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ABSTRACT
;

This thesis presents a theoretical model capable of pre-~
dicting the post-cfacking response of reinforced concrete
beams subjected to combined torsion, flexure and axial load.
The model extends the scope of the recently presented Diagon-
a{ Compression Field'Theory which in.its original form was
on%y cabable of predicting the behaviour of symmetrically
reinforced sections under pure torsion.

The Diagonal Compression Field Theory is formulated by
considering equilibrium conditions, compatibility of geome-
tric deformations and the streés—strain characteristics of the
steel and the concrete. It is assumed that pléne sections
remain plane anq that after cracking the concrete can not res-
ist tension. The concrete is assumed to resist the torsional

N

shear flow by means of diagonal ‘compressive stresses. The di-
. \ ' .

rection of these principal stresses at any particular point on

the section is assumed to coincide with the ‘direction of prin-
cipal compressive strains at this point.

Also presented in this thesis are the test results of
fourteen large, heavily reinforced fectangular beams tested in

combined torsion and bending. The detailed measurements of

deformation made during these tests (over 250 strain readings

were taken on each beam at each load stage) verified the de-

tailed predictions of the compression field theory. ~

Numerical techniques which enable a solution to be ob-

e

tained for rectangular beams subjected to torsion and flexure
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have been incorporated into a computer program which is listéd
and explained in the thesis. . / |
The tﬁesis restricts its attention té beams in which tor-
sion is fesisted by shear flow (St. Venant torsion) and. in
which the reinforceﬁent is properly detailed and consists of

closed hoops perpendicular to the axis of‘the member and long-

itudinal reinforcing steel. (which may be prestressed) parallel

¢7 . to,the axis of the membher.
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ABSTRACT /

This tﬁesis presents a theoretical model capable of pre-
diéting the post-cracking response of reinforced concrete
beams subjected to combined torsion, flexure and axial load.
The model extends the scope of the recently presented Diagon-
al'§ompression Field Theory which in its original form was
only%capable of predicting the behaviour of symmetrically
reinforced sections under pure torsion.

The Diagonal Compression Figld Theory is formulated by
considering equilibrium condition;, compatibility of geome-
tric deformééiohs and the stress-strain characteristics of the
steel ana the concrete. It is assumed that plane sectiéns
rémain plane and thaf after cracking the concrete can not res-
is? tension. The concrete is assumed to rgsisf the torsional
shear flow by means ofdiagdnal éompressive stresses. The di-
rection of these principal stresses at any particular point. on
the section is assumed to coincide with the direcfion of prin-
cipal compressive strains at this point. |

Also presented in this Ehesis are the test results of
fourteen large, heavily reinforced rectangular beams tested in
combined torsion and bending. The detailed measurements of

A

deformation made during these tests (over 250 strain readings
were taken on each beam at each load stage) verified the de-
tailed predictions of the compressidq field theory.

Numerical techniques which enable a solution to be ob-

tained for rectangular beams subjected to torsion and flexure
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] have been incorporated into a compute;'progr?m which is listed
| and explained in the thesis. '

The thesis restricts its attention to beams in which tor-
sion.is resisted by shear flbw (St. Venant torsion) and in
which the reinfo;cement is properly detailed and consists of
closed hoops perpendicular to the axis of the member and long-
itqdinal reinforcing steel (wﬁich may-be'prestressed) parallel

\n
to tpe axis of the member.
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Many modern structures such as elevated guideways are
subjected to combined flexure, .torsion, shear and axial load.

Designing such structures requires an understanding of the

behaviour of structtiral concrete under such combined actions.
A lQngéterm research program is in progress in the Department
of Cévil Engineering of the University of .Toronto whose overall

. objective is to develop simple, general and rational models

|
.:?,h_—-d. -

capable of predicting the response of structural concrete mem-

bers under combined loading. Eventually it is hoped to re-

|

piace the coﬁplex, restricted, embiriéal, design rules now
.used fdr.sﬁear and torsion by procedures comparable in ration-
ality_wifh those available for flexure and axial loads.

As part of this program, a rational model called the Diag-

onal Compression Field Theory capable of'prédicting the be-

haviour of symmetrically reinforced structural concrete mem-

]
=
%
_1

bers subjected to'pure torsion, was developed:l _This theory
like the well known theory for flexure was developed by con-
sidering equilibrium conditions, compatibility of geometric
deformations and the stress-strain characteristics of the
steel and the concrete. Further, after cracking, it was assumed
that the concrete could not resist tengile stresses.and that
the céncrete cover would spall off down to the hoop centreline.
This thesis extendé the scope of the Diagonal Compression

Field Theory so that it is capable of predicting the post-cracking

behaviour of reinforced concrete members subjected to combined torsion,
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flexure and axial load. p y;

The important differenge between the Cﬁﬁpression Field
Theory as presented in this thesis ahd variable angle space
truss models for beaﬁé in torsion and flexure such as that

presented by Rabbat?_is that in these space truss models

empirical assumptions are made as to the effective geometry of

‘the section. 1In the Compression Field Theory the thickness of

\

rthezgoncrete diagonals, the position of the resultant steel

and éoncrete forces and the path of the shear flow are all
determined from equilibrium and compatibility requirements.

In additionlto presenéing the theoretical model this
thesis will describe an experimental program in which four-
teen heavily reinfq;ced, intensively instrumented rectangular
beams were loaded in combined torsion and flexure. Heaﬁily
reiﬂférced beams Qere chosen as they would provide the most
séﬁsitive test of the théory. .Detailedhdefoimation measure-
ments Qere made during the testé‘so‘that thg'detailed pre-
dictions of the theory could be checked. While th; detailed
solutions described in this theéis_&ill be for réctangular seé—
tions subjected.to combined torsion and flexure the general
theory presented can bé applied-to other cross-sectional
shapes. The theory is however applicable oniy to St. Venant
torsion (i.e., torsion resisted by shear flow) and hence can-
not predict the response of sections where warping torsion
dominates. ’

The thesis restricts its attention to beams in which the



‘reinforcement is properly detailed and consists of closed
hoops perpendicular to the axis of the member and longitu¥
dinal steel (whlch may be prestressed) parallel to the axis

of the member. .

In the available English literature the only other attempt
to develop a theory capable of predicting the complete post-
cracking behaviour of under-reinferced and over-reinforced con-
cre%e beams subjected-to combined torsion and flexure is that
by ﬁelow, Rangan and Hall.l4 However, their theory,which is
basea on the skew-bending model,contains a number of arbi-
_trary assumptions and does not predict well the behaviour of
over-reinforced beams nor the behaviour of beams loaded predqm¥
inently in torsion. Furrher,their theory is not capable of
treating tersion and biaxiel flexure nor torsion, bending and
exial_load. ‘

It is emphaeized that the‘objectiﬁe‘of this thesis is to
derelop a model for structural concrete beams in combined tor-
31on flexure and axial load which is comparable 1n rationality -

and generality to the well known theory for flekure and ax1al

lecad.
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.CHAPTER 2
THE DIAGONAL COMPRESSION FIELD THEORY FOR

COMBINED FLEXURE, TORSION AND AXIAL LOAD

ASSUMPTIONS

The following basic assumptions are made in the

\development of the theoretical model.

-&he longiﬁudinal‘strains along any line in a section vary
linearly (Bernoulli-Navier hypothesis).

All strains at a point in a plane are compatible.
Thepringipaldirection'of diagonal compression strain

evaluated from a set of compatible strains at a point

in a plane of loading is coincident with the direction of

*principal compression stress at that point in the plane.

In the post-cracking loading range the concrete can carry

no tension and the applied actions will be resisted by a

- field of diagonal cbmpression in the concrete.and the rein-

forcing steel will resist the tension.

The stress-strain relationships for the concrete and the
reinforcing steel in a structural concrete beam under load-
ing afe assqmed the same as the stress-strain relationships
obtained from a standard cylinder test for concrete

and the stress-strain relatiopship obtained from a standard

-

tension test for "the steel.



2.2 EQUILIBRIUM CONDITIONS S

Figure 2.1 shows the assumed cracked model for a
rectangular beam sedtion-subjected to uniform flexural moments
My and Mz, a torque, T, and an axial fofce Ny. The shear flow
set up by the torque is resisted in a field of diagonal com;
pression in the concrete after cracking: The inclination of the
coﬂFrete'diagonals and their effective depths in the beam section
arexdetermined by tﬁe equilibrium requirements and fequirements‘

of compatibility of deformations.

Diagonal compression -
forces , Hoop steel

Tension in longitudinal
steel

Direction of diagonal
compression

FIG. 2,1 CRACKED REINFORCED CONCRETE BEAM MODEL.
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2.2.1 Concrete Stresses

- .
- i/ -
Consider the state of stress in & concrete element

H

A in the cracked model (Fig. 2.1). Such an element which is

assumed to be in the plane of shear flow.will be subjected to =

general set of stresses in the plane shown in Fig. 2.2 (a).
If it is assumed that concrete has no tensile strength the
stresses on the element can be considered egquivalent to a

pfincipal compression stress fg as shown in Fig. 2.2(b}.

b

.This state of stress can be represented by Mohr's cirecle shown

in Figure 2.2 (c) and the followingrelationships are deduced:

T = f'd f_an@/(l+tan26)

......................... (2.1}
O =T 1728 0L {2.2)
ccsR_T/tanQ .................................. (2.3)

i a
(a) Slresses on (b} Equivalent siresseson ch
concrele etlement concrele element assuming {
' concrete has zero iensile d
strength

{c) Mohrs Circle of Stress
for concreie element

FIG. 2.2 STRESSES ON CONCRETE ELEMENT‘
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The shear stress r when integrated over the wail thickness,'t;
at a location on the section, will result in the shear flow g
which'is constant around the section and balaﬁcés the épplied

torgque, T:

e P L P (2.4)

and T = 2QAg .vvevnrnnn e e (2.5)
where Ap is the area'enclosed by the effective path of shear

. flowgground the section.

5

2.2.2., Steel Stresses

The diagonal concrete stresses, f., give rise to forces

a’
which are equilibrated. by the tension developed in the reinfor-
cing steel.: The concrete and the steel stresses can be related
by conSidering the equilibrium ofappr0pr1ate free body diagrams.

For simplicity a rectangular section shall be used toderive these

relationships.

2.2)2.1 Longitudinal Steel Stresses

|
A ot :
=TT EEE '1"' Position of steel element i
=dlo === =4 Y : F H
I ty | fe area Ay is at (zj,y)
="!L::==.J;=“= E OJ- 6
__:'IL____ ==i+= (Zo.Y} Q= Section centroid
, h ‘ ) -ty positioned at (z_,y )
A =:‘é= ::.“:#:‘.‘:l b-x L ——+——++l— — Z .
0 //" A 01 3?

LONGITUDINAL

STEEL REINFORCEMENT BEAM SECTION

FIG. 2.4 LONGITUDINAL STEEL IN SECTION



Consider section A-A of an unsymmetrlcally rein-
forced rectangular sectlon shown in Flg 2.4.. The longi-

/

tudinal stresses can be evaluated by considering the equili- -

brium of longitudinal forces at the section.
If given the longitudinal strain Eyo at the origin
(0,0}, then using assumption (1) the strains of the steel

element at position«(ziiyi) can be evaluated as:

'\ Eni = Ego'+ ¢xy Yi + ¢xz zi...............-..(2.6)
Where ¢xy = curvature in ¥ - direction
@xz = curvature in Z - direction

Wiph the longitudinal strains the corrésponding Steel
stresses are evaluated using the stress-strain relationships
for the steel obtained from standard tension tests of represent—
ative spec1mens of the steel. Thus the resultant tension force
in the relnfo;plng-steel in the longitudiﬁal diredtion can be

i

evaluated as:

Fsg SIEQiBRL veviii e (2.7
where fyi; in the stress of the steel element of area Agi

at (z;,¥,) and is a function of ETR

The position at which the -resultant steel tensicn force, Fsg,

acts with respect to the origin chosen is (25.¥5) where

Yo = LfRidgiyi/Fgy

Nl
b

- T 2 -
s = ng‘iAQ‘izii'/Fs_ql . - . .

The resultant compression force, Fegr, in the concrete

in the.longitﬁdinal direction at section A-A is evaluated by



integrating the compression concrete stresses o _, over the
cross section:

) F = ¢(f dt)dp....ve... Perreeaeans eaae 2.9
, cz_ p(tocn )dp , ( )

where the stresses are summed over the wall thickness, t, and
around the entire section perimeter, p.
The position at which the force F.; acts with respect to the

origin chosen is(Z_,¥_}, where

Yo = g(éocgﬁt)dep/FcE
\ ' L it e e s s et (2.10)
Z, = Q’(fccgdt)z.pdp/FcE
f P t

The internal forces Fgg and Feg and the moments they -
induce will be in equilibrium with the applied actions. If mom-
ents are .evaluated . about the section centroid (Z25,Ypo) and if
it is assumed that the applied axial load N, is tensile and .
applied along the ldngitudinalcentroidai axis then equilibrium

requires:

Nx = FSR - Fcﬂ‘ !
My = Fgy (Yc - ?S) + Nx (YO - YC) .......... (2.11)
If Fgy = Fepr Y, = ¥, and z_ = Z_, a state of pure torsion exists.

2.2.2.2, Hoop Steel Stresses

~

The hoop steel stresses can be related to the concrete
diagonal stresses, f;, by considering the equilibrium of forces
in the transverse direction for free bodies obtained by taking

sections parallel to’ the longitudinal axis as in Figure 2.5.
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Chi

BEAM ELEVATION %z
BEAM SECTION

i
\

FIG. 2.5 EVALUATION OF STRESSES IN HGOP STEEL

: For simplicity assume the hoop steel spacing, Sh;
is constant odver the entire beam span for all the beam facas.
Then in equilibrium_considerations in the direction of hoop

'nsteel)only the stresses over a typical length, of the span

S

: . L, . :
are considered. With reference to Fig. 2.5 section B-B:

Fpi = Ahffhi = resultant tension force in hoop steel,
at position 'i'
Apf = area of hoop steel section for face - "' where '{'

is positioned
f£,; = hoop steel stress at position 'i'
Fehi= Snfocydt oo L ... C et esesaaa (2.12)

= resultant compressicn force in concrete in the
direction of hoop steel -at position 'i'which effectively acts
at a distance a;/2 from the externallsurface.

Gcﬁi is givenlby equation (2.2) and the integral
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in/equation 2.12 is evaluated over the wall thickness of the

section at position 'i'.
. ;-

AppL&ing the conditions for~equilibrium (LF=0 and IM=0) of

the forces shown in Section B-B, deduce :

Fui = Fehill-(2i/2 =®hi)/dij]l + Fehj(a5/2 —Cnj)/dij

}...(2.13)

FHj = Fchi(2i/2 -Cni1)/%ij + Fchjll-(25/2-%h4 )/dij]

The evaluation of a; and aj is described in section 2.3.4.

A
\
y
\
Al
\

~

2.3 GEOMETRIC CONDITIONS

2.3.1 Compatibility reguirements for strains

[y

While the local strains of the diagonally cracked beam
may exhibit local discontinﬁities the average strains in the
 varibus.directions are related to o©one another by the require-
ments of cdmpatibility.. Thus, if at a point ‘in a plane the
following average straiﬁs are measured (Fig. .2.6 fa)):

€, in the longitudinal di;ection'E-i;

€, in the transverse-direétion t-t;

€4 in.the diagonal direction d-d at angle O to 2-%;

and Yy, is the.éﬂé£% strain between £-% and t-t;
then these set of strains will be compatible. Mohr's circle
of  strain, Fig. 2.6 (b), can be_pSed to obtain a relationship

between these strains. , ) -
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.Y .
. A /‘
EL
a 8’
8p
/// ﬁ%
' 26
PAc |8 -~
A L amil
_ "
{ 2
\®
ﬂ. Bll

(b) _ . (c)

FIG. 2.6 GEOMETRY OF STRAINS

With reference to Figure 2.6(b):
10Gl = 1/2 (e, *+ g)

"1GAl 1/2 (e. - ¢

t R)

]

By constructing AGFC" congruent to AGAA' such that 1GFl = 1GAl

énd 1FC"l = 1AA'l = 1/2 we deduce

™
OC = 0G + GF cos (2-20) + FC" cos (20-"/2)

hence g, = (g, + el)/z - (e sin28/2

d TR

;.2
eq = EtSln @+€Z

- Ey)cos28/2 + ok

or cos?@

--------------

Equation .(2.14) gives the relationship for compatible

K

strains at .a point in a plane.

SIGN CONVENTION FOR STRAINS

‘The longitudinal strain € and the transverse strain
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.€, shall be considered positive when in tension. The concrete

t
strains of interest are the principal diagona} compression

strains denoted by edp_ Because these' strains will always be
compressive it is convenient toc consider them positive when

compressive,
\

From Mohr's circle of strain (Fig. 2.6 (b)) it is deduced
‘that ﬁhe pfincipal éiagonal éompressive strain, sdp{will'occur
i._at ép angle Op with respect to the direction 2-&. If this
gver;ge principal diagonal strain (edp) is used to construct
Mcohr's circle instead of €37 the point C" in Fig. 2.6 (b) will

.coincide with C and with reference to Figure 2.6 (¢) the following

simple relaticonships are deduced:

From ABBC:“tanOp Yﬁt/z(etfedp) (a)

From AA%C:tanOp = 2(€£+€dp)/Y£t (b)

. : . e €, +E
(a) X(b) gives:tan®op = 2 4B . (2.15)
. ST t. “dp

. (a)i(b) gives: Yer T 2/(¢gy? Edpi (Et*édﬁ:}---.--f-.'ﬂ-lﬁ)

Thug fp; given valués of the three s£rains ER'Et.and edp the
direction of average principal compression strain can be eval-
uated using equation (2;15). It will be assumed that for the
diagonally cracked beam the direction of average pr;ncipal com-
pressive stress will coinéide with the directicon of the average
principal diagonal strain defined‘by,equation‘(2.15). It is

of interest to note tﬁét equation (2f15) is essentially'iéentical
to £hg expression for the diréction of the principal tensile

stresses in thin walléd elastic metal beams derived from energy
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y
-considerations by Wagner in 1929.

. /

2.3.2. EVALUATION OF TWIST '

t

Figure 2. 7(a) shows a portlon of a prismatic beam of
length &y subjected to a torque T which causes a change in the
‘torSlonal rotation of section B relative to section A of &g
-radians, From the beam section following any contour's'around
the beam longitudinal axis, isclate a thin walled tube element
%Fig.\2.7(b)) with a perimeﬁer equal to the length of the contour
s\and‘length -63. For coﬁpatibility of displacement the thin

walied tube element will also have a total change of rotation

of ¢¢ radians over the length &y.

The'compatibility condieion for the thin walled tube
element: is ehat the warping around its perimeter is zero.
Sﬁppese-the tube element is cut along A, B;. The resulting
IOpen sectlon will @arp under the change 1nrotatlonof section
B rel;tlve to A.  Consider the dlsplacementlof the 'slice'
element A1Bj1A, Bz which is cut out of the tube element. Under
the change in rotationof ¢¢ the slice element’if,free to displace

"will do so as_indieated in.Fig. 2.7(c) and an out of plane
displacement dw; will reselt.‘ If this element is also subjected
to a shearing strain,y,as indicated in Fig. 2.7(d), the shearing

strain will also cause an out of plane displacement, dw The

9-
compatibility condition requires that for the closed tube element
the sum of the outof plane displacemeﬁ%s for all slice elements

around the section will be zero. Hence,
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sy

gdwl + gdw2 = 0

Therefore —¢ r.ggds + dyds = 0

bx /

s

Recognizing that %% is the twist ¥ and is constant for all
5,

the slice element deduce
¥ = % 6yds (2.17)
x 2AS ........................... L]
where '2AS = ¢rds
\ _ As'= area enclosed by the cqntouf‘s'

Thus, if the shear strain, at every point along

| » . r ) .
any contour 's'in any section where St Venant torsion dominates,

is known, equation (2.17) can be used to evaluate the twist.

FIG. 2.7 EVALUATION OF TWIST

Al 1 B
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/

" .2.3.3 Geometry of Curvature and Twist

| When a concrete beam is twisted aqd/bent it is
observed that the beam surfaces do not remain plane., The
twist,¥x,and the curvature,dy, of the beam's longitudinal axis
‘and the curvature,¢€I$fthe beams transverse axis induce

curvature, ¢4, in a diagonal direction in a given beam face.

For small deformations Yy, g;, #t and gq will be compatible

. and ‘they.can be represented by Mohr's circle (Fig. 2.8). Curva-
. X .
ture shall be considered positive when it tends to in-
duce compressioﬁ in the surface fibre. -It is convenient to

‘measure the curvatures in the same directions as those used for

measurement of strains in section 2.3.1.

v
|td/

. l e'
1 L
________.74;/3____
. o
477 |t
7

s

— {gisl = /2 (qbl_+ $)
¢ IGAL = 1/2 (¢ - )
CONSTRUCT AGFC" 2AGAA'

. G SUCH THAT IGFl=1GAl .
~— ¢ 2] A lc AND IFC"I=1AR 1= g,

FIG. 2.8 GEOMETRY OF CURVATURE AND TWIST
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From Mohr's circle in Figure 2.8 deduce:

OC = 0G + GF cos 20' + FC" cos ("/2-20')/
1 ' ‘

Hence bqd

Z(0g*by) + 3(§y-¢g)cos 20" '+ ¥ sin 20"

$+ sin 2@‘ + ¢£cos 29f + ?x sin 26'

or- ¢4
. Of particular interest is the diagonal curvature in
the direction of principal diagonal strain. which is at an angle
Op to the longitudinél direction 2-2. This curvature can be
. evaluated by setting ©' = ©p and hence.
\_\ '

= 2 2 i 20,8 400 2.
¢dp ¢t sin“ 0y + ¢gcos®O, + ?x sin 2@p (2.18)

Due to the qurvature ¢dp’ the corcrete compression
strains will vary through the thickness,tgq.of the concrete dia-
goﬁal. This results in the maximum average compréssive strain,
qu, oqcuriﬁg on the_sﬁrface. Experimental evidence;l)‘squests
it is reasonable to assume a linear compressi#e strain variation
:down-thé concrete aiagonal depth with €45 OO the surface of the
diagonal and zero at the depth tg which is the’effebtive diagonal
depth. Hence,with reference to Figure 2.9, the .effective depth can

be evaluated from the curvature ¢dp and thé principal coﬁpress—

ion strain on the surface Eds'as:

2.3.4. Path of shear flow

If the concrete strain distribution is known over the
effective depth of the'compression diagonal, the magnitude and
line of action of the resultant compréésion force can be evaluated

using the stress strain characteristics of the concrete.
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A -convenient approach is to replace the concrete stress dis-

trlbutlon w1th an equlvalent rectangular stféss block hav1ngran_
/ :

equlvalent uniform stress over a depth 'a%'where depth 'a/2"

from the .surface defines the position of the line of action

of the resultant compression force as illustrated in Figure 2.9.

di * il/aa
. Ed f —4-41 —Q=8tq 4+ il I\id
t 7 ‘ =) fydt
g l fq l o ¢
_ '
STRAIN ‘ ACTUAL STRESS EQUIVALENT RESULTANT
DISTRIBUTION OVER DISTRIBUTION OVER RECTANGULAR  DIAGONAL
DEPTH OF .DEPTH OF STRESS BLOCK COMPRESSION

CONCRETE DIAGONAL CONCRETE DIAGONAL FORCE

FIG. 2.9 EVALUATION OF COMPRESSION FORCE IN CONCRETE

+

For a simple and accurate stress—atrain relationship
for concrete, a parabola which has been found to provide a good
fit for the stress-strain relationship obtalned from a standard
concrete cylinder compression test,will be used. This assumes -
that the concrete diagonals in a cracked concrete beam are
virtually loaded in ‘compression is the principal direction and
this state of locading is closely approximated by the loadiné
6n concrete in the standard compression test. Thus the compression

stress fd' can be evaluated from a given strain, ¢ as:

dl

fq = £l (295 - Q9 ... e L. (2.20)
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e, = compression strain in concrete corresponding to

the maximum stress achieved fé/ for a standard
cylinder test. f -

4

4

Using equation (2.20) the factors o and 8 which define the equi-

.valent stress block in Figure 2.9 can be evaluated as follows:‘

' 2
_ GQdS ( 'l"%s /3 )

g = —35 G577 0 i iiiiicceenaran (2.21)
. 4 - fgg '
I\l
' Q
| -
g =4 dS e ieeeaaan (2.22)
6 - 252ds
= b R v s e s s enanesmsrasees 2.23
B st R3s°/3 ( )
Q —
where ds ‘Edsl/eo

With the factor, B,the depth of the eguivalent stress

‘block,a = Btd,éan be evaluated. The effective path of shear
Sl i .

flow can be taken to be at a/2 from the surface along the

¢

pléne of action of the resultant_compressioﬁ force (Fig. 2.9).

