Fig§.4.14;4.17 and 4.18).
The same loading =and measuring procedures wére employed as
in case I. Tab}e-i summarizes the load and ‘diaphragm loéa—

tions which were used in the program. .



Chapter V
TEST RESULTS -

The graphical presentation of the data from the
test program is given on Figures 5.1 to 5.33.These results

can be divided conveniently into four sections:

~

1)‘Deflections.
2) Bending stresses
3) DisStortion stresses
and 4) Warping stresses.
A generél discussion of the results, _ including
qualitative-and quantité;ive comparisons with theory and ex-
planations of any discrepancieé is presenéed in this chap-

ter. . ' G ) —_—

5.1 DEFLECTIONS

F)

Deflections at midspan due to locadings at midspan
were recorded by two dial gages as shown in Figures 4.9 and

4.11. The average value of the dial gage reading was com-

Qa{;d to the sum of the bending and shear deflections as

computed from elastic theory, for concentric loading. The
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experimentally determined deflections are somewhat higgsf

-

than those predicted from theory for both models
(Fig.5.1-5.9). This diséfepancy can be attributed ‘to the '
stress  relaxation that occurred before the dial feadings
were recorded. The two dial. readings were akmost identical.
for concentric loading because there was né- dgfdrmation or
twisting of the cross section'(Fig.4;13c)
c

When eccentric loads are applied to ‘a model, two
types of cross sectioqnﬂefoqmation were possible in adéition
to.that observed for ESncentric loading. ' The first is the
rigid beody rotation where the cross section is nét d;formed

(Fig.4.13b). The second type of motion is the deformation of

the. cross section as shown in Figure 4.13c.

{éiﬁh eccentric loads the deflection of one edge of
the cross section increasés approxitately as much as the
other side decreases relative to tggt‘for concentfic load-
ingé ;s shown ionig.5.4 fgr model no.l and Fig.5.7 for mod-
el no.2. In case II and case IiI (Figs.5.5ﬁ5.6 for model
no.l and 5.8,5.9 for model no.2) there is not as much dif-
ference between defléction.caused by concentric and eccen-
tric loadiqgs as there 'is in case I. This is an indication
that additional diaphragms tend% to decrease the deformation

0f the cross section. .
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5.2 BENDING STRESSES -~ . ?
: ‘ o LS -

-Thé bending stresses "in the bottom flange due to
conéentric ﬁoading were checked wit% thegreticg& valggs to
give an inaicatiog;of the effettiveneﬁs of the strainjgaéeé'
and thé egperiméntal techniques. The aveéage.of the gage
readings. was used-to repfesent.the strgin‘ﬁn the extreme
surface of the bottom flange plate. o -

"There appreared to_be a shear lag (39) on the Sot-
tom flange at the locaded cross section. ‘ The longiiudihal

stresses across the " bottom flange .for concentric loading

"were . not linear as conventional beam  theory - predicts

_(Fig.S.lOl. It may be hypothesized .that a short distance

away from the load the stress distribution would approch
linearity. The average of the flexural stresses for all of

the gage locations on-the bottom flange was compared with

simple beam theory. In general the results were reasonably

close regardless of the diaphragm locations. Therefore the

comparison for case i-only is shown -in Figures 5.11-5.14.

From these results it was concluded that the gages

were :orking properly and the girder was actihg as a compos-

.ite section.

Ve
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5.3 DISTORTION STRESSES

The evaluation' of distortion stresses was-accom-—
plisheé by subtracting the stresses measured by the tran-
sverse web gages due to concentric loading from those due to

eccentric loading.. , ' .

. Distortion stresses measuyea én sections A. and B
for both the models were compared with thecretical. values
" obtained from thé B.E.F ahalogy. Only distortion étresses atl
tﬁe loaded «cross section are plotted because _£he stresses
werg;negligible‘\at the other section ;hat wass,gaged. The
. sigﬁs of these stresses were consisteht with the deformation
_.pattern (Fig.4. 13&). It is also reédi¥§ seen from a compari“
son of Figures 5.15- 5.26 that diaphragms are quite. effectlve_‘
in reduc1ng dlstortlon stresgbsj '

~——
As can be observed,thé"distortion étresses at the
‘bottom ané téb of the webs are generally in good agreement

. . - \.
with the B.E.F theory for both the models.