In the evaluation of the resultant diagonal comp-

T

ression force as presented above, it is assumed that the

effective depth of compression at a given point, tge is less

than the section wall thickness, t. If the depth t is greater

dl
than the wall thickness, t, correction terms (see Appendix A
and B) can be introduced in the derived equations to obtain o
and 8 factors. It has also been assumed that the compression

strains in the concrete diagonals afe those introduced by the

applied loads.
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APPLICATION TO RECTANGULAR GROSS-SECTION

¥

WITH ONE AXIS OF SYMMETRY -

The theory developed in chapter two will now be

applied'to analyse a rectangular structural concrete section

with one axis of symmetry shown in Figure 3.1, The section

\will\be analysed for the particular loading of a torque T

. 4 . .
in the x - axis and a moment M causing curvature of the

X = z plane.

with the spacing of s

Hoop steel content is the same in all faces

along the entire span of the beam.

y*_‘__.—-AliS of symmetry

t,] | Top face
s

Is

-l—-‘b1 ———i—

> b
BEAM SECTION

Hoop steet centre lines

Side face
P

-f——]———'"L ‘1"_‘\M.

- Bottom face

Lt‘)}gitudinui rebors
(noi oll shown for clarity)

1
I

BEAM ELEVATION

FIG. 3.1 RECTANGULAR SECTION FOR ANALYSIS

\ 3

Ecb

POSSIBLE LONGITUDINAL
STRAIN DISTRIBUTION
ON SECTION
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3.1 EQUILIBRIUM REQUIREMENTS

/

3.1.1 Equilibrium in the Longitudinal Direction

With a longitudinal strain prOfile/ht a cross section
and;given the stress-strain relationéhipsféé the longitudinal
steel the resultanf tensile force in the sfeel,Fc g« and the

\position at whichlit'acts defined by §s cﬁn be evaluated easily
and exactly using equations (2.7) and (2.8). On the other hand
the resultant compression force,Fci,given by eguation (2.9) is
ﬁot\so easy fo evaluate as it requires the evaluation of the
priﬁgipal compression angles, Op, which change from point to

point on the perimeter along the path of shear flow.

Using equation (2.3) rewrite equation (2.9) as

Fop = Op{/TCotOpdt)dp «rveneervnrennnnnnny (3.1)

;f it is assumed that @p remains constant down the depth of

a diagonal at a particular point on the perimeter, equation

{(3.1) can be rewritten as:

FER = 6cot®p(4;dt)dp

and using egquation (2.4), this beccmes B
Fog = dqcot@pdp e e (3.2)

Becausé of symmetry of the section shown in'Figure 3.1
and for the loading ﬁgder consideration-the angle of principal
compression, ©p, will be constant for the top face and for the
bottom face but will vary over . the side faces with the variation
¢f longitudinal straips. For the side faces the 9p-angles can be
evaluated at a finité nﬁmber of points and hence obtain

Fog = iqcot@piApi ......................... {3.3)
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{3.3a)

'“Hence ch‘ﬁ qcot@tbot + qcot@bbOb + 2g ;cgtepiapi...
side
wheke Bt = angle of principal-compreSSion strain in top face
| ot = length of shear fiow perimetef in top face
®b = angle of principal compression strain in bottom
face
'bOb = lenéth of shear flow perimeter in bottom face

" To éyaluate the resultant compression force in the longitudinal
direétion for a side face sufficient accuracy is obtained if
the angles epi‘are evaluated over five points (i = 1+5) equally
'spaced along the side, then, using Simpson.!'s integration formula

for the sides:

gh ‘
_o
2qECOtepiAPi__E_FCOt@sl+4COtes2+2C0t@s3+4c°tes4+coF955]
. {(3.3b)
- where’ h = height of shear flow perimeter in the side faces
. o

si= angle of principal compression strain at point 'i'

in side face. : B . -

Equations (3.3a) and (3.3b) can thus be used to evaluate
the resultant compression force;fégfin the longitudinal direction
The position at which this force acts denoted by §c can be

evaluated for the section in Figure 3.1 as

_ I cotd _.Ap.Yy. '

v, = S U (3.4)
. F :

ch

For flexure and torsion only the equilibrium require-
ments for forces in the longitudinal direction is that the

-resultant axial force is zero. This requires For™ Fci'
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‘3.1.2. Eqguilibrium in the Transverse Direction

. /
‘ 7~ :
‘ With the assumption that Op will/remain constant
i - B

over the effective depth of a compression diagonal at a par-
ticular point of thé'séctioh perimeter, equations (2.2) and

{2.4) can be used to rewrite eguation (2.1l2) as

Dué‘to section symmetry {(Figure 3.1) the hoop stresses at corres-

i
5

ponding points in the side face will be the same; hence for the

sides, the eguilibrium equations (2.13) give

Fgi " Bpfni = Feni T Sp9 'R0
= ‘ e e e e e (3.6)
or ‘thfhi g tan@pl |
-where' th = Ah/sh

For the top and bottom faces the egquilibrium equation (2.13)

give

thfht = qtan@t[l—(% at-ghtf/hl]+qtan®b1%ab-chb)/hl F3.75 B
tfyp = gtand [1-¢ %ab-chb)/hl]+qtan&bk%a£;eht)/hl (3.8)
where at= dépth of Fhe eguivalent rectangular stress block
for the.fop face compression diagonal-(Eig. 2.8)
a, = depth of the equivalent rectangular stress block
A for the bottom face compression diagonal
frm'frb = hoop sFress in the tpp and bottom faceergspectively
cht’chb = cover to centreline oﬁ hoop steel in the top and

bottom faces, respectively
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- 3.2 CQMPATIBILITY REQUIREMENTS

The.strain compatibility equationg/(2.15) and (2.16)
caﬁ.be used to evaluate the principai anglég,ep,and the shearing
strains. It is convgnient to evaluate the strains in the plane
. defined by the centrelines of hoop steel so that the transverse
strain:eg will be equal to the hoop strain and the shearing

strain evaluated will be in the plane defined by the hoop steel

ceqtrelines.

3.2.1 Evaluation of Twist

As indicated in section 2.3.2 the twist can be eval-
uatéd using equation (2.17) evaluated over any contour 's' within
the wall thickness of the section. .for the section shown in
Figure 3.1 it is cqnvenienp to choose the contour 's'to coincide
_with the path of the hoop centreline around the section. Due

to section symmetfy and for the loading under consideration,

4

thé shear strains Ytandyb, for the top and bottom faces respect-

ively,will be constant over the width b, in the faces. Suppose

1
Yo Y Y Y and y are the shear strains evaiﬁated at the
1 2, '3, 4, 5, : . .

five points selected over the height h, of a side face along

1
the hoop centreline. Then by rewriting equation 2.17 as:

- L : .
Y. o= ) Loyids ... SERREEERRREREERERRLE (3.9)

the twist can be evaluated to sufficient accuracy using

Simpson's integration rule: -

1 . h
wx = 5= [bl(Yb+Yt) + 7;(Y

L +4Y2+%Y3+4Y4+Y5)}....(3.10)

1
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where ‘A = A, = blhl

(] 1
, bl = width of hoop centrelineh(for top and bottom
N ¢ ; :
faces) _ ;
hl = height of hoop centreline (for side faces)

3.2.2 Evaluation of Diagonal Curvature and Effective Diagonal Depth

Eqﬁation'(Z.lS) is used to evaluate the diagonal curva-
tuge ¢dp-and egquation (2.19) to evaluafe the effective depth td
of ﬁhe concrete compression diagonal. The longitudinal and
transverse curvatures together with the twist are required for
the evaluation of the diagonal curvature at a given position
using equation (2.18). Due to section symmetry there wiil be
no_longitudinal curvature nor transverse curﬁature for the side.
surfaces. Hence for the side faces only, at any given position,

the diagonal curvature can be evaluated -as:

¢dp = waLnZOP
on the other hand, the top and bottom surfaces will be subjected
. te longitudinal curvature,¢£,and transverse'burvature,¢t,

together with the twist,y ,where

E._ €
o, = b et (3.11)

'where &, b are longitudinal strains in the top and bottom
surfaces ,respectively, for the section shown in
Figure 3.1,

and g, = R=Fhe T (3.12)

by

where ehtandfhb are the hoop steel strains in the top and bottom

faces,respectively.
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3.3 SOLUTION TECHNIQLE

. The equiiibrium and geometrig eguations which have been
i . - . . .

derived are adeguate for a solution to predict the complete post--

cracking response of a' structural concrete beam subjected toflexure

and torsion, given the geometry of the beam cross-section and the
stress~strain characteristics of the concrete and of the reinforc-

ing steel.
C o \k °
. 3.3.1 Pure Flexure Case

1

A convenient solution technigque for the complete re-
sponse -of a given structural concrete beam in pure flexure using

the well known theory for flexure can be summarized as follows:

1) Select a trial strain profile over the cross section
2) With the strains use the given stress-strain relationships
. for the concrete and steel to evaluate the stress in every

fibre and hence cbtain resultant erces,

3) Check that the forces evalﬁatcd in step (2) satisfy eguili-
‘brium. If equilibrium is not catisfied; revise the strain
profile.

4) Repeat steps (2) and (3) until equilibriuﬁ is satisfied.

The basic principle in the outlined technigue is that
one startsoff Qith strains then get stresses from the strains
and finally forces from the stresses. The forces are then checked
for equilibrium. Thic basic approach will be used for the case
of pure torsion and fb} the combined loading cases. 1£’ié also

of interest to show that the theory for pure flexure is a special

case of the more general theory presented.
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: In the equations developed ‘the equ{llbrlum eguations
(2. 7) and (2. 8) are dlrectly appllcable for the pure flexure
case for evaluation of the resultant tenslon force in the steel
" and its line of action. With reference;to the section in Figure
3.1 the concrete'compression stresses will be distributed over
the tep face down to a depth ty if the moment M alone were acting.
Theh using the rectangular stress block thecry and assuming that

A

tM i5 less then tt the resultant compression force for Malone

acting is given by

= L X = T -
C aB fc tM b (3.13a)
where « and 8 are functions of the top longitudinal strain
€at which 'will be compressive

If besides the moment a torque is alse applied
then the concrete compression  stresses are distributed around
the section perimeter as has beeu discussed. For this case
.the contributioh cf the top face to the total resultant com-

pression force in the section is (see equation 3.3a)

C. = g cot @t .bO Ce e et e st a s s e it (3.13b)

Imagine reducing the epplied torque, T, until only the moment
M is left actingon the section. In the limit state of pure
flexure the theoretical model suggests that the total resultant
compreSSLOn force will be glven by egquation (3.13b). U51ng
equation (2.4) and (2.l1), g can be expressed as:

= _ tan0
! é £fq —=

5 dt
l+tan™ 0
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With reference to the top face and assuming

Q0 = Ot = constant over the effeétiwé depth tdt
; . ) I, ":‘r'.
and ' tan@ t tano,
g = ——— dtfd dt = ——-g—— aBELE .. (3.14)
l+tan“e;, ° 1+tan“o
t t
_ Fa |
where anctdt is equlvglent to 13 fd.dt ({Fig. 2.9)
Hence' :equaticn (3.13b) can be rewritten as:
T
X o - anCtdt bOt
\ T l+tan2®t

In the limit T = 0, the angle of principal compression is the

- top face Ot = 0, hence for pure flexure the theoretical model

predicts:

. _ '

CT ancf’dtbot
This equation is identical with equation. (3.13a) for tdt = tM
.and bOt = b. Thus equaticn (3.13a) can be considered a special

case of equation (3.3) used in the evaluation of the resultant

compression force in the section for the combined.lCading case.
It is also of interest to note that equation (2.15)
applies for the case of pure flexure for the special case when

(a) for g, <0 : £ 0O and ¢

2 £ 7 g ¥ eap = O
{b) for €, >0 €, = 0 and €dp = 0.
Then equation (2.153) gives: >
for case (a)‘tanzep = 0, and hence Op = 0;
and for case (b) tanzep = =, and hence Op = 90°



3.3.2 Pure Torsion Case

As in the case of pure flexure,a cdnvenient solution

technique for pure torsion on the sectién shown in Figure 3.1

is to fix the longitudinal strain in the top face, €-t. then

. for any chosen curvature¢2‘the steps for solution can be as

summarized below. It is assumed that the stress-strain relation-

- ships for the concrete and steel are given. The solution is

basically an iterative procedure and to initiate the iteration
N

process:

STEP 1

STEP 2

(a) set all principal diagonal angles at all points
to be 45°

(b) set all values of the effective diagonal thick=~
nesses for all points to be equal to 0.375 bh/
(b+h) where b and h are the effective outside di-
mensions for the section.’

(c) set bot = bOb = 0.9b

and ho = 0.%h

With the chosen curvature, ¢2, evaluate strains at
each fibre and using the given stress—-strain relation-
ships for the steel evaluate the resultant tension

force in the longitudinal steel (F_,) using

s
equation (2.7) and the position at which this force acts

(ys) using equation (2.8)~

For unit shear flow (g=l.o), using equations (3.3a)
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s

and (3.3b) evaluate the resultant compression force (Fcﬁ) in

the longitudinal direction. The shear flow/required for equili-
brium of forces in -the longitudinal’direction can be evaluated-
as q = FsR/FcR'

STEP 3

With the shear flow, g, .from Step 2 and the longi-

tudinal strain, e, , at a given point evaluate the compa-

£

tible strains e and Y and determine the angle of principai

t’ €ap Lt

compression,ep. The procedure outlined in Appendix B can be

used in this step.
STEP 4

With the shear strains from Step 3, evaluate the

. twist wx ﬁsing equation (3.10).
STEP 5

Evaluate the diagonal curvétures_using eguation

(2.18) and with equation (2.19) ‘obtain new values for the

effective depths (td) of the concrete compression diagonals.

STEP 6

Iterate with steps 2 to 5 until convergence is obtiined

in the td~valuesl

STEP 7

N
s

. Using egquation (2.22) evaluate B factors and hence
evaluate the values of a = Btd'hhich determine the shear flow
path and hence obtain the area Ao enclosed by the path of shear

flow.
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"'STEP 8

Using equation 3.4 evaluata §c' If'§c = §s the
sclution for puretorsﬁonhas been obtained,'otherwise a new.

‘value of ¢, (with still fixed) is chosen and steps 1 to

ct
8 repeated. Note that‘for Yy, ¥y, a moment M = F_, (Yo = vg)
is also acting.

STEP 9

Evaluate the torque T = Zqu
By repeating steps 1 to 9 for a number of values
of €. @ complete response of a beam section in pure torsion

is obtained.

3.3.3 Combined Torsion and Flexure

In the solution for pure flexure and éure toréion
it was only necessary to fix the longitudinal strain profile
for a section in order to make thelproblem statically
determinate. In the combired loading case the problem becomes
statically determinate if besides specifying the longitudinal
strain profile a£ a section the shear flow, g, 1s also fixed.
The shear flow can be fixed by elther specifying the applied
torque, T, or by fixing the principal compression diagonal
strain in concrete at some point in the section. A procedure
which can be used to evaluate the shear fiow for the latter

case is outline in Appendix A.

Assuming that g is determined and the longitudinal

strain profile is chosen by fixing the longitudinal strain in



- the top face, €
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ct’ with a chosen curvature ¢£, then with the

initial values of -the variables as given for,/the pure torsion
ks . : /.

case,

STEP

¢ s

the steps to obtain a solution are asﬂfollows:

1

Same as for the Pure Torsion Case

-STEP 2
With the specified shear flow g this step is same as Step
R 3 of the Pure Torsion Case
stEP 3
Same as Step 4 of the Pure Torsion Case
STEP 4 |
Same as Step 5 of the Pure Torsion Case
STEP 5
Same as Step 7 of the Pure forsion Case. With the value
6f AO found in this step a re-evaluation of-q mav be nece-
ssary if the. torque T is specified so that q = T/2A
STEP 6 o
Iterate with Steps 2 to 5 untilconﬁergence ,:is obtained
in the td—values. | |
STEP 7.
Using equationé'YE.ﬁa) and(3.3b) evaluate the resultant
compression force, FcE’ in the longitudinal direction
STEP 8

Check equilibrium of forces is-the longitudinal direction.

If F_,=F_, then the equilibrium of forces is satisfied.

If F_,#F_,, then there is ‘an axial force acting,

N =TF - F
c

« ot For the case of flexure and torsion

Q-
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f’ ! e

i loading only, new curvatures, ¢1ﬂ haveﬁfo be selected

and iterate with steps 1 to 8 until Fo, =F,

i

STEP 9
Using equation (3.4) evaluate §c and hence evaluate the
épplied moment'M using equation (2.11). If the torque'
\‘was not specified, then it can be evaluated from the
%sheaf flow using equation (2.5).
By selecting new values of g and €t and repeating Steps
1l to 9 proﬁides the complete response prediction of the structﬁr—
al concrete sedtioﬁ subjected ﬁo combined torsion and bending.

3.4 RESPONSE PREDICTION FOR A RECTANGULAR SECTION
HAVING ONE AXIS OF SYMMETRY

The solution technigue outlined in section 3.3.3 has
been programmed to enable a cémpuﬁer aided solution and the pro-
gram is given in Aﬁpendix D. Moreover in Appendix C an example
is worked out to show how the solution techniéue is applied for
a.specified case. In this section the capability,éf the theore-
tical model presented is briefly shown by looking at the response
prediction for the segg;on shown in Figure 3.2 subjected to flex-
ure and torsion. This beam section was one of the fourteen beam

sections tested to verify the validity of the predictions of the

theoretical model.
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Figﬁre 3.3 shows a computer plot of the results of
thefmadei prédiction for Tij. The iﬁitialfflexhral'ﬁoment
and torgue of the actual test specimen as tested is taken into
. account. In-addition to these initial vélues the loéding for
analysis was increased in small steps aﬁ a fixed ratio of
'torque to moment of 0.696 as seen in Figure 3.3(a). For each
load increment a complete analysis using the solution tech-
niq&b ouﬁlined in section 3.3.3 was done and the result of
the analysis is plotted in Fig. 3.3(b) - (h). The analysis

~was terminated when the maximum diagonal strain in the section

wgs > l.SEO. |

The prediction resultsshown are baséd on spalled*
section dimensions whereby ié is assumed that the effeétivg
external section'gimensions‘are those described by the centre-
line of hoop steel. It should also be noted that in Fig. 3.3

(b)Y - (g), the values plotted are for points at the

1

middle of the faces.

A éloser loock at Fig:'3.3'(b)—(h) reveals the
following:
1) Longitudinal. strdins (Fig. 3.3(b))
In (b) it is seen that for all locad levels the bottom
face longitudinal strains at the level of the centreline
of hoop steel are tensile.wheégas the corresponding strains
in the top face'érecompfes;ive. it is aiso seen EhaE the
bottom face strains exceeded the yield strain of bottom
face longitudinal steel bars of 0.00225 before the attain-

ment of capacity loads. After the yield of bottom face

* The phenomenon of spalling is discussed in Chapter 5 »
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longltudlnal steel there was llttle load éarrylng .capacity
fleft in the beam. ! /
2) Hoop strains (Fig. 3.3(c)
. In (¢) the transverse straiﬂs which.are also equal
to hoop steel Strains are plotted. The model predicts
thﬁt at any load level the bottom face will have the
?argest hoop steel strains and the top face the minimum.
Cgmparing (a) and (b) it is seen that the model predicts
that the hoop steel in the bottom face will yield before the
bottom face longitudinal steel bars vield. It is also
- seen from (b) that at capacity\load the hoop strains at
the midheight of the 51de faces will also be in the post
yleld range but the model predicts that the yleldlng of
hOOp steel will not extend to the top face.
.3} Principal Compression diagonal strains (fig. 3.3(d)) and
Diaéonal curvatures (Fig. 5.3(e)).

The pred;ctéd principal diagonal strains and the
curvatures in the corresponding directions aré'plotted in (d) -
and (e) respectively. As expected from the longitudinal
strain profile, at'éﬁyuload level, the highest principal
diagonal strains and the corresponding curvatures occur in

. the top face and the lowest in the bottom face. It is
observed that after the yield of the reinforcing steel the
.principal diagonal‘étrains and the curvatures increage.rapidly
with little gain in the load carrying capacity of the beam.
4) .Princibal Diagonal Angles (Fig. 3.3(f))

In (f) is shown the pattern of variation of the angles
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defining the diresction of prlnCLPal dlagonal strain w1th
respect_to the beams longltudlnal axls’ It is seen that

the angles are much more acute in the top face than

_the éngles in the bottom face for the same load level.

Notice that because of the effects of the initial dead

welghts which - were predominantly flexural,

the angles at the low load levels approached‘QOo

v in the bottom face and 0° at the top face. With more

load added at a fixed ratio of torgque to moment, it

is seen that the angles quicdkly stébilised and changed
little until tﬁe onset of steel yielding.

Shear Strains (Fig. 3.3(qg))
In (h) the shear strains predicted are plotted. At any
load level the bottom face had the greétest shear strains
énd the top %ace the least. A rapid increase in the shear

strains is noticed when the reinforcinq steel gets into

the post~yield range.

- Angular Deformations (Fig. 3.3(h) ' g -

In (h) the twist, the longitudinal curvature and the

transverse curvature are plotted against the torgue.

"

The model predicts gfeater twist than there is longitu-
dinal curvature. It also predicts that the transverse
curvatures will be small until the bettom face hoop steel
yields after which all the angular deformation increase
rapidly with lifﬁlé.gain in load carrying capaéiﬁy of
the section.

It is of interest to look at the variation of the pattern of
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deformationson the side faces where a linear variation

of longitudinal strains is assumed. Figure 3.4 shows a
, s B r{z Lo .

plot of- the strains € s Fyr %if andﬁ&f_and the principal

angles,ep, and the effective dépths of the compression

'

. diagonals, td,'for the side fécesfqr the torque and bend-
ing moment values shown. The plots in (a2) are at a

load level approximately half the capacity load with all

the reinforcing steel in the eléstic range. The plots

:_in (b) are for the cépacity loading level as predicted

by the model, and, at this load level, some of the reinforcing
steel has yielded and the yield strains are indicated.

From these plots the following is observed:

a) If the Ei-strains vary dver a given face of a section

‘there will be a corresponding variation in the e €

h’ ~d’

and y strains, and in the © angles and the td values,

The variationin the ﬁ}, %i’ Y » ©, and td values

!

is generally non-linear., . However in those regions

where theek'—strains are tensile tHe"EC1 strains and

the'td values vary little.i The €4 strqins and td

strains show significant variation when the varying

€y strains are compressive.

b) For those fegions in the section where the hoop steel
strain is within the plateau (if present) of the
stress-strain curve of the hoop steel, the 9~-angles
assume a constant value-despite the variatioq in g,

strains for the given load level.
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¢) For the bottom face and in those regions where the long-
itudinal ‘strains are tengiie thg/concrete is active
! ! .
in compression as indicated by;the principal compressive
strains,aed, in these regions.
d) The plot of td values in Figﬁre 3.4 indicates that the
spalled section wall thickness was smaller then the
effective wall thickness as predicted by the theoreti-

\ cal model. This is taken into account in the analysis

using the thecretical model.

i

Figure 3.5 shows the failure interaction curve for
the section shown in Fig. 3.2 as predicted by the model. The
curve is obtained by'fixing thé:maximum principal diagonal
.compression strain in the Section at afpréximately l._5€o and
systematically varying the curvature 81 and evaluating the

1

applied torgue and flexural moment at each step. It is

- 7

important to note that the interaction curve shown contains

no empirical fitting factors.

/

The trend of behaviour illustrated in Figures 3.3
and 3.4 with the observations noted and the failure inter-
action prediction shown in'Figufe 3.5 need experimental veri-

fication. This is the purpose of the experimental programme

described in chapter 4.
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3.5 PREDICTION OF THE BALANCED FAILURE MODE

FOR_COMBINED TORSION AND BENDING /
. ,"" ;14

Unlike pure flexure which lnduces compression in
one region of the section and tension ln the rest of the
sectlon, combined flexure and torsion will induce diagonal
compression in concrete in all faces wifh tensile strains at
righﬁ angles to thé direction of the compression diagonals.
Mofgover, flexure alone will only stress the longitudinal reinforcing
steél but combined flexure and torsion will stress both long-
‘itudinal steel and the hoop steel. In pure flexure, the
balanced failure is normally defined when the longitudinal
steel in thgrfarthest face from tpe compression face attains
yield strains simultaneously-with'the attainment of the cap-~
acity load for the beam seétion. This wi;l occurfsaythen
the-extreme compression fibre strain is écu'- In the case of
combined flexure andtDrSLOn a balanced failure can be considered
defined when both the longltudlnal and hoop steel reach their
re5pect1ve yield strains simultaneously with.the:attainment of
éapaéity loads. It is assumed Ehat'this will occur when the diag-

onal Compression Strain in- the surface fibres of all the sides

is ® o Assuming that longitudinal steel yield strain
is Ely at a yield stress of fiy and that the hoop steel con-
tgnt is the same in all faces with a yield strain of EEY at

a yield stress of fhy,then balanced failure will require un-
iform beam elongation”(¢2= 0). Then, using the equationéal—
reddy derived and assuming adequate concrete wall thickness

is provided in the section the following is deduced:
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. : - T - _ . .
qugﬁlon (2.16) v 2V(€LY Ecu)(ehy + EcpTr For all points
: _ . . K
Equation (3.9) ¢ = By
_ : X 24 .
. “ 'i,
. where : p'= 2(b + h) = surface perimetér of section
A = bh = Area enclosed by surface perimeter.

: 2 foy T €cu
Equation (2.15) tan ep = -X—¢——-- for all points

. € € :
; hy cu
Equation (2.18) ¢dp = wX51n2ep
£ e_. (e + € + 2e ).
Bouation (2.19) g = SS9 - 2 ra—— Y S L ...(3.16)
dp p Ly cu hy cu :

Equation (3.14) q = anétdsinecose

wﬁere ‘ b = Q - lﬂz and =g /

_ _ BT New T 3 ‘cu T Feu’fo

i
_ A £ ' o E .
Equation (3.6) h,sh = qtang_ = 2i‘-asfé e (3.17)
‘ “h P ~P hy . “cu
A ’ f ) o :
Equation (3.3) LAy gcoty = iLuBf' -_—¥EHf-+ ........ (3.18)
P p. 2py Tc g, + €
0, . L cu
= p - 10 | ; -
where P, = P. 3td for a rectangular section, and ch~l.5
By defining -
t£==Aﬂ/po, th = Ah/sh, and tc = A/p, then:
) n ' fé ap €cu
From (3.17}) — = ¢ S e e e, (3.19)
tC hb fhy 2 €hy tEan

= balanced hoop steel ratio.
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From {3.18) E& = = mfé Eﬁ . __;igi___/’ (3.20)
r s . t - p b - f * 2 c - ¥ e ',r" AR ILICIL .
} . C L Y L v c.u

balanced.longitud;nal steel ratio.

The shear flow can be evaluated'as q =»/thfh tgf Ly and

. for balanced failure the shear flow can also be evaluated as

= N (aB
v LAy =t Bl e /(e + €

The Eorque, Tb' and the bending moments M and M for

bz by
the balanced failure condition can be evaluated for a section
for which the resultant compression force in concrete can be

considered to act at (Ec,§c) as follows:

Tb _'qu o}
sz—pﬂ'b 2Ypob................., ......... (3.22)
Mby = Pk éflyFBYb

where  z,_ = z - 7

~and Es and-§s'§Ee evaluated using equations (2.8).

It should be noted that for a symmetrically reinforced

case Eb = §b = 0; hence a pure torsion case will result for

-

the balanced failure condition. The mements sz and ng are

greatest when the longitudinal steel is positioned so that

the pdsition'(is, §S) of the resultant steel force is furthest
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from the position at which the resul?égt'co?érete compression
_for;e acts. . N

The evaluation of the balanced;failure.mode as
deveioped above 1s hot restriéted to a’'rectangular section
but is applicable to any section where ét. Venant torsion

dominates. The loading ratio for balanced failure is eva-

luafed as:
1

24 £ + €

iy cu
T./M = e L (3.23)
b M'b pojd Ehy + € o
where jd = moment lever arm.
For the special case wheén . = ¢ = ¢ and
: P : Ly hy 3%
f = f "= f equations (3.19) and (3.20 iGe
Ly hy y °% e )9
| fé af €cu
. Dhb = plb = -f-— -z— . -E""'—+—'—-— ............... (3.24)
. ¥ ' Y cu
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CHAPTER 4

EXPERIMENTAL STUDY

4.1 OBJECTIVES AND CHOICE OF TEST SPECIMENS

| The theoretical model presented is closely
}elated to and similar in rationality and generality to
tte well known model for flexural analysis. Indeed
it has been shown that the pure flexure case can be treated
as a special case of the model presented. It is therefore
- relevant to note the coﬁment méde by Rusch in his dis-
cussion -of the various flexurai theories:> “Only tests of
over-reinforced ﬁembers can furnish a true measure of
the validity of a flexural theory." in accordance with
- Rusch's comment a test programme conSiétiﬁg of 14 heavily
reinforced beams was designed toﬂtest the validity of the
theoretical model. | l

‘All the spec1mens had 1dent1cal steel cages and

the, same outside sectlon dlmen51ons Four of the specimens
were solid in contrast to the rest which were hollow.
A typical section of the hollow beams as designed is shown
‘ziﬁ Figure 4.1.° It should be noted that English units
were used in designing the spec1men sections but in the
testing of the spec1mens the loads were measured in metrlc
units. The actual measured dimensions of the specimens

are given in metric units in Table E-1 of Appendix E,
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/

and Figure 3.2 shows the metric dimensioﬁé for ocne of the

specimens.

NOTE:

|. Section dimesions
are given in inches

2. Caver to hoop
steel is 174"

FIG. 4.1 CROSS-SECTION OF HOLLOW SPECIMENS AS DESIGNED

'

Heavy.instrumentatibﬁ of the specimeqs Qas neces-
sary for the purpose of obtaining enough gtraiq'measurements
to give us reasonable represéntative'strain patterns to
enable a comparison with the corresponding patterns pre-
dicted by thé modelffdéscribed in section 3.4. Furthermore,
basic to the development of the theoretical model is the
Bernoulli-Navier hypothesis concerning the variation of
longitudinal strains at a seétion; This assumption,
which is élso basic’ to the devélopment of the pure flexure

theory, was to be verified for thé,case of combined flex-

ure and torsion.
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| ﬁesides the need to haveféﬁper%ﬁ;ntal verification
éor the complete response prediction of’é given beam section
- loaded in a specific manner, it was alsg the object of

thé ﬁést.programme to verify how well the model prediction
of the failuré ig;eractibn curve for ; given concrete

section ({such as that given in Fig. -3.5) was in agree-~

ment with test results. This necessitated testing the

1
bl

Spécimens of the same concrete strength under widely vary-
ing torsion to bending moment ratios. The effect of the
variation of concrete strength was &als¢o to be éxperimen~
-tally investigated. \
In section 3.5 of the theoretical development

it was shown‘thatjthe theoretical model can p;edict the
steei ratios for a given section which will lead to balanced
failure for theispecial conditions outlined in the section.

This prediction needs experimeﬁta} verification and the

test programme was also aimed at doing this.
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;

-4.2 TEST SPECIMENS

4.2.1 Manufacture of Test Specimens- ,,/
o o/

The hollow beams. were cast in two groups of five

SO that for each group all the spec;mens were not only cast

at the same tlme but also were made of the same concrete mix
and they were cured together under the same conditions. One of
these groups of beams made up the TBO series and the other
group made up the TBU series. Figure 4.2 shows a complete
steel cage for TBO4. Figure 4.3 shows the forms with fiue

steel cages in position during the casting of the TBO series.

The hollow secttoh was created by usihg styrofoam
six feet (1.829m) long with a cregs section of 10" X 14"
(254mm X 356mm). The bottom wall thickness of the section shown
in Flgure 4.1 was concreted before the styrofoam was placed
in p051tlon The styrofoam was pos;tloned by sliding it into
the steel cage through one end of the cage w1th appropriate
steel end plates de31gned for this purpose ' The styrofoam
‘was gulded into ‘and held in p051tlon by flve equally spaced
welded steel collars made ocut of %k"¢steel bars. These collars

were designed to be anchored to the bottom cage steel and were

to restrain the stytofoam from the tendency to float upwards
under the pressure of the almost fluid concrete during casting.
Loss of this anchorage for some of the collars for TBU4 and
TBU2 led to upward dlsplacement of the styrofoam with a re-

duced wall thlckness for the. top face of these specimens.
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The four solid specimens constituted the TBS-
series. Three of these spec1mens were also/past at the same

time with the same concrete mix. The fourth was cast alone

at a later'time with a different concrete'mix.
n‘
The capac1ty of the MTS actuators) used in loading

durlng the testlng,dlctated the loadlng spans and consequently
the total length of a specimen particularly for the pure flexure
loeoing Case. It was found that on the basis of the load
carryingrcapacityof the chosen test section, as predicted by the
model the total length of the specimen required " which would

be failed by the available MTS actuators was not convenient

in terms of handling and the available casting space in the
leboratory " To solve this problem it was decided to cast

shorter concrete beams basically to provide the necessary test

span length and to prov1de Aappropriate exten51ons to the con-

I
crete beams using structural steel sectlons An available

,'

hollow steel sectlons 12" x 12" %" (305mm x 305mm x 13mm)

was used for this purpose. The moment and shear connectlon
/ /

'between the steel beams and the concrete beam whlch lnvolved
_theuweldlng of _relnforcing bars to steel end plates turned

out to be the trouble spot in the testing programme.

——

Figure 4.4 shows the end plate with nuts and anchor

bars welded in position. This plate enabled a successful

\

moment connectlon between the steel beams and the concrete
-

beam for each specimen of the TBO and TBS series. Figure

v
L

4.5 shows the moment connection used in the testing of the

T . .
TBU series specimens which were cast and tested before the



51

TBC and TBS series specimens were fabricated._ The connection

in Fig. 4.5 had to be replaced by, that ‘in Fﬁé/ 4.5;fo& the

testlng of the TBO and TBS series spec;mens ./Thls .was because

the connection shown in Fig. 4. 5 failed before the fallure

load was reached for the pure flexure specimen TBUl.
_ , ;

FIG 4,2 REINFORCING STEEL CAGE FOR TBO4

FIG. 4.3 CASTING OF TBO SERIES



END PLATE FOR CONCRETE
! BEAM

FIG. 4.5
CONNECTION FOR TBU
SERIES

S FIG. 4.6
«  CONMECTION FOR TBO
AND TBS SERIES
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. 4.2.2 MATERIALS
4.2.2.1 Concrete .
h In Table 4.1 are summarized, thejresults of standard -
compression cylinder tests for the concrete used in casting

the test specimens. aThe loading raﬁe used was a stroke movement
of 20mm in 3600 seconds corresponding to a strain of .064mm/mm
per second. A continuous load stroke plot was automatically
plotted during the test which lasted abbut 5 minutes. More
ac$Qrate‘load deformation characteristics were obtained from
somé of the cylinder testg by plotting the applied compression
load against the movement of the two LVDT's shown in Figure

4.7. The LVDT's measured the deformation of the middle part

of the cylinder between the two c¢ollars shown.

buring the testiné of tﬁe beam specimens i1t was nec-
éssg;y to stop t@e loading by holding the:étroke of the MTS
actuators at seJeral stages to enable the ;eadinqs of deform-
ations before probeediﬁg with the loading. The stops generally
lasted 20 to 30 minutes. During these stdpé there was a drop
in the loads due to the creep ;n the concreée. ,These stops
were simulated in some cylinder tests by holding the stroke

of the cylinder testing machine for either 20 minutes for some

tests or 30 minutésﬁéor others. This was done at several load
levels and the results of these tests are shown in Figure 4.7
dhd 4.8. Also shown in these Figures are the curves for the
standardVEQlinder tests. It was f£éund that the maximum com-

pression cylinder stress as obtained in the standard cylinder

tests was always attained in the short term 'creep' tests as
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;

well. However, with the more accurate load deformation

characterlstlcs ~obtained u51ng the LVDT's @5 shown in Fig...

s

. %

P /
4.7, it was- found that the stralns at peak stress for the

'creep' tests was always greater than the corresponding strain

]
'

for the standard test.

The parabolic stress-strain relationships used'in the
theoretical model'to-approximate the actual stresé—strain
relationship of the concrete are also plotted in Figure 4.7
anég4.8. It is noted that the representation is excellent
up to the peak stress, at a strain of eo; however fo; strains
much greater then €y the parabola tends to under-estimate

the stress especially for low concrete strengths.

- 3

TABLE 4.1 CONCRETE PROPERTIES

R A R ~TOTAL NO. OF
3EAM | AGZ DAYS N/mm?2 *107° CYLINDERS TESTED
TEOL 25 19.5 2.4
TBO2 -2 19.7 2.4
T303 .20 19.1 : 2.4 23
TBO4 33 20.4 2.4 ,ﬁ:
TE0S 386 20.%. 2.4
7851 102 4.3 3.1
a2 | 113 14.3 3.1
TBU3 --109 ™" 34.3 3.1 34
T34 92 34.3 3.1
Teys | 33 34.3 3.1
R 7851 3 29.0 2.5 4
T8S2 7 32.% 2.5 N
T8S3 45 45.3 2.3 10
T354 11 15.5 2.0 19
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FIG. 4.8 STRESS-STRAIN CURVES OF CONCRETE FOR TBS SERIES



4.2.2.2

‘
!

the reinforcing steel used in all the specimens.

Steel

In Table 4.2 are summarized the steel properties for all

The strain rate

was 0.125 mm/mm per 9000 seconds from zero load up to the onset

of strain hardening. This strain rate was doubled after the onset

of strain hardening in order to cut down the total test time. The

y

-load ‘was automatically plotted against the strain and the average

moduli of elasticity in the elastic range and after the onset of

strain hardening were evaluated from the plots.

Figure 4.9 shows a plot of the representative stress-

strain curves for the reinforcing steel up to a strain of 0.015.

The strain signal was obtained by a sensitive extensometer

attached to the test soec1men and callbrated So as to give a

plot

were

of direct strdain on an X-Y rlotter.

The test specimens

representative pieces cut from ‘the actual reinforcing

bars used to make the steel cages for the specimens. -
TABLE 4.2 PROPERTIES OF REINFORCING STEEL
BAR* | BAR INO.| AREA | fy fu Egx10° thlO egpxl0>
TYPE | SIZE w2 | N/mm2 | N/mm? | N7mm? N/mm?2 mm/ mm WHERE USED
#8 |16 | 510 |~ i3e 758 194.2 9.0 6.13 ALL BEaMS.
3 #4 8 | 129 | 193 620 201.9 4.9 15,18 TBOSTBU SERIES
=z .
=
B | #¢ 51 129 433 723 185.7 11.2 2.00 T3S SERIES
b
2 #3 7 71 552 763 205 A 9.0 2.00 | TBU SERIES
jo] .- i
fu-| .
43 5 71 401 646 201.7 7.5 2.00 | TBO SERIES
| 3| 1 406 606 | 200.0° 3.9 15.67 | TBS SERIES
5 #4 9 | 129 379 605 198.5 5.2 15.4 TBOSTBU SERIES
Q9 R
Tl 6 | 129 443 717 | 190.4 9.6 7.96 | TBS SERIES

* Bar sizes are id eighths of an inch (3.2 mm)
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FIG. 4.9 STRESS-STRAIN CURVES FOR REINFORCING STEEL
NOTE: The yield indicated in Table 4.2 for those bars which did

not have a distinct yield point was taken as the proof
stress using the .0.2% set method. :
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4.3 PAhAMETERS OF THE TEST PROGRAM

The concrete compression st:engthy’fc',‘and the
raéio of torque to flexural moment,fR, we:é the basic para-
meters varied in the tests. The concrete.strength for the
TBO.series was selecfed so as to obtain&failure of the
section without yielding any of the reinforcing steel for
both.the special loading case that produces uniform beam
el?ngation and for pure flexure. Thus according to the
criﬁeria for balanced failure given in section 3.5, the TBO
series specimens were designed to be over-reinforced. On the
other hand the concrete strength for the TBU series was chosen
so that at least some of the reinforcing steel would be in the
post -yield range at failure. The TBS series was designed to
investigaté the effect of the variation of fé for a fixed load-
'ing ratio, R, and to test the validity of the theoretical

model for solid éections.

’

The lcading ratios, R,\fqr the TBO and TBU series
. .
were chosen so as to span out the torsion-flexural interaction

domain in such a way as to reveal important représentative
response. The schematic ldading arrangement is shown in Figure
4.10. Statical analysis of the beam AB under the loads

shown in Figure 4.10 reveals the applied acﬁions shown in
Figure 4.11. Tﬁe lever arm lengths x, and x, shown in Figure

T M
4.10 were chosen so as to achieve the desired R ratios which

-

are summarized in Table 4.3.°
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5

p
JACK LOAD Xy =Lever arm for torsion

Xy =Lever arm for fiexure

FIG. 4.10 SCHEMATIC LOADING ARRANGEMENT
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—
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OGO »  SHEAR FORCES

I'IG. 4.11 APPLIED ACTIONS ON TEST BEAM

|
TABLE 4.3 LOADING RATIOS

TBO SERIES " 'TBU SERIES ISERIES

TEO1

TRO2

TBO3

TBOA4

TBOS

TBU1

TBU2

TBLU3

TBUS

XT(m,
Xm(m)

0.000

2.321

6.610
2.321

1.200

1.711

1.911

1.254

1.911
0.378

0.000

2.159

0.616

2.359

1.200

1.724

1.911

0.378

1,911
1.254

0.000

0.261

0.701

1.524

5.059

0.000

0.261

0.696

5,059

1.254

-4.4 THE TEST RIG

Figure 4.12 shows a view of the test rig and Fig.

4.12 shows a corresponding schematic representation. Except'

for specimens TBO5 and TBU5 all the specimens tested in the

test rig shown had the steel extension beams connected to the

ends of the concrete specimens by a carefully designed moment
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. and shear connection. At the ends of the Steel extension

- /
beams frictionless unlversalbearlngs were. attached These

bearlngs, shown in Fig, 4.15, were de51gned and constructed
specifically for the tests to enable free rotation at the
supports due to the.applied‘torque as well as free rotation
at the supports due to the curvature of the specihens under
flexﬁre. For specimens TBOS and TBUS these bearings were
attached directly to the ends of the specimens. Which had

speoially designed end plates for the purpose.

The torsion arms were provided by the heavy welded
steel-section which were attached 90" (2.286py) apart on the
central part of the concrete beam. They were olamped to the
specimens as seen in Fig. 4.14 using 1 1/3"% ¢ (34:mm) dwidag bars

-secured with the approprlate nuts and plates

The test beam with the attached extension beams and
the attached tor51on arms was supported overhead at its ends.
A load cell waspo51tlonedat eachsupport end as lndlcated in
‘Flgure 4.13, to monitor the Support reactlon/ T@ese load cells
were specially made for this purpose. The height of the
specimen above tte fioot_was chosen to enable convenient and
easy attachment of_tﬁe“MTS actuators which were used to apply
the loads and alsc to enable strain readings in all the faces

particularly the bottom face.

The torgue and flexural moment were applied to the
test specimen by the two MTS actuators synchronized and pro-
grammed to apply.equal displacements downwards at the ends

of the torsion arms. The actuators were anchored in position
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"to the floor by a system of floor beams shown in Figure 4.16.
Enough hinges enabling free rotation in a}i directions were
érovided 50 thet the actuators wege selflaligning in appli-
catioe of the load\to the torsion arms. So well were the
friction effects eiiminated in the entire test set up that at
any ioad level an additional load applied by the actuators
and monitored by the special MTS load cells attached to the
ictuators were equal and also reflected by the everhead sup-

pdgt load cells with a discrepancy of less than +4% Dbetween

the support loads and. actuator loads.

FIG. 4.12 TEST RIG
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FIG. 4.13 SCHEMATIC REPRESENTATION OF TESTING RIG SHOWING INSTRUMENTATION
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FIG. 4.14 TORSION ARMS

%S‘@gc{_

FIG. 4,15 UNIVERSAL BEARING SUP- FIG. 4.16 MTS ACTUATOR ANCH-
PORT ATTACHED TO END

ORING ARRANGEMENT:
OF EXTENSION BEAM
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4.5 INSTRUMENTATION

L o
The loads applied by the MTS actbators  and the

! 7

support reactionswere monitored by the load cells indicated
ip Fig. 4.13. A coﬁtihuous plot of load vérsus rotation due
to éhe appiied torque was obtained on an X-Y plotter driven
by a load signai from one of the actuatgrs and a rotation
signal from a rotaticnal transducer attached to the specimen
to\peasure relative rotation over the central 1.75 metres of

the specimen. As a check on the torsional rotation obtained

"using the metrisite three inclinometer readings were taken over

three positions 12 inches (305mm)'apart in the central part
of the top face. A measure of the amount of torsional rotation

was also given by the continuocus plot of load versus the Stroke

0f the synchronized actuators.
. < .

1

A continuous plot of load versus the midspan deflection

¢

of the specimen was also recorded on another X-Y plotter driven

by a load signal from one of the actuators "and the deflection

- signal was obtained from an LVDT positioned”at the beam midspan

in an arrangement enabling therrelative deflection of thé
midspan section Qith respect to sections 0.875 metres away

on either side of Ehéﬁhidspan. This arrangement.is shown in
Figure 4.13. From the deflection measured the overall curvature
over the central 1.75 metres éf the specimen was evaluated

and checked against the curvature obtained from the longitudf

inal strain profile.

Most of the time during the testing was taken up in

reading the longitudinal, transverse and diagonal strains in
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éhe top, bottém and side faces of a specimen at =ach ioad
stage. The strains were measured from targ?ts attached on
tq’the hooé_steel in regular patterﬁ;‘usiqg'rapid hardening
epoxy glue. The pattern of targets'used—éor the top and
bottom ffaces‘is shown in Figure 4.17 and_that for the north
and south faces is shown in Figure 4.lq.l Mechanical strain
measpring gauges (,i div = 0.01lmm) weré used in the measure-

' ment of strains. The longitudinal strains were measured over
ta}getss inches (152 mm) apart the hoop strains over 3
inches (76 mm) , and the diagonal strains over 672 inches (216 °

mm) apart.

With the target patterns shown in Figures 4.17 and
4.18, 258 strain reading weréltéken at every load stage. This
large number of strain readings was neéessary to establish
‘experimentally the strain variation pattern in the faces so as
to eﬁable a reasgnable cbmparison with the corresponding
Efrain patterns predicted by the theofeticéi model. It should
be noted thatrdue to the actual orientation of the épecimens

in ﬁhe testing position, the side faces were appfopriately

designated North face and South face.
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4.6 TESTING PROCEDURE

- Before the start'of each test, thé theory developed
ln Chapter 3 was used to predict the expected response using
the known or estlmated materlal propertles for the specimen,
with the theoretlcal model prediction lt was posible to decide
at approximately what load levels or deformation levels at.
which it would be'appropriate to have load stages for the

purpose of strain readings.
Y
v

All the strain readings were taken before the Steel
extension beams and the torsion arms were attached. The
Strains were also read again when the specimen was in position in -
the test rig before the first load increment. This ensured

\

that the initial readings taken were correct.

The specimen was then loaded in steps-using the
two: MTS actuators whose stroke movements were synchronized
ahd controlled by the same MTS control unit. The actuators
were programmed to pull down the\torsion arms (Fig. 4.13) by
equal amounts. With the friction-free uniﬁersal,joints pro-
lvided in the test.set up, the‘loade applied by”the two actu-
ators yere always exactly equal. Tt is of interest to note
that)in loading the specimene using stroke control)a consistent
loading procedure was achieved in the testing of the materials
(concrete and reinforcing steel) used in making the test

specimenJand in the testing the specimen itself.