The ratio of the‘d;§§ortion stress caused by medi-
um eccentric loading to that due to-maxiﬁum~e¢centric load-
ing variq@ jfrom 20-70 percent EPr model no.1.  This ratio-
should alaayé bé half accoréing to theory. The largest va?i—

ation occurred@ 1in the gage near the top of the , web which
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could be explained by the fact that the stresses were SO
small at these p051t10ns that .a minor difference could be

- easily magnlfled out  of" proportlon. In mogel no,2, the ra-

LY

tio between medium eccentric 1oad1ng £0 ‘maximum eccentrlc

load&ng varied from 45 - 60 percent, this model shows good

agreement with theoryk

5.4 WARPING STRESSES

The experimental warping stresses were determined
by subtracting the‘flange_stresses due to concentric;leading
from those obtained ehen the model was loaded eccentrically,
However the warping stresses at the loaded cross section are
not. exactly linear across the bottom flange as B. E.F theory

predicted (Fig.5.27). A possible explanation of this obser-

vatlon can be that there is a shear lag caused by shear de-

{ formatlon at the p01nt of loadlng, and that a shorf distance
away the warping stress pattern becomes linear. In an effort
to verify this interpretation,the warping stresses were
measured at cross section B when load was applied at tross
:
section A. These values‘appeared to be linear, but they were
too small in magnitude td‘fbr@ulate-a firm conclusien. In
.the comparison with the B.E.F. analogy, the average of the

"stresses was used.
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The warping stresses at A due to load at- A
'(?19.5.28-5.30) are somewhat higher than predict;d by the
B.E.F. theory; However,the panel under consideration is as-

sumed to be restrained by‘a@jacént panels at-@ﬁyﬂiend Qhen o

in reality it is not.

When the models were lcaded and stresses were
measured at B (Fig.5.31-5.33) the experimental and theoreti-
‘cal stresses are generaliy in good agreement with the B.E.F

theory for both the models.

The ratio of the experimental warping stresses
caused by medium eccentric lcading to that due tq/ﬁaximud
eccentric loading were quite close to half, which agreed

well with the theory.

> [

Experimental results fo;.the reductién o{ distor-
tion and warping stresses have been summarized iﬁ Table-2
and Table-3 for model no.l and 2 respectively. From these
tables it is evident that the interior diaphragms are more
effective n reducing the distortion'stress than the warping
streés. The max;ﬁum warpiﬁg'stresses at A for load:at A for
model no.l was approximately 60 percent of the maximum fle-
xural stress at this point, and the maximﬁm warping stress’
at B for load at B was negrly equal to the flexural stress.

For model no.2 the maximum warping stress at A for load at A
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Qas approximately 41 percent of the maximum flexural stress
at this point, and the‘maximum warping stress at B for load
at B was also nearly egual to the maximum flexural stress at
this poini. Thus it would appear to be inadvisable to ignore
qompletely:the stresses induced by deformation of the cross
-section for a prototype having the same genéral diﬁensiohs

as the models under consideration.

-r
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. Chapter VI
?CONCLUSIONS

The following conclusions were substantiated in
this expérimental.investigation. S All sf';he qonclﬁsions ap-
ply only '~ to conditions as specified in the, scope of the
étudy. | \

s

1) Tﬂe'effectiof deformation of the cross section
induced substantial warping -and dig%ortion strgssés in model
box girders. Thus for model dimensions and test conditions

under consideration, it would seem to be inadvisable to em-

ploy design procedures that do not account for deformation

-

of the cross section.

2) Diaphragms are much more effective in control-

ling distortion stress than in controlling warping stress.

'The'distortion of the cross section of a box girder without
‘intermediate diaphragms ig more prominient when loaded along
the side joints. When the diaphragms are sufficiently far
from the applied loads,.the distbréion stress.rémain practi-

cally the same, but is considerably reduced when the dia-

* phragms is near the loads. The use of intermediate dia-

phragms decreases effectively cross section distortion

_54_
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throughout the span. . Thus in design process it would seem
reasonable to space diaphragms to control distortion .stress-

es and then check warping stresses.

3) The distorﬁion and warping stresses determined
from the B.E.F theory agreed well with the experimental
stresses although the magnitude}varied somewhat.

4) The tension flange stresses and midspan deflec-
tions‘of a concentrically loaded box girder model can be
predicted fairly accurately ung simple beam theory includ-.

ing thé‘shear deflections.

5) Plexiglas can be a very effective model materi-

al if the proper experimental technigues are employed.

6) It is observed from table 2 and 3 that the max-

-

imum décrease in magnitude of distortion and warping stress-
es occurs when diaphragms are introduced at a spacing of
" L/4. Any further decrease in spacing does not appreciably®
reduce the stresses any further. Hence a spacing of L/4 is

recommanded for the purpose of design.

w?
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FIG.3.1 SIGN CONVENTION FOR BEAM ON ELASTIC FOUNDATION

FIG.3.2 SEGMENT OF 30Y% LOADING
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r."AX!S OF SYMMETRY
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FIG.3.5 SHEEAR FLOW IN DECK WITE TRAPEZOIDAL RIBS

-
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