In a typical loading stage the load was steadily

increased by actuator stroke movement at rate of 127 mm"per

Ay
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‘load stage.
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3600 seconds to a desired load valué or deformation value and
the stroke Qas-then held .until all thé'strgin readings and
other readings were done. The craék patté¥ns°were marked and
photographed dur;ng‘this time ihterval.f;The actuator - loads
and the support reaétions as given by tLe load cells

were recorded at the beginning and at the end of each load
stage. During a load stage the loads were observed to

ngp. The rotation due to torsion and the deflection due to
flégure.remained reasonably constant during each load stage
but' with a tendency to increase as the load dropped. This
tendency would be eliminated with a stiffer testing rig. Because
the torsional rotation and the deflection due to flexure re-

mained close to constant, it is reasonable to assume that

the strains in the. beam remained close to constant for- the -

1

In the testing of the pure flexure specimens it was
N : :
not necessary to take the traﬂsverse and diggonal strains.
However, to ensure that there were no torsional effects thesé
strains were téken at almost half capacity load and at a load
stage close to capacity loading and no significant transverse
and diagonal strains were found. Thus the load stages for

these specimens lasted a comparatively short time.

1

. In the case of pure flexure the test set up shown in

Figure 4.13 with zero level arm for. torsion did not produce
uniform flexure in the -test region as planned. This was due
to the fact that unequal settlements’ and unequal deformations

at the ends of the specimens resulted in unequal loads in the
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two actuators which were programmed to apply équal stroke

movements. TBOl which was tested tolfailﬁre/using this

ra i
I

i " / J .
arrangement falled with one actuatorr exerting a lcad 28%

higher than the 6the; actuator . Specimens TBUl was not

! .

f
failed with the test arrangement because the connection be-

tween the concrete specimens and the extension beam failed
prematurely; The beam was tested_to failure under regular
kn%fe—edge end-~supportswith two équal point loads applied at
l/3xspan point and 2/3 span point from one end. The total

span between the supports was 12 feet (3.048mm) .’
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CHAPTER 5 .~ =/
. ,, ,.

l -

EXPERIMENTAL RESULTS AND THEORETICAL PREDICTIONS

~, 5.1 " INTRODUCTION

. In Chapter 4 a comprehensive test programme has been
described which was designed to provide test data for compari-

\- .
son' with the predictions of the theoretical model presented

3
in Cﬁapter 2 and Chapter 3. The comparison is made in this
Chapter. The Chapter first reviews the assumed vélidity of the
' Bernoulli-Navier hypothesis with the test data. Also dis-
cussed is the assumption that concrete has no tensile stréngth
and the pheénomenon of the spalling of concrete cover. It is
fthen shown that the model predicts the deformations well.
Thekféilure loadszfor'the specimens tested as wéll as the
failure loads for other tests reported in the literature are
shown to be also Qell p;edicted.\ The failure modes of the
.Specimens tested are thén discussed and the critefia fdr
balaﬁced failure based on the ﬁbdel'is shown to Le in good
agreement with éhe test results. The chapter closes with a
discussion of torquleai;t reiationships and moment éurvature
felationships with rgferehce to the parameters varied in

the tests and good agreement of test data with the model

prediction is noted. -
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5.2 REVIEW OF THE BERNOULLI NAVIER HYPOTHESTIS WITH EXPERI-
MEN TAL RESULTS .

.

The assumptlon that longltudlnal strains vary
llnearly across the section is basic in the development of the
theoretical model . Fig. 5.1 shows the measured average
longitudinal strains for each face of the section for the TBO
seties specimens at approximately half capacity loading level
(Fié. S.i(a)) and at approximately capacity loading level '’
(Fig. 5.1(b)). Similar plots are shown in Appendix E.4 for
the specimens in the TBU and TBS series.

These figures indicate a linear variation of the
measured longitudinal strains in the North and South faces
for all the specimens., It is further observed that the longi-
tudinal strains remained virtually constant over the top and
bottom faces and the strain measurements inlthe North face
ate in good agreement with the'cqrreSpendinQ measurements in
the South face. However, comparatfvely notieeable.oscillations

‘of the strains measured in'any_given face ate nqted in those
specimens loaded at the ratio R (Table 4.3} of about 1.5,

The strains plqtted in Fig. 5.1 are averaged for the
section and plottedﬂth Fig. 5.2 for the indicated load levels.
The corresponding average strains for the TBU series are also
plotted in Fig. 5.2 for comparison. Alsoc shown in Fig. 5.2
are the correlation coefficientsy ff obtained from a linear
regression analysis,.using all the measured strains on each °

section at the indicated load levels.
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, Except for the specimens TBOﬂ:and ?5;4 the linearity
of the longitudinal strain profiles is unquéétionable. For
spgcimens TBO4 and TBU4 the strains, part;cularly at capacity
loadé, were practically the same in all faces and statistical

analysis using the students t~test confirmed the noted uniform

beam elongation at a confidence level of 99%. This was also

“the éqse with the variation of the longitudinal strains for

the Tﬁs series particularly at approximately capacity loading
levels,

Thus on the basis of experimental evidence it is
valid to assume a linear longitudinal strain distribution

across the section for the combined lecading case.

5.3 DISCUSSION OF 'THE ASSUMPTION OF ZERQ TENSILE STRENGTH

OF CONCRETE AND SPALLING QF CONCRETE COVER

A simplifying ;ssumption\used in the development
of the theoretical model is that concrete hag:no tensile
strengfh after cracking. Thus if is‘éssumed £hgt'diagonal
cracks wili form in all the faces of a beam subjected to
combined torsicn and-béﬁaing as soon as the lpad-levql causing
the first cracking as evaluated by elastic analysis is reached.
From the test results it was observed that the specimens sub-
jected to'a predominantly torsion ;ogding did indeed have
diagonal cracks in all faces guite early in their loadiﬁg his—
tory, whereas those specimens with prédominantly fléxural

loading had diagonal cracking, if any, forming at.muCh higher

-
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/
load .levels. For example beams TBOS5 and TBU5, which were

loadedrwith a high torsion to moment ratio,'had noticeable
diagonal crackslformiﬁg in all ‘faces by the second load stage,
\whereas beams TBQO2 and TBUZ,‘which had afpredominantly
.flexu;al loading, did not have any diagonal cracks forming in
their top faces and noticeable diagonal ‘cracks did not form
I‘fin Qhe bottom and side faces till the third load stage. It
shoufd be.notéd that in the testing procedure much greafer
loading increments were used in the early load stages than
for those loads stages close to capacity loading.

A further conséquence oﬁ'ignoring the tensile
strength of concrete is the spalliﬁg of the concrete cover to
hoop steel. Refereﬂce (1) discusses in detail the phen&menon
-of sbdlling of concrete covér to hoop steel and its effects
on “the response of a structural concrete beam subjected to
pure torsion. It is suggested thét&the spalling can be assumed
to occur to the level of hoop steel centreliﬁes.l,On the other
hand, for the case of beams subjectéd to pure fléxure, spallinq
as discussed in feference (l)rdoes not occur and is not con-
sidered in the well -established theory of flexure; It is
therefore logical to expect that in the case of combined torsion
and flexure the effects of spalling will become increasingly
significéﬁt as the torsion to momentxratio is increased in the-
loading of a beam. o

This was indeed found to be”the case in ﬁhe tests.

Signs of spalling were very evident close to capacity load
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. /
for these specimens loaded with a high'torsiqn to moment ratio.

£
h ;

For example‘tﬂé spalled concrete cover could be easily picked
off any of the faces of beams TB0O4 (Fig. 5,3), TBOS, TBU4

and TBUS at failure. On the other hand TBO2 (Fig. 5.4)

and TBU2 showed no such clearly marked signs of spalling
althouéh some.signs éf spalling were evident at the corners
in tﬁe bottom face. WNo signs of spalling were seen in the
pure Elexure specimens TBOl and TBUL.

Evidently torsion induces spalling. Whereas pure
flexure will induce a principal comprgssion field in a localized
region of a beam section that is aligned to the beam longi-
tudinal axis, torsion when applied alone or in combination with
flexure will align the direction of pfincipal compressioﬂ to
préate»é field of diagonal compression in all the beam faces.
Theworientation with respect to the beam longitudinal axis
of the principal c&mpression‘is éoVanéd by the reguirements
of equilibrium and compatibility of deformatiqns. _The result-
ing compression diagonals meeting at tﬁe section ¢orner will
initiate the spélling of the concrete cover to hoop steel at
the corners in the manner descfibed in reference (1l).

Compietg spalling of the concrete cover to‘hoop
steel is prevented by the tensile stresses in concrete. How-
ever, if the tensile strength of.coﬁgyete is assumed to be zero
then it is cOnsistent~tolassumé tﬂat the spalling initiated at the
corners will spread around the éectioh,and the concrete outside

: : ,
the hoop centreline perimeter can be considered ineffective in
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carrying load. o ’ N N RN

Finaliy:iigﬁéring the téﬁéile streﬂgth of céncrete'
alsc means ignoring £he stiffening of the reinforcing steel
bars by the.unc:ackéd concrete between ﬁhe crack spacing.

This tension stiffening effect will‘be barticularly significant
in the low levels of loadings after the formation of the first
érgéks.

| It is therefore evident that by assuming that
concrete has zero tensile strength and using the spalled
section dimensions in the model prediction, the predicted
deformations should be larger thap those measured for a given
lcading level. The test feéults to be discussed do indeed
confirm this. It is possible to get predictions of deforma-
tiohﬁ a little cfoser to those measured by averaging the spalled

I3

érédictions and the unspalled pred;ctions.l Such a preocedure 1is
used in reference'(l)._ However, this stillffails to take into
-account the tension stiffening effects of the conérete on the
reinforcement._l |

It is.Eonsidered reasonable to use the spalled pre-
diction as the baSIE—BE evaluation because it is conservative
and it best predicts the behaviour at failure for a section
loaded with a significant amount of torsion. For loading cases
which indﬁcé diagonal cracks in_all”the beam faces ang at high
load levels, the cohdiﬁions assumed in the spalled prédiction

will be closely approximated and the measured load deformation

respconse will then approach that predicted by the model.
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5.4 STRAIN PATTERNS

Fig; 5.5 shows.the computer plot of the results of
the model prediction for beam TBO3 and the corresponding plot
uof tﬁe measured values obtained from the‘test of the specimen.
The model predictioss for the spalled and unspalled section
dimensions are plotted and these plots are similar to the
*ploes in Fig. 3.3 described in details in section 3.4. A
complete set of the plots similar to that shown in Fig. 5.5
for all the heams tested is given in Appendix E.5.

These plots show that for all the specimens tested
covering widely varying loading ratios (R = 0.0 to 5.06} and
for the ranging concrete strengths used (f' = lS 5 - 45, 8 N/mmz)
the model predicts the locad-deformation responses for the
‘rectangular sectioh tested well. With reference to Fig. 5.5
it is seen that the model predicted deformations are higher than
those measured but at close to caéacity loadS'the measured
strains show a rapid increase approachlng the’ values of the
model predlctlon for - the spalled sectlon condltlon It is
also of interest to note that for TBO3 the spalled model
prediction shows that'&f_eepacity loading the longitudinal
and hoop steel will not yield and this is confifmed by the
"test results. For those specimens for which either hoop
steel or some longitudinal steel was.yielded, the load level
at which the yleldlng was initiated 1s well predlcted by the

mode 1 for spalled section conditions as indicated by the
plots in Appendlx E.5.
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, Besides the overall load- deformatlén responses such
as'those shown in Fig. 5.5 it is- of 1n£erest ‘to lnvestlgate
how well the strain patterns across a face of a section

-es predicted by the model agree with thOSe obtained from the

test data.

5.4.1 variation of Longitudinal Strains
\ )

2 Fig. 5.6 shows a plot of the longitudinal strain
profiles at failure es predicted by the model fof the TBO
series beams assuming spalled section dimensions. The strains
measured at the last load stage before failure are also plotted
fer comparis;n.' It is seen that geams TBC4 and TBOS, whose
condition at feilure closely approximated the assumed model
~conditions, have their measuredlongitudinal strain profiles
in very.goodﬁagreement with the predicted profiles. On the
otﬁer;hand TBO2 wﬁich did not heve any diagonal cracks in the
top,face at failure did not show such a qod§ agreemeht.
ﬁotice however, that the model predicts greater éervature for
TBO2 than that measured and this is as expected.

The measeredﬁlongitedinal strains were used to
evaluate flexural curvatures at the Qarious load stages.
The curvatures thus evaluated were compared with those evaluated

from the continuously monitored'midspan beam deflection and

very good agreement was revealed.
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5.4.2 Variation of Transverse Strairns u/

{ . :/"

h -

Fig. 5.7 shows the measured ave;age transverse
strains for each face of the section for the TBO series
epeeimens at approximately half capacity loading level {Fiqg.
5.7(a)) and at approximately capacity loading level (Fig.
5.7(b)). Similar plots are shown in Appendix E.4 for the TBU
ané\TBS series beams.

Theﬁe figures indicate that there is some significant
variation in the transverse strains in the side faces if there
is longitudinal strain variation in the faces. Fig. 5. 8
shows a plot of the model predictions of the transverse strains
at .lead levels correspondihg to those of the average measured
-transverse strains which are also plotted for comparlson It
is séen that the 'model predicts greater transverse strains
than those measured in-Fig. 5.8(a). Hoﬁever at approximately
capacity loadingllevel (Fig. 5. B}bf) when the condition of the -
_test spec1mens closely approxlmates the condltlons assumed
for the model prediction the. agreement between the test values

and the predlcted values is very good.

5.4.3 vVariation of Diagonal Strains

Fig. 5.9 shows the average principal compression
strains evaluated from the test data and plotted for each face
of the section for the TBO series at approx1mately half capacity

loading level (Fig. 5..(a))_and at approximately capacity load-
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_ . /
level (Fig. 5.9(b))..  Similar plots Aare shqﬁn-in Appéndix

E.4 for the TBU and TBS‘series specimens.

These straiﬁs were evaluated from strains—measured
6ver a grid df targets making 6" (152 mm) squares. Since to
evaluate the principal compression strain from a given sgquare
needed not only the measurement of the longitudinal. and trans-
'vers;\strains but also the diagonal strains (see Appendix E.2)
iﬁ waé only feasible for the available test time to use the 6"
squares with the mechanical measuring gauges. Smaller squares
would enable a more realistic profile of the principal compres-
sion strain to be obtained for any given face, however, consd-
derably more time wopld be required per load stage.

Fig. 5.10 shows a ?lot of the p;incipal compression
strains predicted by the model at load levels corresponding
to.those of the average measured principal coﬁpression strains
which are also ploﬁted fp; comparison. Again' we notice in
Fig. 5.10 (a) that the model predicts greater'compfession
strains than those measured. »Herver at approxiﬁately capa-
city loading levél (Fig. ﬁ.lO(b)) the agreemént between the
predicted and measurédnzsﬂmuch better. With reference to
Fig. 5.10(b), it should be noted that the measured principal
compression strains were for a load stage close to capacity
loading whereas the mode; prediction-is for capacity loading
condition. Recognizihé Ehat clese to capacity loading the
principal compression strains increase rapidly with little

gain in load carrying capacity (see in Fig. 5.5), it is
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concluded that agreement between the’ test-data and the theory

as seen in Fig. 5.10(b) is very good.

!

5.4.4 Variation of Angles of Pr1nc19al Diagonal Compression
and Crack Patterns g

In Fig. 5.11 are ploéted the average angles of prin-
ci$$1 compression evaiuated from the strains of the TBRO sefies
beams for the load stages indicated. Appendix E.2 shows how
these angles were evaluated from the measured strains. Also
shown.in Fig. 5.11 is the model predictions for the angles
for the specimens at the corresponding load levels.

These plots indicate that the model predicts the
angles of pr1nc1pal compre551on well. Moreover, both test
data and model predictions indicate tha£ principal angles vary

little for a wide range of loading levels pérticularly for

those regions of the beam where the longitudinal strains are

_tensile. The principal compression angles vary :élatively'

rapidly down the depth of the géctibn when the Qarying longi-
tudinal strains are compressive and particularly for large
curvatures. However when the longitudinal strains in a sec-
tion are all tensile, the variation is relatively slow even
for large curvatures.

Fig. 5.12 shows crack patterns for the beams in the

"TBO series for the same: load stages used in the plotting of

the principal compression angles in Fig. 5.11. Although the
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1ncllnatlon of cracks at any load stage do. not necessarlly
lndlcate the exact dlrectlon of principal compression the crack
directions and the pattern of variation?of their angles of
inclination give an indication of the :change in the variation
of the prlnC1pal compreSSLOn dlrectlons For example the
pattern of the cracks in the North face of TBO2 is seen to be
quite different from that for TBOS5 for the same face as shown
int%ig. 5.12. The trend of the variation of the crack patterns
a@s the torsion to moment ratio increases from 0.0 for TBOl

to over 4.0 for TBOS is in good agreement with the trend of

variation of the predlcted angles of principal compression

shown in Flg 5.11.
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5.5 PREDICTION OF CAPACITY LOADS" ,,'/
/ ’
/

5.5.1 Capacitv Loads for Heavily Reinforced Beams

The TBO series specimens wére designed such that
under pure flexure and for the loading ratio causing uniform
beam elongation, the capacity loads wouldlbe achieved before
yielding of the reinforcing steel. Thus the TBO series section
Iwas overeinforced. The TRy series specimens were designed
such that, at capacity loads, some of the reinforcing steel
would be'yielded. Thus they were partially overeinforced.

In any case, both thesge serles of specimens were relatlvely
heav1ly relnforced in comparlson to the content of relnforce—
ment used in sections normally used in practise,

Fig. 5.13 shows the theoretical predictions of the

|
failure interaction curves for the TBO and TBU series for

‘both the spalled and the unspalled sectlon dimensions. The

capacity loads of the specimens obtained from the tests are

also plotted in Fig. 5.13.

For the pure flexure case it is evident that the

model predictions for the unspalled section conditions agree

well with the test results whereas the spalled predictions

underestimate the beam flexural capacities. However, the

" unspalled prediction qu1ckly becomes unconservatlve with the

-

appllcatlon of tor51on and ‘the’ capacity loads are best’ pre-

dicted by the spalled prediction for the test Specimen failing
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at a ratio:of Tu/Mu greater than q 6. u/

| Spec1men TBU4 failed prematurely because of the prob=-
lem in castlng mentloned in Section 4 2.1. The interaction
predlctlon is based on a top face spalled thickness of 64 mm-
whereas TBU4 had. a local minimum top wall thickness of 39 mm.
It was in this local region where failure suddenly occurred.
Specimen TBU2 suffered from the same problem but not as severely.
TEUZ had a minimum wall thickness of 44 mnm compared to the 64 mm
used in the spalled Prediction. Fig. 5.13 shows that the model

predicts well the capacity loads for the heavily reinforced

specimens for the widely varying loading ratios and for the

[y
5

concrete strengths shown.
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5.5.2 Capacity Loads for Under-feinforéed Beams

It has been demonstrated that the theoretical model
. bredicts well tﬁe capacity loads for heavily reinforced
.specimens. The model is now used to predlct the failure

interaction lines for under -reinforced beams tested in ocombined
torsion and bending in Zurlch.2 Flg. 5.14 shows the section
used in the series and the average values of the pro@erties of
:the materials used are indicated.

The predicted failure interaction curves are shown
for the spalled and unspalled sectiop dimensions and the
failure.loads for the speciméns tested are plotted for compari-
son. As before, it is again noted that as the ratio, T /M '
@@t failure increases, the capacity of the beams tends towards

:the spalled prediction value. The peak point in the interac-
tion curve with the maximum attainable gorsion capacity is
characteristic of under-reinforced specimens’ which have an
unsymmetrlcal longltudlnal steel relnforcement pattern such as
that shown for the section. Such a peak is not seen for similar
over-reinforced sSpecimens.

It shOul& Be noted that specimen TB4, unlike the
other specimens indicated, was not hollow. It was a solid
section with the same outside dimensions and reinforcement
layout as for the section showns The theoretical model indi-

cates that this 5pec1men will have the same load carrying

capacity as a hollow one with a wall thickness of 80 mm
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K
because the effective depths of the dbmpresﬁion diagonals at
failure are less than the provided wall thickness. As indi-

cated in the failure interaction diagramfthe capacity of TB4

and the capacity of the other specimens are well predicted.
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5.5.3 Capacity Loads for Prestressed Beans

The theoretical model can also be applied to predict

the complete response of prestressed beams loaded in flexure

and torsion. In the case of the presence of prestressed steel.
in a section the fresultant force in the reinforcing steel in

¢ _ the longitudinal direction (Fg,) is evaluated for a given
léggitudinal strain profile as

T D 2 - N (5.1)

F = Lf,,
st i 2i7°04 i Pj pj
~ where fpj = stress in prestressing steel area, Apj:at
position'j'with a strain of €03
S U (5.2)
PJ L] PJ i
Egj =!longitudinal strain in the concrete at the
position'i’ obtained ‘from given strain profile
Aepj = initial prestraln in the prestressed steel

area A
P

If given the initial prestress f then the prestress Aep

pL’
for a symmetrically prestressed section can be evaluated as:
» ’ ; e T
A .
1 p
de = £ _[=— + (5.3)
P Pl Es ATP.ES * AcEc

With these expreSSLOns the theoretical model was used
to predict the fallure lnteractlon curve for a series of

. , , 3
prestressed beams tested in torsion ‘and bending in Toronto.
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The!crosé section detailsﬁaﬁd-thé,matefial beperties of the
spe;imens tesEed are shown in Fig. 5.15.- The failure inter-
action lines prediéted are again shown for the spalled and
‘unspélled séction dimensions.' The failure loads of the beams
are plotted and it is seen that the model predicts the capa-
cities well. |

\2 It is of interest to note that for the pure torsion
casé&the unspalled prediction overestimates the torsional
~capacity by about 39%. This is because of the large cover to
-hoop steel in the top and bottom faces. The spalled p;ediction
for the pure torsion case is in excellent agreement with
the test failure loads, thusfconfirming that the cover to hoop
steel can be considered ineffective in car;ying loads at fail-

ure -for this case.

by

5.6 PREDICTION OF FAILURE MODE

As discussed in Section 3.5 the laading,ratio which
will lead to uniform stress in‘éonérete in all-féces at caéa-
city loads will also induce uniform longitudinal strains in
the section. Using tﬁé-éduations developed in Section 3.5 and
for spalled section dimensions the amounts of steel reinforce-
ment in the transverse and 1ongitudinal directions for bal-
anced failure have been evaluated and- the results are summarized

in Table 5.1.



CTABLE 5.1 -

L] * &
fc €0 _th ehy \ E!-Y E'-Y tdb {mm} Fmin Phb Mo -] Test [Theory
w/m” | x107 3 6/mm?[x2073 | w/mn?[x1073 [(Bq. 3.16] mm | (Eq. 3.19 (Eq. 3.20)  "h "o | umy ettt
TBO4 | 20.4 2.4 379 \1.91 429 2.19 67.6 60.0 .0132 0111 .0160 .0292 1.281 1.394
TOU4 | 34.8) 3.1 379 { 9.91 | 443 | 2.26] 73.1 [39.0 | .o0z44 -0198 | .0160| .0296 { 1.328 | 1.248
TBS1 28.0 2.5 443 2.33 433 2.23 66.2 206.5 .0146 .0152 . 0159 .0289 1.27) 1.420
TBS2 32.9 2.5 443 2.312 433 2.23 66.2 206.5 L0172 .0179 .0159 .0289 1.277 1.391
TBS3 15.8 2.5 443 2.33 433 2.213 66.2 206.5 - .0239 .02419 -0159 .0289 1.312 1.266
TBS 4 15.5 2.0 443 2.33 133 2.23 66.2 206.5 .0074 .0077 .0159 .0268 1.157 1.4111 L
. ; o
‘ . o Y
tﬁin = Minimum concrete wall thickness in section
\ ! . 'Y
€ou = 1.55o used in evaluation of PLb "tba"d {T/™M)
N I:h/tc = supplied hoop steel ratio
Py = tz/tc = supplied longitudinal steel ratio
f; '=-Equivalent yield stress for all longitudinal steel ) ' -'\\_
y :
E;y = Equivalent yield strain for all longitudinal steel
Tu/Mu = Fallure Torsion to Moment ratjio in test
R
(T/M) = Ratio of loading for zero flexural curvature
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. As is evident from Table 5. 1 all Ege spec1mens
tested were 6ver reinforced with respect to the longitudinal
steel content. With'respect to hoop steel content, beams

" TBO4, TBS1 and TBS4 were over-reinforced whereas TBU4, TBS2
and TBS3 were under-reinforced. It ié also noted that beams
TBSlland TBSZ2 had hoop steel content close to that of balanced

failure.

4
A

The actual ratio of torque to flexural moment
(Tu/Mu) at-failure of the beams is also indicated in Table 5.1.
Due to the prasence of dead loads the overall T/M ratios in a
ﬁest varied durinq the loading even though the increments in
the loads were at the constant ratios, R, shown in Table 4.3.
Shown beside the Td/Mu ratios in Table 5.1 are the loading
: ratios'determined;using exp}essions giveh in Section 3.5 for
uniform beam eldnqétioﬁ‘and it is seen that these ratios agree
closely with the test loading réfids, It was indeed observed
from the continuously piotted midspan deflection which gave a
measure of the average flexuxai-curvature over the central
1.75 metres of the specimen that there was negligible cﬁrva—

ture up to capacity loads.

5.6.1 Steel and Concrete Strains

N

Fig. 5.16 shows a plot of "the longitudinal strains
for the beams shown in Table 5.1 at the last load stage for

which strains were measured before atfainment of capacity
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loadsJ The yleld straln of the main- longltudlnal re1nforc1ng1’
: bare is also plotted in Flgure 5,16 The figure shows that
for all ‘the Spec1mens, the average longltudlnal strains at
capacity loads were less than the steel yield strain. The
strain profiles alsc indicate that the beam sections had
almost uniform strains.atlthe capacity loads. These observa-
tion are in good agreement with the model predictions.

\ -Fig. 5.17 shows a plot ef hoop' strains for the spe-
cimens at the load stage closest to capaeity loading. The

uniformity of the hoop strains profiles is comparable to that

of the corresponding longitudinal strain profiles in Flg 5.16.

The theory predlcts that for TBO4 and TBS4 the average .

transverse stralns at capacity load will be less than the vield
straln of the hoop steel. A close look at the transverse '
:stralns given in. Atpendlx E.3 reveals that stralns in excess of
yleld straln were measured locally.: - However the overall
average transverse strains measured at close- to capac1ty loads
for beams TBO4 and TBS4 are indeed less than the yleld strain
of the. hoop steel“used. - This is in agreement with the model
prediction.

Fig. 5.ié:ghows the average principal compression
strains evaluatedifrom the test data for the Specimens
lieted in Table 5.1. The premature fallure of TBU4 is
indicated by the rather low pr1nc1pal compression strains -at

capacity loading. The average principal compression strains

for the top faces of TBS1l, TBS2, TBS3 and TRO4 are close to
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the l.Se values used in the theoretlcal predlctlon for - fallure
; I
However, TBSY{ shows principal compre551on strain in excess of

380 in the top face at capacity loading. Large prlnc1pal

compression strains were also indicated for TBS2 and TRBS3

‘ . ‘ TAU4 ’
, Tas /K |
40mm 804 ¥ b f .
Dasa -[:
i” FIG. 5.16
J
|
|
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Eny2)-FoR
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-
L4
. FIG. 5.17
' TRANSVERSE STRAINS
AT ~ CAPACITY LOADS
BOTTOM L .
TOP
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<0 mm
| FIG. 5.18
' ' 1 PRINCIPAL COMPRESS-
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" BOTTOM 7% 7 4|a 25 %

STRAINS (EgxI0™)
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526.2 Effect of Variation of*Concrgte'Streﬁqth on-Failure Mode
| The TBS.séries was speéifiﬁaliy designed to-inves—
tigate the éffect ofhvarying concrete strength orfi the failure
loads for a fixgd loading ratio, R, of 1.524 (see Table 4.3).
This‘loading ratio was chosen because at failure the specimen
haq nearly zero flexural curvature. For uniform beam elonga-

\ : .
tion expressions for equilibrium and compatability require-

menté at failurelcan be derived as follows:

(a} Equilibrium requirements

q,tant = L I T (5.4)
qucote = tzf2 ............................. (5.5)
[ ' .
q, = anctd51necosB ............ REEEEEE (5.86)
and (5.4) and (5.5) also give )
, =_/thf£t2fi.:..,.; ............ Jf....(5.7)
{b) Geometric Requirements
£, + & _
tan28 =--:€'_&+—€C'Ll ........................ (5.8)
h cu :
Y = 2/(62 + scu)(ah + Ecu) .......... (5.9)
= By = v . 5.1
wx 55 Y \,’/.’ZtlC ...: ................. {5.10)
¢d = wx51n28 = scu/td ................ {(5.11)
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From the above equations of equilibfium and compatability

the following expressions are derived:

. - tcecu(el + Eh + 2€cu) (5.12)
d 2(e; + Ecu) (e, + ECu) _
B € cu
q, = %—tcfé e (5.13)
: /(e2 + ecu)(eh + ecu)
t _f!
aB, c ¢
S e il 1 I > {5.14)
h 2 thfh , cu
[o]:) tcfé ' .
€, 5 (tgfg = LE e (5.15)

If the parabolic stress-strain relationships is

used for concrete then:

- _ a2
aB = Qu Qu/3

where .= i
: 2, Ecu/eo

Expressions developed in section 3.5 enable the de-
termination in advance of.wpether hoop steel or longitudinal
steel will yield at capacity loading for a given section
and for the given maéerial properties. Whichever is the case,
equations (5.14) and (5.15) together with the given stress-
strain relationships for the reinforcing steel can be used to
evaluate the strains eh and €,- It should be noted that
the longitudinal str;in €, will be ‘evaluated using an itera-’
tive procedure since t, = ATQ/po requires knowledge of Po

which in turn requires knowledge of t,. To initiate the
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. /'
iteration procedure'pO can be guéssed and the iterations ‘*are
H : . .

carried‘out to obtain convergence in Pq
With the 'strains €y and ECU' the equations

givén above can be used to obtain 8, Y, % f f  and 9

n
The area A, enclosed by the path of shear flow can be

xl

evaluated for the spalled section dimensions, and hence the
torque Tup = 2quAO can be evaluated. The moment acting

together with this torque, Mup)is evaluated as:

where Jg4 isfthe moment lever arm.

. The procedufe outlined above was used to obtain
failure torques and moments for uniform beam‘elongatién of
the'seétion used 1in the TBS series for €ay = 0.00375 and
for a series of concrete strengths. The torqués and moments
obtained are plotted versus the ééqcrete strengths in Figure
5.19. Also plotted in Fig. 5.19.are the failure torques and
moments for the TBS series speéimens which had different
‘concrete strengths as shown. The lines.joiniﬁg the failure
points predicted by _the modei for each individual specimen
are also shown.

The theory indicates that if sufficiently low
concrete strength is used the long%pudinal steel and hoop
steel will not yield at: the aftainment of capacity loads.
this is considered an over—reiﬁforcéd case, and beéms TBS4

and TBS1l were therefore over-reinforced.
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There is a range of concrete streggths over which
the’model préﬁicts‘only hoop steel will vield for the section
choéen. For the TBS 'series beams the hoop steel content was

‘less than the longitudinal steel content (ph < pg). For su;h a
~case hoop steel Qil} yieid_before the langitudinal steel does for
a‘loaaing that produces zero flexural curvature. Note that if
e Py é\ph then the longitudinal steel will yield before the hoop
stee} yields in this range of concrete strengths. This can be

considered to_be a pértially over-reinforced range and beams
- TBS2 and TBS3 were in this range.
‘Ig éufficiently high cgncrete stréngth is used
both longitudinal éteel and hoop gteel will be yielded
at the attainment of capécity loads. This.conStitutes ﬁhe
Junder—feinforced éase.
. It is'emphasized here that the failure mode as
_ discussed here per?ains to a uniéﬁeﬁloading case producing zero
ﬁlexural curvature and zéro-transverse curvature.' Unstmetry
in the reinforcing pattern of»léngitudinal and/or hoop steel
and diffefences in properties of steel in the various faces may
.lead to yield of some-of the éteel in some local area of the
section for some loading ratio with some curvature. Note that
the unique loading case of interest results in the maximum
possible torgque to be resisted Ey th seétion at failure.
Figure 5.19 indicaées--that the model pfedicts'

well the effect of the variation of concrete on the capacity

loads for the specimens tested.
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5.6.3 Observed Behaviour of Beams Tested at Fajilure

Table 5, 2 summarizes the experlmental failure
loads and ‘the predicted failure loads for all the specimens
“tested. Except for TBU4 the agreement between theory and
experiment is good. o

Beam TBU4 failed prematurely due to a casting

defect explained in Chapter 4. The beam failed suddenly
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during a locading stage and the failure was located at the

reéion with the least wall thickness in the top face.
Failure occurred after the yielding of hoop sfeel.'
All the specimens with the hollow section failed
in a brittle maﬁner with a sudden drop in locad. TBU2 and TBU3

failed suddenly as the main longitudinal steel in the bottom

face reached yield strain. On the other hand the solid sec-

4 .
Al

tion of the TBS seriés showed remarkable ductility even for
TBS4 which had the lowest con&rete strength in the series.
Howeverjthe ductility displayed was not at sustained loads

- but at decreasing lower load levqls than the capaéity loading.
The confining effect of the closely spaced hoops on the solid
concrete core of tﬁese‘Specimen is largel? responsible 
for‘thé ductility dispiayed and the very large concrete strains
measured. The hollow sections did not have 'such a concrete
core for effectiﬁe confinement; ‘Mqreoverithe thickness of
~the spalled sections wés smaller than the effective depths .
predicted by the moael for the compression diagdénals at
failure.' Thus the thin concrete walls were heavily stressed
over their entire depth ‘and ﬁt failure they crushed leading

to the sudden drop in locad observed for the hollow sections.

§ TBS2 and TBS3 failed at slightly lower loads than
those predicted. Both of thesé spgpimens failed after the
yield of hoop steel in all facéé; As the capacity lodds were

approached there was a rapid incfease in the measured diagonal
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strains and the transverse strains?and thi; was accompanied -
by‘a re;atively littie increase in load carrying capacity.

The predicted principal compression strains at the onset of
the yieid of hoop steel were greater thah € for TBSZ2 and
greater than 0. 858 for TBS3. The large shearing strains

at the high levels of compression in the concrete diagonals
lS believed to have led to the deterioration in the effectlve
concrete strength leading to an early failure.

It should also be noted that for all the specimens
testea the sections had a large amount of longitudinal steel
in the bottom face. The tendency of this longitudinal steel
was to weaken the concrete in the compression dlagonals in
‘the bottom face partlcularly for high levels of tensile strain
in the bars such as was the case for TBSZ and TBSB at close
‘to their attainment of capacity loads All TBS series speci-
mens showed a marked upward deflectlon after the attainment of

capacity loads. Thls upward deflection 1ncreased rapidly with

further loading.



TABLE 5.2

THEORETICAL*

* Except for pure flexure sPeEimeﬁ the theoretical prediction

_ EXPERIMENTAL
£l T, M T, |. M T -
BEAM N/mm> | KN-m KN-m kN-m" | 'kN-m_ FAILURE MODE**
TBO1 19.5 - 401 - 379 |over-reinforcedibrittle failure
TBO2 19.7 78 334 72 309 | oo "
TBO3 19.1 { 143 232 139 227 " "
TBO4 20.4 | 149 117 | 147 |- 114 " "
TBO5 20.6 | 143 35 140 34° " " _
TBUI 34.8 0\ 551 - 519 ‘under-reinforced:rig not able to fail‘it
TBU2 34.8 | 104 . 439 104 440 (Partially over-reinforced: brittle failure
TBU3, 34.8 | 207 327 | 207 326 | - " mo
TBU4: 34.8 | 195 147 221 164 0o . .
TBUS | 34.8 | 175 a1 181 42 K " "
TESl \28.0 209 164 202 159 oﬁér—reinforced;ductile failure
~TBS2 32.9 | 216 169 229 176 {partially over-reinforced:ductile fdilure
TBS3 45.8 | 245 186 269 - | 206 " o
| TBS4 15.5 125 108 119 104 over-reinforced-ductile fuilure

given are those based on spalled section dimensions

**The decision as to whether a beam was over-reinforced or
under reinforced is based on the theoretical consideration
given in Section 3.5. .

1T
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5.7 TORQUEQTWIST RELATIONSHIPS

.".

5.7.1 Effect of Variation of Concrete Strength on Torque-
' Twist Curves

Fig..5.20(a) shows the test torque-twist curves
for the TBS series .beams for which the varied parameter in
the tests was the concrete strength. Fig. 5.20(b) shows the
préai;ted torque~twist curves for the same specimens for
spaiied section dimensions. The predicted curves were ob-
tained using the computer program in.Appendix D in which the
terminationlof analysié is done when the maximum principal
compression -gtrain was approximatgly l.5€O according to
the criteria described in Appendix B-5. _

The predicted plqts in Figqg. 5i20(b) iﬁdicate that
thezeffect of inéreasing the concrete strength is to increase
tﬁe capacity torgue as well as.theltwiéﬁ atlcapacity torque
for a given section. The 1oad\1évéls at which the
-hoop steel yields are indicéted.

| The test curves in Fig. 5.20(a) Confifm the increase

in torsional capacity with the increase in concrete strength as

predicted. In regard to the vielding of hoop steel, Table 5.3
shows good agreement between the model prediction and test re-

sults at failure.



"TORQUE  IN kN-m

TORQUE IN kN-m .

115

300 - )
250} HBS  HAF 5 4
! - L & . -
/ .-"LE‘&B"S'-- HAF
- - | ] ke,
200 : 4e—*"" has Sl T~ ——
-~ =~
"/" :
& '
150~ W
| & J s4
» . .
-—_._"' ———q___- .
| )/. /./' * LEGEND .
S M SYMBOL. | BEAM |t£(N/mm?2
&
s . . s, l1esI | 280
. HBS Yield of hoop steel in
o botsom and side faces Sz TBS2 | 32.9
50 HAF Yield of hoop steel S3 |T8S3 ) 458
in oll faces Sq TBS4 | 155
LT  Yield of longitudinal steel in top face: '
o | | ] 1 1 1 1 | i |
.0 10 20 30 40 50 60 70 80 20 100
TWIST IN rad/m.- xi0™3
‘ (a) TEST TORQUE-TWIST CURVES FOR TBS SERIES
300 r
' s3
2s0f- t . '
i HAF N
. HB s2 :
Hp HBS
200} S !
LEGEND
1501~ st Tesl
RS S2 Tes2
54 S3 TBS3
100 - s4 TBS4
HB Yield of hoop steel in bottom face
HAF Yield of hoop steel in all foces
- HBS Yield of hoop steel in bottom and side foces
50|~ P
"o | t | | i L | 1 L i
0 10 20 30 40 50 60 © TO 80 90 100
- TWIST IN rad/m xI10~3
(b) PREDICTED TOBQUE-TWIST CURVES FOR TBS SERIES

FIG. 5.20 TORQUE-TWIST CURVE‘.S FOR TBS SERTES



116

* L

LI

TABLE 5.3

YIELD OF HOOP STEEL AT FAILURE*

THEORY

BEAM SPALLED UNSPALLED TEST

TBS 1 - HBS HBS

TBS2 HBS . . HBS HBS

\ | TBS3 HAF HAF HAF
4 TBS4 - - ' -

* see legend in Fig. 5.20

The test torque-twist curves for TBS1 and TBS2
inaicate much greater twists at blose to capacity loading
than those predicted. Also TBS1 and TBS2 showed greater
'tw1st ‘at failure than TBS 3. contrary to theoretlcal prediction.
However, it is of interest to note with reference to Table
4 1 that TBS1 and TBS2 were tested at 3 and 7 days respectively
after casting whereas TBS3 angd TBS4 were tested 45 and 31 days
-respectlvely after casting. Thus TBSl and TBS2'Were tested
whenrtherconcrete-wasstﬂlcdriﬁg and the strength gain per

day was substantial. On the other hand TBS3 and TBS4 were

IR

tested when the chring process was practically complete

and the strength gain per day was negligible. The creep
effects on the young concrete of TBS1 and TBS2 due tolthe
sustained high load levels as capacity loading was approached
in the loading programme which lasted over 3.5 hours is

~believed to be largely responsible for the greater torsiornal
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ductility for TBS1 and TBS2 Furthermore'the effective stress-
' strain curve- for the concrete for TBSl and;TBSZ with the
effects of creep was no longer well represented by the
assumed parabola used in the model analySis

A comparatively rapid load drop was observed
soon .after the yield of hoop steel in all the faces for TBS3.
The greater capacity load predicted for TBS3 was not achieved
beceuse of the large shearing strains generated after the
yielding of hoop steel at the high levels of principal com-
pression in the concrete. This tended to reduce the effective
concrete strength to much lower values than those obtained

from the stdndard compression cylinder test.
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5.7.2 Effect of the Variation of Loadlng Ratlo on
‘ Torque~Tw1st curves

Fig. 5.21 aud Fig. 5.22 show ElOtS‘Of the test and
predicted torque-twist curves for the TBO series beams
and TBU series beams, respectively. For low torgque levels
these plots indicate, as expected, that the measured twist
values are less than the corresponding predicted twist
values. However, as capac1ty torgque is approached there is an
increase in the measured twists tendlng to the values pre-
dicted for the spalled dimensions of the sections especially
for those specimens.when diagonal\cracks formed in all faces.
The predicted torque-twist curves for the pure torsion cases
,are also shown in Fig. 5.21 .and Fig. 5.22 for comparison.

These plots show that as the torque to moment ratic,

ks

R,.ln the loading of a beam is 1ncreased from zero to the

ratio causing uniform beam elongatron, the torque capacrty is
steadily increased to its maximum at the balanced failure
point. A further increase in the torque to moment ratio
results in a decrease in_theAtorque capacity. With regard

to the twist at failure, the effect of increasing R is always

to increase the twist.
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5.?' MOMENTQQURVATURE RELATIONS

5.8.1 Effect of the Variation of Loading Ratio on Moment-
: Curvature Curves :

Fig.'5.23 and Fig. 5.24 show plots of the test and
predicted moment-curvature curves for thé TBO series beams
and ﬁhe TBU series beams respectively.r.The well known theory
of gpre flexure is used for the prediction curves of the pure
flexure specimens TBOl and TBUl. The accuracy of the flexural
theory in predicting the moment-curvature response is shown
by the plots fdr TBOl and TBUl. The theoretical prediction

for the rest of the specimeqs is made using the model for

spalled section dimensions. It.is seen that the model does

" predict the moment-curvature responses for the specimens
| .

tested well.

s

These plots show that the effect of increasing the
\ .
loading torgue to moment ratio, R, is always to reduce the

flexural capacity. With regard to curvature, if curvature

under pure flexure ié taken to be poéitive, then as R increases
from zero to the va%ge#at balanced loading the curvature is
steadily redhcedr£o zero. A further increase in R results in
negative curvatufe which increases as R is increased. It is

important to note that we the discussion is restricted to applied

flexural moments . that tend to cause sagging in a beam.
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5.8.2 Effect of the Varlatlon of Concreté Strength on
/ Moment-Curvature Curve . '

A comparlson of the moment- curvature curves in
Fig. 5.23 and Fig. 5.24 reveals that the change in the conc}ete
strength from 19.8 N/mm for TBRO series to 34.8 N/mm for
TBU series resulted in an increase in the flexural capacities
and curvatures of the correspondlng beams with a common loadlng

ratlo The trend of variation as predicted by the model is

in good agreement with the test results.

5.9 REVIEW OF BASIC ASSUMPTIONS WITH EXPERIMENTAL RESULTS

- . . v

To develop the theoretical model five basic
assumptions‘were“made. These assumptiops'were necessary to

enable the formulation of the equilibfium and geometric condi-

. tions needed in the solution for the problem of a structural

concrete beam loaded in combinéd{torsion,bending and axial
load. The first basic assumption :egardipg thg distribution
of longitudinal strains at a ‘section has been’ shown to be well
verified by tést results., The rest of the basic assumptions
can be considered.wvalid beéause the model predictions have

been shown to be in good agreement with experimental results

. in the preceeding sections of this chapter for the widely

varying changes in the parameters examined. In particular
the simple parabolic stress—-strain curve used to approximate
the behaviour of concrete in a2 loaded beam has been shown to

give good predictions_fof the heavily reinforced sections

tested.
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CHAPTER 6 £

CONCLUSIONS

. In this thesis a theoretical model has been presented which
has the capability of predicting the response of a structural
concrete section suhjected to combined torsion, flexure and

' axia% locad. The model is comparable in rationality to the weli
‘knownxmodei for flexural analysis and it has been shown that
pure flexure and pure torsion can be treated as special cases
of the more general formulation presented.

The capability of the model to predict the complete re5ponse
of relnforced ‘concrete sectlons under comblned torsion and flexure for
the post—cracklng loading range of the sectlons has been demon-_
strated for rectangular beam.sections. However the basic equi-
llbrlum and geometnlc conditions can be applled to any cross-
section shape for which the tor51on . resisted is predominantly

St. Venant torsion . Moreover, since the actual stress~strain

characterlstlcs 0of the steel and. the concrete are accounted for

in the theory, the theory can be extended to cover such factors

which affect the stress strain characteristics of the materials.
The theory has been verified by comparing its detailed pre-
diotions with the results of a test programme involving fourteen
heavily reinforced, heavily instrumeﬁted beams reported-in. the
thesis. The model has aleo been shown to predict well the be-

;

haviour of prestressed concrete beams tested under combined
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) - 3
torsion and flexure at the University of Toronto., Accurate
) /
predictions were also obtained for a;series of beams tested

i - .

undgr combined torsion and flexure at the Swiss Federal Insti-
tute of Technology in Zurich.2

in the theoretical model presénted in this thesis loading
which produces a'chgnge of moment in thé span of a beam has
not béen.considered. The next development of the model should
be‘%o include the effects of such shearing loads. However,
resuité of beams tested in shear suggest that large shearing
strains affect the stress-strain characteristics of diagonally
" cracked concrete? Thus, a realistic stress-strain relation-
ship for concrete which takes into account the éffect of the
shearing strains generated by toréion and shear will be re-

quired before accurate predictions of behaviour can be made.

\
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NOTATION /

‘Area enclosed by external surface of section
Crossseétiona; area of concrete

Cross sectional area of one hoop_ieg

Cross section area of'longitudinal reinforcing bar 'i!
located at (zi, yi)

Cross section area of prestressing steel 'j' located
at (z,, Y;)

Total area of longitudinal rebars in the section

Area encloSed by shear fléw

Area enclosed by the perimgter described by the hoop
cen;r;lines \

Depth 'of equivalent rectangular stress block at i

‘Depth of equivalent rectangular stress block for bottom

face

' Depth of equivalent rectangular stress block for top

face

-External dimensions of rectangular section

Centreline dimensions‘of rectangular hoop

Dimensions dgﬁining the area enclosed by shear flow

Resultant compression force in concrete in top face

Concrete.cﬁver to’ hoop steel centreline at 'i°

Distance between two points 'i' and 'j' on the perim-
b

eter defined by the hoop centrelines

Modulus of elasticity of concrete
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Modulus of elasticity of steel J
Resultant compression force in concrete in the direction

of hoop steel at 'i!

i

" Resultant Compression Force in tﬂe,concrete in the

longitudinél direction at a section

Resultant tension force in hoop steel at 'i‘
Resultant tension force in reinforcing steel in the
iongitudinal direétion

Compressive strength of concrete (cylinder strength)

Average compressive stress in concrete diagonals

Stress in hoops at 'i! (fhy = yield stress)

Stress .in longitudinal reinforcing steel at 'i' (f2y=
yiéld stress) |

Stress in prestressing steel at Fjir(f i= yield stress

\ By

fPI = initial stress)

7

Dimensional parameters defined with b,bl,bo

. i
Lever arm for flexural moment .
" 1

Moment cauSing curvature to a plane perpendicular to

the y-axis (M = moment at balanced failure)

by
Moment caus;ng_curvaﬁure to a plane perpendicular to
the z-ax;s'(sz = moment at balanced failure)

Axial forcein the x-axis

Perimeter of external surfacg of section

Periﬁeter of,shgér flbwrgath

Shear flow(qﬁ,= shear.flow ét failure)

Shear flow for balanced loading

Ratio of applied torque to applied moment



thi

131

Linear correlation coéffibient; or Eagnitude of a vec~-
tor"defining position of an,elemenﬁl

Hoop spacing | /
Torgue (Tb =l"Torque at balancedliailure)

Section wail thickness (tt,ts,tb for top, side and

bottom faces, respectively)

"Ratio of section area to surface perimeter (tC=A/p) |

Depth of compression strains in a concrete diagonal
(tg=t, for pure flexure)
Hoop steel area in beam face per unit length of beam

() = A /s,)

Longitudinal steel area per unit length of perimeter

(ty = Apy/p,) |

Measure of warping displacement fof open section

Longituqihal axis of the beam

Point of action of N, in seétibﬁ.
1 - .

Point of action of Foq in section

Point of action of Fgq.in section

~ An equivalent stress-block factor (Equ. 2.21)-

An equivalent stress .block factor (EQqu. 2.22)

s

Shearing strain at 'i!
Strain in concrete corresponding to maximum stress
Longitudinal strains in bottom surface and top surface

Maximum compression strain ih concrete at capacity loads
Principal compression diagonal strain in concrete (com~
pressive positive) (edS = Principal compression strain

at surface)

Strain in hoop steel at 'i' (tensile positive).
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Strain in hoop steel in bottom face and top face for
. /
rectangular section

Strain -in longitudinal direction at 'i' (tensile positive)

Strain in prestressing steel at 'j' (tensile positive)
Strain in transverse direction (tensile positive)
Difference in strain between the bonded tendon and the

surrounding concrete

Angle of diagonai compression with respect to longitud-

inal axis (ep for principal compression direction)

Hoop reinforcem&ntratio(ph = th/tc)
Longitudinal reinforcementratio(p2 = tﬁ/tc)
Balapced value of Ph
Balanced value of Py
Compressive“stress on éoncre£e element inrdirec£ion of‘
hoop steel

Compreésive stress on concrete element in direction of

longitudinal steel

Shearing stress ' : .

. Angular deformation over a given length

Curvature of concrete diagonal in direction of princi-

e

pal compression

~Longitudinal axis curvature (Egn. 3.11)

Transverse axis curvature (Egn. 3.12)

Longitudinal gxis curvature-in y direction
Longitudinal‘axis curvature in z direction

Twist in longitudinal axis (tarsional rotation/length)
Ratio of principal compression strain to the €5 value

f i ' =
o) cyllgder test (Qd ed/so)
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APPENDIX A

Evaluation of Shear Flow Given €4

‘The equilibrium equations (3.7) and (3.8) can be

writen as

(thfh)b qtaanrbb *qry,
\ i
| ()¢ = qtanf r., + qr.,
wherel r =1 - (la - ¢, )/h
bb 2°b hb 1
r = tane'(la - ¢ . )/h
bt t'2%¢ ht' /71
r..'=1- (a, - ¢ )/,
tt 2%t T Sne!/M
r,. = tand (=a, - c_.)/h
tb b'27Db hb 1
| . |
In general .
(thfh)i = g(taneirii +*rij)

\

where i and j are the two walls cut by an appropriate

section, e.g. Fig. 2.5. Rewriteﬂsimply as

thfh = q(taneiri + rj) ...................... (al}

-tﬁf - gr

3
v

Therefore qtanei

o
H
'_l.
T
[ %]

The shear flow g is related to the principal concrete
compression strain Eds by egquation (3-.14) which can be

rewritten as

kl = a8 = c/fétdSLnecose) (8 > 0) | (a3)
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= 2 _ L. 3.2 !

wher? aB = (L -y )st e L TS R

st = Eds/Eo.;

oty -t
b o= -~ >0 and g < 1.0, p =0 for t, < t
td ' o d
td = effective diagonal thickness
| t = actual section wall thickness

: . €
§ i ’ ds
Compatability of strains requires that I V

2 €en T €an f r \“4fe

tan“g, = - - {Aa4) t C
1 Eh + Edh 4d .

whe;e €4n = feds | L

= concrete principal diagonal strain at

level of hoop steel

£,. = longitudinal steel strain at level of

|
hoop steel

f = (td -'ch)/td S 1.0

Ch = cover to centreline of hoop steel

Recognizing that sinécoss = tang/(1 + ;anze), équation A3

becomes ..

qtand, (1 + tan?e,)
k = . l‘. PR 1
1 fctd tan29i

Then using equations (Al) and (Ad4) gives

\‘

(thfh - qr% @h + e, + 2e..)

Lh dh
k, = e S e ST {a5)
1 fctdr;r (Fﬁh—+w£dﬁj
In eguation (A5) the dnknowns are e, fh and g,
but the stress strain‘reiationship between €, and f, is
knownf Assuming that €y = Ehy, then fh = fhy' ‘The
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7

term§ r, and rj are also unknown initially but in general
r, ig close to 1.0 and rj is close to zero. Thus by
initially ignoring the' term qrj and setting r, = 1, the RHS*
of‘eqdation A5 can be evaluated. It is assumed that the
quantities €in’ Eds’,td and t are given, hence kl of equation
AS can‘be determined .

\= lIf the RHS < kl then hoop steel is in the poor
yield range
If the RHS > kl then hoop steel is in the elastic

range.

Case A: Hoop Steel in Elastic Rande

If hoop steel is in elastic range then fh = Eseh,'

hence equation A5 becones .

4

(b Egey - ary (e + e)p + 2650

k. =
X CRetaRilegy gy
This equation can be rewritten as a q'uadratic'in—sh as
. - 1 ' ‘
2 [EpBglegy t2e4y) - ary, IRy BT legy +rEgp)tary ey, +2e4,) ]
€h ¥ t E ®h T . E
h™s h™s
= 0..(A6)

This equation can be written in the form

2 =
ey, * beh-— c =0

and’ hence obtain a solution for the hoop strain as

(—bi/g2"+.4c)

-

Eh_

SN

Clearly the positive root is the correct one, hence

4

*RHS = Right Hand Side
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. =B + &9 o /
N L 2 - S R el ... (A7)

{ - b .
withlsh détefmined, tgnei.ééh be'evaluatédiusing (A4)
and then using A2 the.éhear flow g can befevaluaﬁed.
Clearly the value of g has to be guessed /initially if

rj # 0. so as to solve eguation (A6). The final solution

is obtained iteratively.
\ B
A

' \
Case B: Hoop Steel in the Post Yield Range

For this case rewrite equation AS as

'
. klfctdri(ezh dh) - e
h = TR, - arg) 3 h

+ £

+ 2¢ (A8)

an’

Knowing that e 2> g, equation (AB) is solved iteratively

h = "hy
using the given stress strain relationship for hoop steel.
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. APPENDIX B , /

t 7

Evaluation of-Compatible Strains Given q

The equilibfium and compatibility équations

required for a solution are; L i

I. Equilibrium Equations

\ From Appendix A: qtang, = l.o...... ot (A2)

; 2

(1 - U 3

ya. - %(1 - 5 més = q/(flt singcoss) (8 > 0)...(a3)

ds

II. Compatability Requirement

€ + gy
\ tan®g, = AR “dh : (A4)
i €h * €4p !

There are thus 3 equations A2, A3 and A4 to solve

Eh.and”ed. It is assumed that values are

given for all the other Qariables.

Y

for three unknownsle,

B~1 Determination of Limits for Strains € apd €4

It is convenient to evaluateeh in terms of the

hoop yield ét:ain.ghy so that
= R Bl
€4 NEpy (B1)
If the hobp steel is in the elastic range then rewrite
equation (A2} as
e . . . -
nt, £, .- = qr - -
tang, = h hy . J for 0 < n < 1.0; and
i qr . ,
: t, £, o ’ .
define ¢ = 22 3¥ .. .. B T (B2)
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These limits shall be referred to as ¢

B-2

nc - r, /
Then tanei =_——-?-—l NP I T T P (B3)
i - . Ti
Substituting (B3) into' (A4), obtain
. c - r. Q.+ 0
tan?e; = (1 73)"  Tan * fan
' Ty n hy .dh
Where  fpn = egn/eor Py T e /e and f4n = €an’%,
. nc - r. 2 nc - r. 2
Thus %n = =D ey - 0,0/00 - (——37 ] (gg
- L - ¥ah I, hy 2h r; .
: \
For a practical solution th 2 0. This simple
requirement can be used to define limits for n for use in
an iteration scheme. For example for the case rj = 0
and r; =1 which is the case for the side faces of the
section in Pig. 3.1, equation (B4) becomes
- n3c2q - ¢ _ 2.2
th - [n hy th]/[l T] C ] ---------------- (BS)
Fdf‘equation (BS)”to give th >0
2 1/3 ‘ 2oh 1/3
2h - ~2h
g sncdoor P27 g
hy C hy C
~Thus forrh00p steel’ in the elastic range n must
- B Q
always lie between 1/C and th 11/3
T Uy 2

Cand g

1 5 respectively.

Determination of Compatible Strains for Hoop Steel in

Post Yield Range. C

If both ll and 22 are greaté: than 1.0 then it is

certa}n that Eh > Ehy'

In this case for a



139

biliﬁear Stress strain relationship for thevﬁoop.steel
a solution for_ndsfié obtained as follows:
Equation (Aé) gives tanei = {(C --;rj)/ri

and réwrite equation (A3) as

f

2
Qz - 3 - + 3 T el =0,
| ds 1 - u3 Qids 1 -4 fcgi51neicosei
\ .
| . tanei (c - r.)/ri
and leét z = sinei'cosei = = J 5

2
1 + tan 8, 1+ [(C - rj)/ri]
Equation (B7) can be written in the form
Q7.7 bR, + g =0 ;

For which the solution for st is obtained as

I 2

A

For minimum strain energy the corréct root is the smaller
1

of the two roots i.e.

1 T |
fgs = 7l = /b —agl el (B8)

and £ = £Q

dh ds€o— "

The value of hoop strain €, can now be evaluated
usihg equation (A4) :

2
1

.(B7)

_ B ..-,, 2 .
€y = [Eih + gdh_(l tgn Bi)]tan R (B9)
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i

/

B-3: Determination of Compatible strains foi Hoop Steel
" in Elastic Range ‘

If both zl‘and 22 are less than 1.0 then it

is certain that'eh < €hy" To solve for this case rewrite

equation (A3) as

2

_ Lo, 3,.,2 _
Hf(n) = (1l - JR452 - 31 - u )23,2 = a/(f] oty =0

 (for © >0) .......... (B10)

tanei (nc - r, )/r
where z = sinei cos8, = =

1+tanZE:_L 1+ [(nc - rj)/ri]z

-

st = th/f and th.is given by equation (B4)

The problem here is to find n to satisfy equatlons {B4)

_and (B10) . - The solution is to be sought using an iterative
procedure. . ' , -
: an oL
, - {1 _ .2 ds v dz
Now £f'(n} = (1 “-’{‘Eﬁ“z + Qden]
, .dn
1 ds 2 dz
- 'j(l - U )[ZQdS an zZ + st aﬁ] .......... (B11)
C 2 C
2N== nQ + N°Q 2N= @
des _ l“dgds’;A' r, hy hy . r; ds
dn £ dn £(1 - N%) (1 - N2
nc - r.
where N = ——— ]
r.
: i
dz _ ¢ 2, a2
an = —(1 - N®)/(1 + N™)
n r, ,

The . 1teratlon process to solve equation (B10)

can be lnltlated by assum1ngr1 %(El + £,5) for i = 1.

o, B cympn o pavm o



141

A\

. . j'
For subsequent iteration steps, -use  -the recursion formula-:

H -
]

”i+1_= ny -‘f(ni)/f'(ni)..;....i .............. . (B12}

This gives quadraticcqnvergence close to the root.

B~4 Limitation on td Value

\ ,
\ Equations (B7) and (B10) are identical if
sineicosei is replaced by z so that:

2

2 3(1 - u®)
ds 3

3 q _ _
Q st + T = 0.
l - l -y cd

This equation is solved directly to give

. -2 3
3,1 -~ ¢ 4 qg . 1 -y
Q = s(—=)[1 - v 1 - = 4 }..(B13)
2
ds 2 % _ u; _ 3 £lt42 (1 - u2) ,
For a real sqlutioh ,
N - . 2 2 .
: (I - u?) .
=i — < 0.75z B e S A (B14)
£'t ) 3 :
cd -1 - M .

Taking.u = 0 and recognizing'that the .maximum possible value

of z is 0.5, obtain the limitation.fortd for a given g as

\

B-3 Limitation on the Value of st

Rewrite equation (B10) as

£(n) = £5(ad) - k

R

e .

LT L At s R e eermta

.
i
ALY, ek _
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. /
‘ . * - _ .2 1 o3y 82
where. - f (Qd) = (1 u )stz 3(lr u )stz

and ko= q/fétd . ;

. ' ' x
For a given k, f(n) will be a maximum when f (Qd) is

*
maximum. Now for a maximum value for f*(Qd), 3%“f (Qd)
: . d

will be zero. Now
\ | |
."\\ a * _ - 2 - _2_ - 3
\ gﬁg(f (d)) = (1 HT) 2z 3(l TR g2

dz 2 1 2. .2
+ aﬁg[(l - u )st - 5(1 - u )st] =0

31 -u% 4 L2

- ) . Sl 20 200 3
fas T3 T3 7 gaalt - udeg - 301 “)stlz'(_l_f“u‘a)',_

When close to the maximum of . f(n) it is found that dz/aﬂd is
. o !
very small and hence can be neglected. In fact in the limit

’

when n = 21, dz/an = 0 and ei =-45°. 'Thus.for 4 maximum

value of f(Q)} the valueofﬂds is given by

. 2 - ‘ '
_ 31 -y . . )
st Sl B RERER R I I P {(Bl6)
l - n

Figure B~1l shows the. possible cases for which a

pus

solution is to be sbﬁéht for equation (B10). It is indicated
that there are two solutions of st for each case. The
smﬁiler solution value is chosen. The other solution value

is génerallfJfound to be guite .large often giving ¢ values

ds
in excess of 230. Such lérge strain values will only occur
after a failure mechanism Eas developed. By limiting the

value of lqs 25 given by equation Bl6, the search for a solution
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;
is restricted +to be for'compression'stra#ﬁ up to capacity
loading} It should however be noted that fér some reinforced
concrete sections it is possible at capacity loading to have
st Galﬁés-ig‘éxcess'of the value given éy equation (Bl6)
for the highly compressed zone, However the rest of the sec-
tion Qill have st values less than those given by (Blé).
-U;iﬁ% the .limitation on st;as given by‘BIG is convenient

for the iteration scheme used and the capacity loading is

always practically predicted with this limitation.
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CASE B8:1,>1,200

FIG. B.1

- _SQds } :
2205 \Y_ ! z
i
120375 /; |
/PN
/ +
/{'é‘ |
i
L, 0 ;1,
4

CASE C: 1,00,

2,0 /(1-n%c?) , « = a/flt,

tanei/(1+tan28i); tan6i= (ne - ri)/r.; maximum value of

z is 0.5

(1 - “2) Q. z - l(l - p3) Q2. 2; maximum value of f* with
ds 3 ds”’ -
z = 0.5 is 0.375 - '

The circles show the two possible solutions for each case. The

solution giving the smaller value of is chosen.

7eT
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APPENDIX C - -

;

EXAMPLE: Combined Flexure, Torsion and Axial Load

* Given ' : Steel - (a) Longitudinal
| j 1
) : 3
. £ E *]
Iﬁxl—- . J Lt R 1Y,y o sy fay
' — AsS ~ mm mm~  N/mm® N/mm *10-3
I 4 As4g y‘5 _....._....__-...... e e e =L e ' -
38| : As3 ),3“4 S5 387 354.0 393 201.9 1.95 |
: ' As?2 i ' - :
v Asuh ‘ 4 142 270.5 552 205.1 2.69
B - 5 . H
s 1y 3, 142 190.5 552 . 205.1 2.69
13 r L_ Y ; :
“:ﬂ“—h—483~——ﬁT 2! 142 110.5 552 205.1 2.69%
I . : :
3 13 113570 2.30| 436 194.2  2.25
Concrete (b) Hoop Steel
£' % 34.8 N/mm® ‘ A = 129 mm?
C h —
€ = 3.1 * 10 S, = 76,2 mm
o) h - ,
| ” £, = 379 N/mm® E_ = 198,5%10°
i hy S 2
-3 N/mm
€. . = 1.91*10
N hy
\ ‘ ' ' Assume.all steel has a bilinear
. : | ’ .

‘stress-strain relationship.

Problem

Assuming spalled section dimensions effective,
evaluate the moment and-axial load acting together with a

torque T = 200 kN-m so as to induce the following longitudinal

6

strain profile with a curvature of 5.94*10" rad/mm
\ .
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. . /‘ g
XW“ ) tth 0.0 = longitudinal strain at level of

ﬁ
H]

hoop steel centreline in top face

. 657%107°>

1.129*%10°°
3

i

1.609*10°

= Ezy(l) = longitudinal strain at level

of centreline of longitudinal

steel in bottom face

Solution

To illustrate how the theory presented is
used in the.SQlution of this problqm the procedure outlined
in section 5.3.3 shall be used. To‘simplify the proﬁlem
we shall take three ébints on the side faces-fof the evaiua-
ﬁion of.concrete forces and ;trains. Two“éf thesé‘points
have the same longitudinél stréins as the centrelines of hoop
steel at the top and bottom faceé fespectively;' The third

point is taken at the midheight of the hoop steel.

Using spalled section dimensions équations (3.7}

"and (3.8):
thfhb = qtanebrbb + qrbt .................... {3.7)
.thfht = qtanetrtt + qrtb .................... {3.8)
are used in the first iteration q;;h,rbb = r,, = 1.0 and
pe = Tep = 0.0, This is a good approximation slnce.hl is
alwayslvery much larger than either ab:or a,- For subsequent

iterations the values of Tpp ! Tyt rtt' and rtb are evaluated
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using the appropriate values from the previ&us'iterétion.
i - . :

Initial Values

i
With the given strain profile,. evaluate the

strains at the various points selected '

Top I3 R{ﬁth=sf3=0'0 (at level of top face hoop steel centreline)
. | N
‘\. : \‘\\
: ! i . -.‘\. -3
Side P2 -ewmde  =1,129%10
i ! ‘\ £2
N
: | \
Bottom ‘ 1 LEMM“_“.\ £ =c =2.259x10_2(at level of bottom face hoop
—— e} - Ibh ) Il 4
steel centreline)
To start off the iteration process, assume the effective

.depths_of the concrete compression diagonals to be:

m
! : .375b h
. fab T fat T a1 7 fa2 T fa3 T THvR; <

79.84 mm

To evaluate the shear flow due to the torque of 200 kN-m,

thé érea enclosed by the path of shear flow is re@uired.

Assume .

A =bh_

o o0 .
where b: = 9. and h = .9h

o) 1 o 1
therefore o = .8lb_h. = 148935 mm2
. o 11

and g = T/2Ao = 671.433 N/mm
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/ *

Step’1 Evaluation of Resultant Tension Forcé in Steel in
' Long Direction (Fsz) and its Point of Action

Ag Yg e fs Ts=§§Ts Tsys .
. mm* mm | mm/mm | N/mm? N N -mm
| 3570 2.30| 2.245 | 436.00 | 1556520 | 35799961
E :
| 142| 110.5 |1.604 [328.91| 46705 5160901LF51=lr657r703 .
\ | 142) 190.5 | 1.129 | 231.63' 32892 | 6265936 °%
v} 142 270.5 | .655 | 134.36! 19079 | 5160901 Yg~14-748 mm
| L 387| 354.0 | .160 | 32.39| 12507 | 4427477

1667703 |24595210|

Step 2 Evaluation of Compatible Strains at a Point in a
Plane Given g and €y Using Appendix B.

(i) Determine Limits £. and 2,

1
c - Snfhy _ 1.693%379 _ ..o
g 671.433 ~ 0-936

_ 1 _.
L, = ol —:1.046

1 "
_ g 1 1/3
by = g =
hy C°
Point E . Comments
2_3_7-22
*10
Bottom| 2.259 4§ 1.090 }As both Rl and 22 > 1.0,
. 1 2.25911.090 €hb > Ehy
i 2 1.129 | 0.865
3 0.0{ 0.0 . i{tHoop Steel « Ehy

Top 0.0 0.0




(1i) Bottom Face (Use equation in Appendix B-2)

=C =20
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.956

tanBb
Hence oy = 43T
and Z = sinfcos® = 0,499
"N B k= g/flt, = 2071.433 .,
ow 5 = Yty < 3qEx79.84 - O
2 - * -—
Qg = g + 3%.242/.499 = 0
.Solving,ocbtain st = 0.606 = th
. =0.c =1.88%10"
-®dhb T Ygnfo = 1+ |
epp = (2259 + 1.88(1 - .9562)1*10 3/0.9562 =
Yy = 2/1207259 ¥ 1.887(2.652 ¥ 1. 8a7+%10"° =
(iii) Top Face - Hoop Steel in Eiastic Range

Use iteration procedure outlined in Appendix B to

Obtaln—edst and €ht with the following equation

N

]

{2NC(thy + st) + N th]/(l - N

2

2

2.652*%10°

B.662*10"

3

3
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, f,.f(q) =Q. 2z - 30342 ~a/ELt

; ds
o ao., dn :
) _ ds dz _ ds 2 dz
Frin) =z =+ Qa5 - Fl20,.2 * 4s Tn!
‘Iterate with
- - : 1
N+l n; f(ni)/f (ﬁi)
h 1.909
where Q = : = .616
\ [ A €4 3.1
y £
2, ==*=0.0
€:O
C =0.956
Iter. n ‘ st £(n)
1 |.523 | 0.107 | -0.20 . €., = ne.. = 0.789%1.909*%10 3
. . ht hy 23
2 |.829 | 0.863 | 0.058 | = 1.506*10
31.790 | 0.644 0.001 By age = fggty = 0.63943.1%1073
. & . -
41789 | 0.639 | 2.77 10_10 0 1. 980%10-3
5| .789 | 0.639, | -2.0%10"10} :
2, _ 0 + 1,980 _ ) ' . 0
tan“e, = ;5 ioogs = 0.568; hence 9, = 37.005°
Yo = 2/T(0 + I.98) (12506 + T-9807T *10™3 = 5.255%10~4

e

(iv) Side Face

a) Level 1 - same as for Bottom Face

b):Level 3 -~ same as for Top Face

c) Level 2 ”

Hoop steel will be in elastic range and start

iteration with n= 2(.865 + 1.046) i.e. n = 0.955.
3
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* td values to be used in the next iteration

r’ ' q‘
Convergence in n is obtained in two iFératioPé with.the ’
following results. a : J{
=3 -3 =3 -3
x * . ¥*
SN | %10 €49 10 €42710 Y,*10 6,
.946 1.806 1.129 1.890 6.681 |42.11°
. Step 3 - Evaluate Twist
z _ 1 ,
wx = 7KI [bl(‘fb + Yt) + 3 (Yl + 4Y2 + Y3)]
- 1 [482.6(B.662 + 5.255)
3%x381%482.6 . y :
G 38115 662 + 4%6 \' x1073
+ =3=(8. + .6B1l.+ 5.255}] *10
= 0.0323*10"° rad/mm
i
Step 4 Evaluation of Diagonal Curvatures and New tyq Values
b, = ¢ sinze + ¢ c0528 + wlsin28
d t g X
ta = €as’%a
(t.) = Lt +tty) L)
d’ new 2.-d- " *°d'old
o -3 -3 -3 -3 *
e * G » * $ * :
POSLtloA ;] ¢t 10 g *10 ¥, *10 4*10 t tdold_ dnew
Bottom |43.7 | -.00301 | -.00594 | .0323 .0277 67.8L1 79.84| 73.82.
Top [37.0 .00301 | .00594 " -"- 10359 [55.11| =~"- | §7.48:
43.7 "o 0 -"— |,03227 [58.26 | -"- 69.05;
42.11 0 0 -v- 103214 |58.82 | =-"- 69.33i
3 [37.0 0 0 -"- 1.03105 60.55 | -"- 70.19§
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e
' P e ‘ AN S .
StepfS Evaluation of Area AO Enclosed by Path of Shear Flow

and Re-evaluation of g

- -- - _p _lla +a,) = 324.29py
Position st B EQ, a—Btd ho—hl 7 b "t
Bottom |.606| .709 | 79.84 | 56.60 | Po1=Py 72 = 426.00mm
Top .639 .712 =" 56.83 b02=bl—a2 = 425,98 mm
1 .606 | .709 | -"- | 56.60 byy=by-ay = 425.77 mm
2 .610 | ,709 =" 56.62 e 5
] 639 | 712 | ="~ | 56.83 | Bo™ T [Pg1¥2Pgp*tbg3) = 138126 mm
rbb=.926, rbt=.075, rtt='925'
™ 074
For evaluation of q take A, = %(138126 + 148935) = 143531 mm?
For next iteration g = T/2A0 = 696.716 N/mm :
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Step 6 Iterations with Steps l-5 to get Convergence jn kg Valnes

Iteration L 2 o3 / 4 5
q N/mm T 671.433 | 696.433 [ 699.330 |'697.821 [696.370°"
£y T 79.84 71.82 | .70.18, | 69.53 6§9.37
8, deg 43.70 | 43.19 | 43.09 | 43.08
Ky 242 | 0.271 .286 .2884]  .2884
era=3 .
g€, "0 1.880 2.208 2,394 2.425
gl '
-3 : -
3 € p*L0 2.652 2.893 2.966 | “2.972
Y107 | s.662 | 9.547| 9.988 | 10.055
£ 4y MM 79.84 §9.05 §6.90 66.28 66.17
Sldeq 43.70 42.64 42.54 | 42.80
-
NEN 0.242 | '0.290 .300 . 3025 .3024
] 4] 3
& | tqp"Lo 1.880 2,448 2,386 2.621
i ,
0 e 107 | 2052 | 3.102] 3700 | 3131
71*10'3 8.662 | 10.223} 10.562 | 10.614
<
- £ 4 mm 79.84 69.33 66.92 66,36 66.22
[+ 5 - .
%, deg 42.11 42.26 42.32 | 42.38
~
A 0.242 0.289 L3007 . 3022 .3023
B 5] - . -
2 c,t107 | Lsso | 2.437] 2.589 | 2.620
@,
A £,%107 | 1.s0s| 1.884| 1.895| 1.893
- ¥,02070 | 6.681 | 7.851| "8il66 |  8.225
- ) —
£ g mm 79.84 70.19. | 68.95 | 67.94 67.90
in ™ ¥
o | Jdes 37.00 37.92 38.04 |.38.14
a ' ’
AR 0.242 |- o.235 .291 .2952 .2947
= g o
2491077 | 1380 | 2.491 | 2.368 | 2.525
sh3-10'3 1.306 | 1.615 1.628 1.531
1501077 | s.255 | 6.397 | 6.565 | 5.6a4
t,, ™™ 79.84 67.48 §5.45 64.97 64.77
. |3.deg 37.00 38,12 38,35 38.40
e - -
= Ky " 0.242 0.297 307 .Joss .3091
3 -~
€qs"10° 1.980 -| -27647 2.798 2.321
€ 1077 ] 1,506 1.652 | 1.573 | L.g71
vt*10'3 3.253 5.748 | 7.073 7.11%
atvlo'J rad/mm .00301f  .00326 00339 .00242
b #1107 rad/mn 032300 03797} .03953| .03987
2 : ‘
A mm 143935 | 143531 [ 142994 [143303 |L43602
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It is seen. that by the end Pfx4 iﬁeéations an accura-
cy Better than .5% in t4 values have been aéhieved._ With good.
initial guesses of the td values for-the Yarious points in
‘the section selected an accuracy of .1% is achieved in 3 to 4
iterations. This will be realized, for éxamplé, if a new longi-
tudinél strain profile is taken which only differs.slightly
\froﬁ\the strain profile for which an iteration process has
beenxbarried_out and convergence obtained for the £d values
which are then used as initial values forrthe~neﬁ strain
-profile.

-’

Steps 7 and. 8 Evaluation of Resultant Compression Force
: and its Point of Action

Use q = 696.37 N/mm

. .POS{fi?nl_ _ei yci Api wi=qcoteiApi Wi¥eai
Bottom 43.08 | 25" | 434 323200 8080000
1 42.60| 25 ' )
2 42.35 | 190.5 |rp =332/ £"=520130  |1""=101556000
3 38.14 |. 357
Top 38.40 | 3572 433 | 380400 135815000
P 1223800 | 245450000
l = a =
Yeb b/2 =~ Yel
2 = h, - a | =
. Yot 1 t/2 = Ye3
* Ps - . '
) = TT(qCOtel +.4qcot82 + qc9t83) -
* * Ps ‘ :
z = TT(qCOtetycl + 4qcot82yc2 + qcoﬁ83yc3)
= 2
F 1223800 N

Y, = 245450000/1223800 = 200.57 mm
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Step ¢ Evalpation of Applied Actiong f
y J[ . '
-ty — F
| : . yc 1 cs /
~— w — Y - v e X
0.5h, | .
: E_L ——— ___ij__ o F;sR
N ='F - F = 1667700 - 1223800 N = 443.9 KN

X sk ck
N;\is assumed to act as the section centroid

My = F_, (y -_ys) + Nx(0.5h1~ yc)

C

1667.70 (200.57 - 14.75) + 443.9 (381/2 - 200.57) KN - mm
305.42 kN -m

.040 rad/m, 4, = .006 rad/m ¢, = .003 rad/m

-E. -
"

Thus for the given strain profile and for\thé sec-
tion, internal resisting actions havé been evalﬁated. If a
s;;ain profile, which Qill result in Nx = 0 .for Coep = 0.0,
tbp S varied until this is achieved.
Furthermore if the strains for a given T/M ratio with T = 200

is required then e

kN - m and N, =0 are required, then with the gi&en moment the
top longitudinal strain is Qéried to get the desired internal
moment and the bottom _longitudinal strain is varied ‘to ensure
Nx = 0 for any chosen top face longitudinal strain. This pro-

cedure is used in the computer program given in Appendix D to

analyze the test specimens.
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APPENDIX D -
| s /
/ -

fComputer program for analysis of‘beams,hnder combined

flexure and torsion by.the diagonal compression field theory.

D.1 Program Documentation

Program Name: Diagonal Compression Field Analysis

Language: Fortran IV

\l
v

Pufpoée and Limitations

To analyse the complete response of a rectangular struc-
tural concrete beam under combined flexure and torsion. The
theory is applicable only to St. Venant torsion loading and the

program is specifically for a section with one axis of symmetry.

Program Capabilities.
(1) For a given fléxural momént and torque and fof given sec-
| +tion dimensions (spalled or unspalled) the program pre-
diéts the twist, the longitudihal and transverse strain
profiles in the section, the concrete principal.compress—
ion strains at chosen pointé; the angles of the principal
compression sfrains, the ;hicknesses of the concrete com-
pression diagonalg'ifﬁthe chosen points, the shear flow

and the area enclosed by the shear flow.

(2) ° The effective thicknesses of the concrete compression diag-
'onals,qd, can be g;éater-than-thét provided by the section

wall thickness.

(3) Thé reinforcing steel in the section analysed can be ini-

tially unstressed or prestressed or a combination of both.



! 157

(4} The stress-strain relationship5:forﬁthe/concrete (parabolici

-
-

relationshiplassumed) and -the steel (optlon of blllnear or

trilinear or continuous stress straln curves for steel) are

accounted for.

(5) The response of under-reinforced, partially over-rein-

forced and over-reinforced beams can be predicted.

Solution Technique

1
Al

‘The solution technique is outlined in section 3.3.3. The

. sequence of operations in the program are as follows

(1)

(2)

(3)

(4)

(5)

Input beam data

Print input data

Input the analysis control parameters which 1ncludes
the flexural moment and torque for analy51s and the
initial guess of the longltudlnal strain profile
Also, initialize analyeis dimensione.

Calculate the resultant‘tension force in the rein-
forcing steel ‘

Evaluate the shear flow and hence obtaln the compa-

f.

' tlble strains at chosen points

Evaluate the twist and the diagonal curvatures at
chosen points

Evaluate tg - values

Determine path of shear flow and evaluate the area
Ay

Evaluate the resultant compreéssion force in the long-

itudinal direction in concrete
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{10) Evaluate strain in reinforcing.stegl in bottom face

i

-~ {11}, Evaluate the internal flexural moment and the'torque

(12) . Evaluate strain in top face surface

(13) oOutput results. A summarized output of results or

a detailed output can be specified.

Commentary is given in the appropriate sections of the

program giving in greater details the operations in the program.

\\

3
VoL

D.2 NOTATION USED TO INPUT DATA

D.2.1 Section Geometry

B,H -

Bl,Hl

CHB, CHS, CHT

CLB

TB, TS, TT

TGH

Outside section dimensions

Dimensions ofAhoop centrelines

Cover to hoop steel centreliﬁes in bottom, side
and top féces respectively

Cover to'centroid-gf lonéitudinal steel in bottom
face B

Wall thicknésskin section for:bottdm, side aﬁd
top faces respéctively

Level at which.test strains are measured with re-

spect‘to hoop centrelines.

Properties

D.2.2 Material
Concrete
FC

EPSO

/-
[

Concrete cylinder compression strength (f£c)

Strain, €qr corresponding to the peak stress,

fé, in a standard cylinder compression test.
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Reinforcing Steel’ ;?' o
‘(a) Longitudinal ‘Steel
AS(I), ¥YS(I) Area of steel bar(s) positioned at distance

AT

YS(I) with respect to the bars in the bot-

tom face
ﬁPLY(If, EPSH(I) JYield straiﬂ and strain at onset of strain
E\_ '\ _ hardening, respectively
ES(I), ESH(I) Moduli of elasticity before yield and after

onset of strain hardening,respectively

FLY({(I), FU(I) :Yield and ultimate stresses)respectively

(b) Prestreséing Steel

AP(I), YP(I) : -Area of tendon(s) positicned at distance
YP(I) with respect to the reinforcing

steel. bars in bottOm"facg

EP : Modulus of elasticity ’
EPPO, EPPY ' Prestrdin and strain at .2% proof stress
FPI, FPY, FPU Prestress, .2% proof stress aﬁd'ultimate

stress respectively for the tendons.

- e
(c) Hoop Steel
AH | ' Cross section area of one hoop leg
SH' Spacing of hoop steel
EPHY, EPSHH-. Yield strain .and strain at onset of strain
ﬁardéning respectively
ESS, ESHH Moduli of elasticity before yield and after

onset of the strain hardening respectively

FHY, FUH Yield and.ultimate stresses respectively
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D.2.3 . Contreol ?#rameters * ‘ - ' //

BMNO Beam .I_\iumber._' | - |

DEADMO Initial‘moment acting due to;aeéd weighfs
DEADTO- Initial forque acting due td!dead weights
DMO Amount by which the flexural moment is to be

increased in the analysis

.EPCCB, EPCCT Longitudinal straing in bottom and top face
\ E | defining the longitudinal strain profile

I0UT Parameter controlling printout

If IOUT = 0 complete printout of the strains,
angles, tj-valﬁes and curvatures for all the
points for each load\increment as well as a
table at the end summarizing the analysis re-
sult% for mid-points of each'éide‘at the level

of strain measurements in a test. If IOUT > 0
only the £inal summary of“fesuits is given

INTV Number of load increﬁehts requifed. If the

| loading is incréasgd beyondthe Eap;dity of the

section the énalysis is terminated when the
maximum_PEincipal compression strain is * l.Se0

IPRE Indicator for the presence of érestressed steel.
If there is no preétressed steel IPRE is set to
Zero

LSIMP Number of points on-the side face at whicp eval;
uations of‘straihs, td-yalues and angles are

" done. LSIMP takes the values 2n+l (n=1,2,3...).



SOURCE

TAGMO

TMRO

TTMM

lel

. P’ - /
Indicator of uniformityféf the. . reinforcing steel
7

properties in the section. If all longitudinal

steel'bars'have the same stgéss—strain character-
istics then set MES=0 otherwise set MES=l

Number of layers of reinfofcing Bars along the
side faces

Number of layers of préstresSed steel along the
side faces

Identification of origin of beam BMﬁO being an-

alysed

~Specified initial target moment for anal-

. ysis

Fixed ratio at which the tofque and flexural

.moment applied to the beam -are . increased

Value of moment abode'which further increments
in moments are reduced to DMO/@'in an’ attempt -

to approach the‘féilure loads more closely

“
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D.3 DATA INPUT - o/
’ / i
DATA INPUT 'PARAMETERS
GROUP | FORMAT o
1 (I3,212,1I3,1X,16A4) N,MES,IPRE;NPRE;ﬁMNO,SOURCE
2 ((8F10.0)) B, H, TB, TS, TT, Bl, H1, CLB|
\ ' CHS, CHT, TGH
3 {{8F10.0)) (AS(I),I=1,N}), (¥S(I),I=1,N)
dx% ((8F10.0)) (AP(I),I=1,NPRE), (YP(I),I=1,
NPRE), FPY, FPI, EP, FPU
. 5% . {(8F10.0)) (FLY(I),I=1,N), (FU(I),I=1,N),
! ‘ (ES(1),I=1,N), (ESH(I),I=1
N), (EPSH(I),I=1,N)
6 ((8F10.0)) AH, SH FHY, FUH ESS, ESHH,
EPSHH
7 ((8F10.0)) FC,EPSO, DEADMO, DEADTO
8 . 15, 6Fl0.0, 215 INTV, TMRO, TAGMO, DMO, EPCCT,
' EPCCB, TTMM, IOUT, LSIMP
* If MES = 0 for group 5 we read FY FULTM, EMOD, EMODH,
EPSSH where these variables denote the commen values
of the parameters in group 5lfor any'Il' value.
**If IPRE =

0 group 4 cards are omitted.
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D.4 NOTATION USED ‘IN PRINTING RESULTS .- /

+ !

/ /

The notation used in the inpﬁt of data is also used in the

printout of the input data. Besides, the following further sym-

mbols are used in the printout of analysis .results. Note that

the values of the indices IJK, IIM, ITR and KK which are prin-

ted in the detailed printout of results refer to the value at

ithe ehd of the last iteration step.

5 Y
) 1

AO

CN
EPLB,EPLT
FCC

FSS

HO

111

IJK

IIM
ITR

KK

Area enclosed by path of shear flow

Depth from top face to plane with zerc longitudinal

‘strains

Strains in the longitudin&l steel bars in the bottom
faée gnd the top facé respectively

Resultant compression force in conéféte‘in the di-
rection o% the beam's longitudinal axis
ResultantEtensibn force-in the‘feinforcing steel in
the directian of the beam‘é\longitudinal axis
Height of ﬁhe path of shear flow :

General counter index

Counter of numge;,of-load increments

Counter of Aﬁmber of iterations done on EPCCT to
get the internal flexural moment to comnverge to the
applied moment (maximum value is 7)

Counter of number of -iterations done on EPCCB for

a fixed EPCCT t§ get equilibrium of forces in the
longitudinal axié direction thaximumrvalue is 8)

Counter of number of iterations to obtain convergence

in ty-values for a fixed longitudinal strain profile
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(maximum allowed is 7)

s/

M ;' Evaluated internal flexural ﬁoment,ébout the geometric
centroid of the section
PHIX Curvature due to variation in longitudinal strains from

top face to bottom face (rad/unit length)
PHIZ ‘ Curvature due to variation of hoop strains from top

face to bottom face (rad/unit length)

kPSIx \ Twist (rad/unit length)

Q | Shear flow-

T Evaluated internal torgue
TAGMOM Given applied moment

" TAGT®Q Given applied torque \
TDMIN Minimum t,-value for the given shear flow according
to the theoretical model

YC Defines the position at which FCC acts with respect

h to the rebars in the bottom face ° !
YSB Defines the position at which FSS acts with respect

to the longitudinal steel bars in the bottom face

The indices indicated in the printout of the detailed out-

put of results are as follows

0 for hoop steel strain eg_ < ¢

INDEX HOOP
hy

=1 for hoop steel strain

"

< £

hy
= 2 for hoop steel strain in strain hardening

e

range.

indicates normal convergence on principal dia-

]
o

INDEX CONC
gonal st;ain, fas
# 0 indicates problem in convergence on principal

diagonal strain, 2ds - o



D=5 CONVERGENCElACCURACY‘

In the program an iterative procéd
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e
/

e

/

]
Pl

/ .
ures are used to obtain
' I

convergence of td-values, at various points in the section, the
> . e

shear flow g, the resultant axial force whiéh is required to be

zero for torsion and flexure loading and cénvergence of the

applied ‘internal actions to the corresponding external ones.

are met

(a)

(b)

()

For td—values:

top face and bottom face - error

side faces at selected points

For éhear flow

Axial force‘(Fss-F

‘Flectural moment

ccC

)

v
\

error

| A

error

| A

error i

| A

max imum

The iteration process is terminated when the following criteria

.13
2%
13
.2% for IIM < 1
.3% for ITR > 5

number of itera-

tions is ITR=8§

error i

<

max imum

.2%
8% for IIM > 5

number of itera-

tions is IIM=7
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PROGRAM LISTING
C
C PROGHAM AMNALYSES RECT. R.C. SECTION IN TORSIqﬂ AND BEND ING
[ E
REAL AS{10}).¥S(10).ES(L0}4FLY(1Q).FU(10),.00(10)
REAL AP(10Y YP(LIO).EPP{1O0}EPPN(10),FPII0}.DED(10).FPX{10])
REAL TO{10).TOS{10},AB{10).FS{L1O) . .FSXEIQ).ESH({(LO}
REAL THETA{10),ATYH{(L10},0MDS{10).,GAR({10Y,PLELO)
REAL EPSH({10).EPLY(10}.EPLS(10).EPLLLLIO).EPM(L10)
REAL EPOS{10}.APHIO(10},S0URCE(IS).ECT(10).DEHNIM(10)
REAL SSTU10).EPCHILQ), FOIFF{10}, D, wvil0)
OIMENSION INDEX{10),.1C(10)
AREAL TOQIS0 I HMOMLIBO) - |
REAL TEPLIQO}1.SEPLUI90),8EPLIYC).TEPH(90),.5EPHI9Q}.BEPHI(30), ’
*TEPDL90),SEPD(Q0}.BEPO{90) +TPHID(90),SPHIDI{90) .8PHID(90),
*TTHETA{90 ) STHETA{Y0) ,BTHETA(SC) PSIXBI(90)PHIXB(90),PHIZB(R0),
#TGAMA(S0) SGAMAIDO ) ,BGAMA{S90) .XAR(20)
COMMON IBLDCKI/FC.EPSO.TH.ESS.ESHH"FHY.FUH.EPSHH
C
c .
c
C SECT ION GEUOMETRY
¢ P
€ N=N0. OF LAYEAS DF REBMARS ON SIDE FACE
C MES=INDICATOR FOR SAME STEEL PROPERTIES FOR ALL LAYERS OF REBARS
C IF ALL LONG. REBARS HAVE SAME S5TRESS5- STRAIH CHARACTERISTICS THEN
C SET HMES=0 OTHERWISE SET MES=1
C IPRE=INDICATOR FOR PRESENCE OF PRESTRESSED STEEL
C IF NO PRESTRESSING SET IPRE=0
C !F THERE 15 PRESTRESSED 3TEEL SET 1PRE=)
C NPRE=ND. OF LAYERS OF PRESTRESSED STEEL
C IT IS ASSUMED THAT PROPERTIES OF ALL PRESTRESSED STEEL ARE SAME
€ CHB.CHSCHT aCOVER TO HOUP CENTRE=LINES [N BOTTOM, SIDES AND TNP FACES
C CLB=COVER TQO CENTRE=L [NE OF BOTTOM REBAAS
C FOR SPALLED CASE CHA.CHT.CHS ARE ALL ZERQ
C TGH=TARGET REIGHT FROM HOQP CENTREL [NE
[«
1002 (SPALL=0

antnnn

HDonnn

Aanon

[alal

[alalalalal

1000 READIS5.%000 )N .MES, [PRE,NPRE.BMND s SOURCE

IFINLJEOQ.O0IGO TO 999
1 READ{S,5100}0.,HaTBTS.TT 81 4Ht +CLACHRCHS . CHT , TGH

[FIB.EQ.0.0} GO TO 999
IF{1SPALL.NE.O) GO TO 1007

MATEHIAL PROPERTIES

AMOUNT AND LDCATION OF STEEL IN SECTION

POSITION OF STEEL IS TAKEN w.R.T. BOTTOM=CDORMER LONG.

4
t

FPY=0.2%XPROOF STRESS

FPUs W TIMATE STEENGTH OF TENDON -

FPIL =PRESTRESS

EFPDSPRESTRATIH
FPPVAFPY}EP

REBARS

AEAD(S,5100} {AS
IF{ IPRE.EQ.O)IGD
REAQ(S, 8100} (AR

I o01m8 oMY o {YSI{LhyIal \N)
Ta 2
1).1

=1y NPREY(YP{ 1Y, 1=1,NPRE).FPY.FPIL,EP,FPU

2 IF(MES.E0.0)
READ{ 5,51 00)
+.MNPLEPSHIT}
G0 TO &
3 READI{S5.5100)FY,FULTHM,.EMOD,EMODHEP55H
L) READ!S.S!OO) AH.SH.FHT.FUH.ESS.ESHH.EPSHH

N .
Pl ot o N LFULTI ) alal WM {ESTLY D=1 s LESACLY I
)

G
t
. s

(o3 g o]
FLY(
1=,

DEADMOI[NITIAL MOMENT ACTING DUE TO DEAC WEIGHT
DEADTO=INITIAL TOROUE ACTING DUE TO DEAD wEIGHT

READ(S.5100) FC,EFSO,DEADMO.DEADTO
DO A& K=l N . . 4
[F{HMES .,EQ,1)GO TO S
FLY(K]=FY .
FU(X}cFULTH
ES{K) =EMDD
ESH{K)=EMOOH
ERPSHIKI=EPSSH
g EPLY{KISFLY{K}I/ES (K}
& IF{FU{K).EQ.FLY (K JlEPSﬂ(Ki—EPLY(Kl‘lO-
EPHY=FHYFESS
IF{EPSHH.CQ.Q.) EPSHH=10 . SEPHY
TH3AH/SH- ~
AL =H1®HL
HL®YS(N}
Dan =CLB
yGnO.5¢H -CLB
1IF{IPRE.EQ.01GO TO 9
DlN=G =2,9075
HIN=H=-TT-TRH
AC38 sH -~BINsHIN
EC=2.+«FC/EPSO
ASTOT=0.0
APTOT=0.0
ALES=0.0
DO 7 K=1,N .
ALES=ALES+ASIK)®ES(K} =~
7 ASTOT=aASTOT¢ASIK) - :
00 8, K=l ,NFRE
a8 APTOT=ARPTAT rAP{K)
AC=AC-APTOT-ASTOT
EPPN=FP[#{] ./EP+APTOT/{ ALES+ACHEL )}
9 TIN=Q.3I7S5*B4AH/{B¢H]

1oo7

FACTOR FOR COMVERTING OEGHEES TO RADIANS
DEGHEE=45 ,0/ATANI1 .0}
AgS=ATANILLO0)

PRINT [NPUT DATA
WRITE(S5.5000) .
WRITE(6,6050)8MN]; SOURCE
wRITE(S.6100)
WRITE{4+S130 )80, T, TT,T5,81 41 ,CLB,D,TIN
wRITE(&,5510)
wWRITE(S,6110)



COS I

QocoCoaco

s e .
Ly Y Y - F-T=1-E
MBI~ O QI N>

SQoLSo &oco
————

(=3

<o
- i bt

<
Lt L P P 0 T R T R 12 B3 13 o o e
—OLEINIUA LN ~OO DN

——— e e -
b bpELrp L
NP R e~ D O~

&

hoaLn
=

167

00 10 K=1.N s - s
10 WRITEB(S . SItO0IK(ASIKI W YSIKY.FLY{K) sFU{K},ES{X)ESHIK),EPLY{K) ,EP5SH{
) '
' IF{ TPRE.EQ.01GD TO 13
WRITE(S.56115) :
00 12 K=l NPRE o /
12 WRITE(S51t01K, AP(KI-VP(K!aFFY.FPU.FPI.EF.EPPY.EPPO
13 wRITE(6,6120) ’
HR!TE(6-51lSlAHnSH.FHY.FUH.E55-E5HH.EPSHH.EPHY-CHT-CHﬂoCHS
wRITE{8,5125)
WRITE{4,85116)FC.EPSO,DEADMO.DEADTO
WRITE{&,4490)
KK =0
I0HO=0
13 I11=0,
ISKIP=0
c
C INPUT ASSUMHED LONG. STRAIN PROF(LE
C TAGMO=INITIAL SPECIFIED MOMENT VALUE FOR ANALYSIS
Cc TMRO=SPECIFIED T/M RATIO FOOR ANALYSIS
c DMO#SPECTIF]ED MOMENT INCREMENT
C  INTVZMAXIMUM NO. OF [NCREMENTS OF .MOMENT REOUIHED
€ FOR TERMINATION PROVIDE 2 BLAMK CARDS
c EPCCY = LONG. STRAIM- IN TOP FACE
C EPCCHA = LONG. STRALIN [N BOTTOM FACE
[« TTMM 5 VALUE OF MOMENT ABOVE wHICH DOMO (S QUARTEREQD
C four =OUTPUT [HOEX : IF [0UT=0 =>COMPLETE QUTPUT 1S PRINTED
C iF 10UT>0 SUMMARIZED QOUTPUT QONLY PRINTED
c LSIMP = NO. OF POIMNTS FOR EVALUATION OF STRAINS ON SIDE FACES wHICH TAKES
C VALUES 2#N+1 FOR N=1 421 aaas IF NOT GIVEN DEFAULT VALUE 15 S
c
18 READ(S45S0S0)LNTV,TMRQ.TAGKO,OMOLEPCCT (EPCCATTMM L [OUT, LS 1MpP
{FIEPCCT+E0.0.0 .AND.EPCCALEQ.D.0) GO TO 1000
14K =0
20 TIK=a[ JKes
1I1M=0
tMyY =0
IF{1JK.EQ.1} GO TO 16
TELTAGMOM ,LE +TTHM . AND.IDHMO.EA.O0) GO TO 16
IF{ IOMO.GELL ) GO TO 18
IDK0= 10MO |
DHO =, 25+40HO
16 [FITJK.LE,INTV.AND.ISKIP,.EQ.OQ0)IGO TO 25
P17 NJK=x[ JK
. IF{ISKIP.NELOINJK=NIK=-]
C .
c *# PRINT PINAL RESULTS SUMMARY »x
c 0

WRITE{6,56200) \

G200 FORMATIIHLv21X.)3HLONG.e STRAINS 86X ,1 2HHOOP STAAINS.:S5X,1 IMDIAG. STR
#AINS 4X 1 IHSHEAR STRAINS 23X, I3HPRINC, AMGLES . /24X, S5(7H® 1 0né =3, 1L X
* 3o THOEGREES: /8X . JHTOQ. 4 X, IHMOM , 4 { 3%, JHTOP, AX, IHM IO 2AX . IHBAT) &
tax.anpsll.zx.AHPHtl.zx.nhpﬂlz.:x.]nTGP.JK.SNHID.Jx.JHaar)

00 . 17¢1 K=s1,NJIX :
XAR(I)=TEPL{KI®}1000.0

XAR{Z2 ) =S5EPLIK )L 000.0
XAR{3) =REPLIK}*1000.0

XAR(3)=TEPH(K }€1000.0 , .
1

lARI5)=SEPH[KI‘lODUvO

XAR{ 6 )=AEPH{X )% 000.0

XAR(7)=TEPO(K}w}000.0

XAR(B8)=5EPOLK)*1000.0 :
XAR{9V2AERO(K)«1000.0

XAR(10)=TGAMA(X )& 000.0
XAR(11)=SGAMAIK)®*| 0000 |

XARAL 21 =RAGAMA(K)*1000.0 RO

XKAR(1 I} ePSIXH{K)*1000.0 §
XAR(14)=PRIXAIK)*«1000.0

XAR(15)=9HIZ?lx1‘IOOO.o . :

1701 WRITE(A,5150)K, TOQ(K) sMOMI{K) o« (XARCJ) o d=
caRiTELE,S ) 1ulS).TTHFTA(K).STHETA(K)-
8150 FORMAT{IA ,IX,2F7.2,1868F&,2)

IF(ISPALL.EQG.1) GO TO 1002

1SPALL =Y . ’
GQ TQ |

.25 IFIIJK.EQ.131GO TO 26
TAGHOM=TAGHOM +rDMO
.TAGTQOa({TAGMOM~DEADMO )+ THRO +QEADTQ
TOMR=TAGTOQ/ TAGMOM
GO TO 28
26 TAGMOMZTAGMO
TAGTQU= (T AGMIM~DEADMO 1 # TNRO +DEADTO
TOMR=TAGTOG,/ TAGHOM
28 (FTR=0
Lk Th]
MN=0
CIFIKK WGEL1)GQ TO 77
C CHIOSE STEP SI2E FOR SIDE FACES
C L=OIVI§IONS OF SIDE FACE {0ODD NUMBER)
L=
IF{LS LMP NE LO)L=LSIMP
LMse=-t
LMID=0.SeLMrt
DivH=1 . /LM

nfn

INITIALIZE ANALYSIS DIHENSIONS =

B08=8]
BOT=A1 i
=M1
AD=0.8]1 «BaH
TOO=T [N .
TOT=7 N ‘
AUR=2,%CHA
ABT =2 , &4 CHT
THETAT=AGS
00 A5 K=t .,L
35 TD{KI=TIN

c .
C EVALUATE CURVATURE AND STRAINS IN ALL LONG. STEEL
C

40 FPrIX={EPCCB-EPCCT I H

50 ERPLT=ERPCCB-PritXs {HL+CLB]
EPLO=EPCCO-PHIX*CLO
EPLEBM=EPCCY=NHI X« CHR
EPLL TH=EFLBH-HI X+ HY



QoOCLOoDOo0
-t o -
L RT FLELET |
CukR~NDUeW

QOO ORCCLOOLEC
o e Y -

GnNnn

nonn

le8g

00 60 -K=] .10l
EXaK=1
60 EPLL(X)TEPLBH-OIVHeEK 4H] $PH]IX
IF{IPRE.EQ.Q0)GO TOD &3
DD 62 K=l .NPRE
62 EPP{K)mEPPOVYEPL B-PHIXSYP{K)
&3 DO 44 K=:l,.N , ;
4 EPLSIK)}=EPLB-PHIXIYSIK) - -/

UATE RESULTANT FORCE DUE TO STRESSES [NLONG . STEEL {FS5

AL 1
TAGLISH THE POSITION AT WHICH THIS FDRCE'ACTS I. «Te BATTOM~CORNER
G. REDARS (¥sA)

FPRI20.0
FRPMad.0

IF{IPRE.EQ.0) GO TO T3
71 DO T2, K=l  NPRE
FRIK}aSTRP{ARP(X)} ,ER,EPRPIK ) .FPU.FPY])
FPPI=FRPIFPI(K] ¢
FAXLIK ISFR{K)I*YP(K]
2 FPPMsFPPM+FPX{XK}
3 FSI=0.0
FSIlMx0.0
N0 73 K=1,
T4 FSIK)ISTF{
FSI=FS1vFS
FSRix)IaFsS(
75 FSIM#FSIM
FSS=FPRI+F
FSHM=FPEHFS
vsaann/Fss
77 KK=0
CN=0.0 ]
[FIEPCCT LT 40.0)CN=-EPCCT4O/{EPLA-EPCCT)

EVALUATE SHEAR FLOw
LOO QaTAGTOG/ (2 <»A0)
10

Q=0

EVALUATE HOOP STRAINS AND COMCRETE STRALINS
EVALUATE ANGLES FRUM STRAINS

150 CAHH=(Q.5%ARH-CHE ) /HI1
CAHT2(0.54ABT=CHT ) FH]
o= =CAND
HOT 21 o =CAHT
152 CALL STRAIMN{O.THETAB.TE,TD8,EPLBH.CHH,EPHE,0M0S50, EPDSA, EPCHE ,
¢ INDEXE , ICO,HUB, CAHT , THETAT ,GAMB KK}
153 CALL STRA[M{Q.THETAT, TTTDT.EPLTH.CHT (EPHT . OMOST ,EPDST, EPCHT ,
rlNOEIT.ICK.HOT-CAHB.THE}AB GAMT JKK]
[FILICB.ED.0.AND.JCT.EQ.0) GO TO 145
IF(ITR.LE.2.AND KK .LE.2) GO TO |55
1SKIPR=1
GO TO 20
155 PHLZa(EPHO-EPHT }/HL
DO 160 K=1.L
160 CALL STRAIN(Q.THETA[IK}, TS -TD(K).EPLL(K).CHS.EPH(KT.OHOS(KI.

[aTala)
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f

WP P W QLT PP WNTO LD NS w

T3nsfrai
L) ¥

S OB LUDSLUOCoCLIGS

foly

(XN

AL
[alzTal

, JeSocoa
LRIV RN LY WY YN

et L ol Lt Tl
ENTHE I~

c o

it b

OEPDSlK) EFCH(K).|HDEX(KJ-IC(K)-0.0-0 0,1.0, GAHIKI.KK)
EVALUArE TIIST

GAMS=5[MP{GAML (D IVH, H1 } .
360 PSIXS{GANA®A L +GAMT®EL +2.,0%GAMSI/{2,0%AL)

EVALUATION OF Ol AGDNAL CURVATURES

Jés5 PHIDB=PSI!‘SIN(Z-iTHETABJ-PH[K'(CDS(THETA&Jl¢'2-PHIZ‘(SINlTHETAQJ]

+ .

PHIDTGPSIICSIN(E.‘THETAT)fPH!I'(COS(THETATI)‘ierH!Zt(SIN:THETAT))

LR X}
D0 375 K=1,L .
ITS PHIDIKI=PSIXNSIMNI2.4THETA(K)) ;

CALCU ATE TO~vALUES AND"YSE THESE TO GET NEwWw BETTER ESTIMATES

400 KR 2KK ¢}
TDM!N:D/(O.JTS#FCI
[F{PHIPA.LE.0.0)GA TOD 402
TDBl=EPDSB/PnIOB
GO TO a0

403 TOBI=TIN

a0a DECD=ABS5(TLH1-TOYB)/TOA
TDB=Q . 54(TDB+TNBY }
[FITDALLY . TDMIN]ITDE=1.054TOMIN
IF{PHIDT.LE.0,0) GO TOD 4035
TOT1SEPODST/PHIAT

G TH a7
405 TOT1=TIN
407 DEDT=ABS(TOTI=-TDT)I/TOT
209 TOT=Q.5#{TOT+TNTL}
IF{TOT LT .TDMINITOT=) .OSmTOMIN
310 00 4185 K=1,L
IF{PHIDIX}.EQ.0.0)GD TO a1}
TDS{K}3IEPOS{KI/PHIOIK)

G0 TO al2
411 TDS{KI=2,0%TIMeXK -
412 DED(K }=ABSITOSIKI=TD{(K}II/TO{X])
TOUX)30.50(TO{K)+TOS{K})
413 [FITD{K} LT, . TOMINITO(K] 2] .0S4TOMIN
IFIDEDBLLE.0.0050 AND.OEDI.LE.0.0010.AND,DED{t)«LE.0.0020.AN0.0ED
$LHMID}LLEL0.0020 . ANO.DEDILM)LE.0.00201G3 TO 430

422 [F{RA.GT.7}) GO TO 430
GO TA t50 - N

DETERMINE PATH OF SHEAR FLOwW AND EVALUATE AREA EMCLOSED 40

430 ABH=ARA{DHMDSH,TOE,TB.FC)
ADT=ARB{OMUST .TDY ., TT,FC
00 432 K=l.l
ADIK) SARB(OMDS{R ). TDIK]),
IF{THETA(K) EQ.0.33AB (X))
432 BOI4) =A=-AH{K)
HO=H=0 .5 (ABO +AHT)
A8 =830{1)
HOT =8U(L)

T FC)
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OELH=D [VH*HO
ADXED .54 (BO(1).480¢LY)
DO 435 K=2,0LM

435 AQX=AOX+DBO(K)

ONEW=TAGTOG/(2.¢A 0}
IF(ARS{OMEW-D)/0.LE.0,.00L} GO TO 4a2 /
020 .58 (0+QNEW ) Ve

fQu=lao+l , ) o
IF{ 100.GE+41G0 TO 442 ! /
KK =0 .
GO TO 160

EVALUATE RESULTANT FORCE [N LONG. OLRECTION (PCC) DUE TO CONCRETE

442 PLOSO/TAN{THETAB])
[FITHETAT .EQ0.0.0) GO TO 443 I
PLT=Q/TAN(THETAT)
GO TO 444
A4l PLYGl DHOST~OMOST#42/3,0)*PCHABT
ada DO 448 Kal.l
IF{THETA{K) +ED.0.Q}GO TO 4a7
PLIK)=O/TAN{THETA{K))
GO TO Aa8
447 PLIKI=(OMDS(K)-OMDS{K)IvU2/3.014FC 4TS
aaf CONYINUE
450 FCC1=FLOMGIPLB.PLY.PL.L.0[VH,.B808.080T A}

EVALUATE MEW VALUE OF EPCCH ¢0OR NEXT I[TERATION

ITR=ITR +1
[F{TTR.ED.H) GO TO &80
LR L KR
FOIFF(MM}aF55-FCCl
451 SST({MM)=EPCCHB
A33 [FLABS({FDIFF(MM)}.LE.0.00Ll*F551G0 TO 480
IFIABS{FOIFF (MM )} LE.0.0022F55,AND.11IH.LE.L) GO TO 480
IF{ABS(FOIEF{HM) } o LE.0,003%FSS5.AND,[TR.GEL23)G0 TO 4840
IF{MmM LE.L}GO TO a6l
NH MM =~
{F{MM . GT,.2}G0 TO 453
GO TO aé6s
455 LLaHH-2
a57 1F(FDIFF(MHJ.EQ.FDIFF(NN).ANO.FD!FF(MH!.EO.FDIFF(LL)JGO 0 aéi
IFEABS(1.0~FDIFF(MM}/FDIFF[NN1}.LT .0 .125,ANDEPCLB.GT.EPLYIL))
+GO TO asl

STRESSES

EPCCAaPARALL FOLFF{MM) FOIFFINNY  FOIFFILL) ,S5T (MM) 4 SS5TINN) .SSTILLY,

+F595)
GO TO a0
461 EPCCAIGUESSIFSS FDIFFIMM), SST{MM)EPLYIL)}
GO TO a0
465 EPCCATSSTIMMI=FOIFA(HMM) ${55T{MM)I=SSTINNI)Z/(FOIFF({MM}-FOIFFINN]]
IF{EPCCO.LT.SST{MM).ANDFOIFF{MM}.LT.0.0) GO TO a5l
IF(EPCCH .GTaSST{MM) sAND.FOIFF{ MM} .GT.0.0) GO TO 4&1
GO .TO a0

ESTABL1ISH THE POSITION AT WHICH FCC ACTS w.i.T. BOTTOM FACE LOMNG. HED4RS

480 DU=0.3¢ABH~CLE
wH=20U«PLD
WTa{DU+HO ) RPLT
00 500 K=].L
EXEK~-]
S00 wWiK)=2{0U+sOIVHEEKSHO} SPLIK} ) -
wSaS5IHMP{wWw. LsDIVHHO).
520 WSM=BOT*wT+BOB+wbr2.0%ws
YC=WSM/FCCY .

APPLIED ACTIUMS '
EVALUATION OF ‘TORQUE AND FLEXURAL MOMENT

800 T=2.0%Q%A0
HEYC-YS]
FM=F554 JO+{FSS-FCCL v {Y0-YC)
IF(FH.EQ.0.0)GD TO 403
Tz T/FM
GO TOD 460
6503 TH39999§.0

EVALUATE NEW vALUE OF EPCCT FOR NEXT [TERATION
6649 L#1 -

(Ml

+GT.7.0R.1SKIP.NE.O} GO TO T00O
M)3EPCCT

[M) 2T AGHMOM=F N

{

t

ODMOH{ {IM)Y ). LE.0.Q02¥TAGHOMY GO TO 700
DMOM{ [IM) ) JLE.0,Q005%TAGMOM ,AND.IIM.GE.5) GO TO 700 .

O DM e
B LA T -

E.3
Q.2

—“—

}
2}
{EPCCT ). .GT.
~ 0001 #DMO ML [
MOMEITMI/ATAGMOM
1 LT a~1.0lEPCCT=0.0
[FIFRC.GT 41 .0)ERCCT=-0.0
G0 TO 40 - B
844 EPCCT=CUESS| TAUNOM,OMOM(TL
IF{EPCCT .LT,.=1.3S#ERSOIEPC
GO TO &0
&T0 1l=11mM-1 !
FRC=DMOM( [ IM) /(D
IF{ABS{FRC) .GT.2
EPCCT=EPCCT-FRC#*
IF{EPCCT.LTLECTH
IF{EPCCT.GTSECTH
IF{EPCCT.LT »=1.3¢
Q

GO TO 644

1
{
1
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B
!
1
t
M
1 M
{ M
1 5
E a (DHOMCTIMED
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LM
F(
cT
M0
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Ft

TR
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Fi
Fi{
F(
P
RC
Fi

MHUHOFP =D H>»>»> T~

n
n

PLTINY ]

om

o
@
o
i

GO TO 441
My LLT.DMSTO) GO TO 481

PCCT 0.5« ECTH ]
ICCT=0.25+ECT (1

- ——— )
TTMETe -0
e —

Y
LUE=Tm D

44 kBT !
s & o~ R

IM)+ECTIIL L)
IMI+0L7SHECT( 1)

[F2ad
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‘0337

0338
Q119
03ao
nJial

Q342

0343
0334
ulas
0lasd
03a?r

0348
01489
niso0
DREET)
0352
0351
Q0I5
0385

0136
0357
02%sd
031459
Q3do
0lal

aLER
D3c]
Q3eas

¢lo65
nich

vlel

g.u8

034s
RN

Qrag - -

DR
a299
Jagg
vady
nagz2
dudl
uacs
daLs
0a 06
QaG?
N40ad
Nna99
cayg
a1l
natia
LA |
7414
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IFfIHY Eu 3) GO TO 760
GO TO
131 DMSTO:ABS(DMOM(I!M)’
R IMY =0
IF(ABS{1l Q-0MOM( L IM)/DHMOMEIT}).LT.,
+GO TO B84
EPCCT=PARAB(OMOM{ [ 1M),0MOM({IT).0MD
. - +«TAGMOM) ~
688 IF(EPCCT.UT+=1ls4%EPSO) GD TO 40
. IF{1IM,GE.S}II5KIP=1 {
IF(ECT{1IM}. EQ.—I.A!:FSD) G0 TO 20
EPCCTa=-1.4%EPSQ '
GO TO 40 :

CONVYERT ANGLES FROM RADIANS TO DEGREES

T00 ATHHaTHETAB*DEGREE
ATHTaTHETATSDEGREE
ISK[PrICArISKIP
o0 710 Ks3t.L
ISKIPRISKIP+

710 ATH(K)}STHETA
ISKIPalSKIP+
IF(10UT \NE.O

Nnon

I
{ VEGREE
1

} GO TO 7a5

nonnn

721
6660

-
wl
[+
-
O EEKEA KL KN
C»DTRDIDROTE

Y+EPH
RO(K)
«EPLT

STURE RESULTS FOR PLUTTING AND PRINT

onan

745 IF(1JK.GT.L)IGO TO 750 .
TOQ{l11=0.0Q .
HMOM (1
TEPL

[~]

m

T

Ir
ET-T 3NN
e ——
Bhnbwuyno
Do0OGOoOD
b
[=F=R=F Y=F=1

AGAM
PSIX
PH X

[T S ST
oCO000O000

CrOH kANl aN0OC

HR

« TOs s s 600844 000!

G- QDOOOO0OOOO0O » & -

750 §J5

PLTH=PHIX®TGH
PLLILMID)
‘PLBH+PHIXxTGH
PHT-PHT Z*TGH
EPH{LMID)
PHA«PHIZ®TOH
POST-PHIRTO(CAT-TGH]
POSILMIDI-PHIO(LHMIO}e{C
POSB-PHIDH® (CHB~TGH}
=AHIOT

aPHIO{LMIO)

SEPH

TEPD
SEPD
AERD

mMmMAMmmMMEMmMmE

TEPHITJS),.TE
ERr{{JIS)SE
EPHITIJS) .BE

.
CALL GA ' 5
18
1J5)+«0EGREE
LJ
| ]

LR
D00

5) s0OEGREE
J3)*DEGREE

24 -

T-l.JS'EPSO;A V. LERPD

Mo, L I T L NN N~ = L Ll L LU XEAA

g e P

Y .TEPD
PISK1P

el =B BVCL L OO N e rrc e ) I e A KK R KK K v

Ll e e I AU e DB BN H T

I or
IIA

—— U TIN A~ ——
TN MK B AW

L
O - -
O P -
DOCoOMO

n

O

I

z

»

-

CLHa b7

21 4,30H* .TURAL CONCRETE

ves DETAILED PRINT OUT GF RESULTS #

+1 25, ANDLEPLT.GT.EPLY (N}
MUTY EPCATWECTUIN}LECTE (),

L]

(%) EPLLIK) + IC(K] EPUS{K] . EPCHIK
TS
.
Hy ICTAEPOST JEPCHT 4 GAMT . PHIDY.TOT

[NG GF FINAL RESULTS 1IN SUMMARY

HS=-TGH}

(105 TGAMA(TIS), TTHETAL LIS}
{15} SCGAMA{TIS)STHETA(TUS))
{1J5).BCAMA{TISY BTHETA{IIS)}

{1J5).LT,1.354EPS0) GO. TO 20

N
OR.SEPO{ L JS}.LT.SEPD( 1J5]).QR.BERPO( [ 25)
1-

wr



94 3t
6832
0433
0414
0438

9436
Jald?

043y
Q4 39
08agQ
Uadi
Daa2

0443l

Nuaa
0445
On}b
QuaT
A

DLEX: |
DIY RN
FLE1r)

Quo2
ncel
uoca
aG0s
2004
IVl
0vgJa
20GY
LIVE Y]
Jotl
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1 21 X2 I 0Hx BEAM [N TORSTOM £ BENDING &/
, 121 X:30Hy O1AGONAL COMPRESSION FIELD =/
121X, 30H® ANALYS1S JULY | 978 &/ 21X,30(1Hs}}
6050 FORMATILIHO/{BX,11HDEAM NO. = +A4,5X,10H SOyﬂCE - sl B8A8,/,
118X sTHasgEgsn , 14X ,6H=ansra)
6!00 FORMAT{1HO 4 X yIHB 10X 1 HH,
osx.znsl-ux.anl.Hx.JHCLB.T
‘65110 FORMAT{{HOSX.1H{.5X.8SHAS{
¢SHES( I} 1 SXBHESHI{ [ 1.4 X, THE

HTB8X 4 ZHTY (8% . 2HT S,
O+7X. IHT IND
SHYS(TF+AX, BHFLY (118K, SHEUL [} 40X,

9
x !
I X+
P 1) SX,7THERPSH{ [ )}
x

Xe2
3K
15
LY
9

6115 FORMATIIHO,SXLHI . SX.5HAPL ) +3AYP (L) TXIHFPY s TX IHFPU L TX , AHFR L
W TAW2HEP, OX, AHEPPY B X A HEPPO)

6120 FQRMAT{luo.sx.2HAH.B!.2HSH.BK.]HFHY.51.JHFUH.TKoJHESS-?!.AHESHH.&:
# I SHEPSHM S X, AHEPHY B0 s JHCHT o TX  JHCHA 77X, JHCHS )

5125 FORMATIAHOSX ,2HFC BX , 4 HEPSO, 4 X, AHDEADMO 4% 4 6HOEADT Q)

6400 FORMATILHO (&KX lHT ¢ 9% 1HM U JHT /M TX ,4HPSIX o I X AHPHI X LI X4 SHERCCT
o lONJAHEPLT I X, 4HFPLAJ LI X, 4HPHIZY

6480 FORMAT(ING +2X.12ditHa1)

6490 FORMAT{SX,10S5{1H-1} .

6500 FORMAT( 2X 10{1H=) 931 ¥ ), 1S{LH=})

6510 FORMAT( 2x,100{in=)) . . .

6530 FORMAT{LHO OX ¢ 1HQ +&4X, SHTAGTOGQ s4 R HTAGHMOM . 7X', 2HHO, 8%, 2HAD , X , JHFSS
AT XA IHFCC h TR IHYSB TR ZHYCBX W SHTOMIN 6K, 2HCNY

4800 FORMATI{1HO.SHLEVEL «2X ,SHPRIMC +2X s SHINOEXK 33X 4 HHOOP , 8X  SHLONG « .4 X,
YAHIND o o AN L EHCONCRETE STRAINS.7X,SHSHEAR, 10X, 8HD [AGONAL ,8X, THSTR .8
tLa o SN 7K ACTIVE/TX SHANGLELIX yaHHOQP , 3% 8HSTRAIN, 6X ,6HSTRAIN, IX, 4 H
fCONCoaX, THSURFACE,J3X 8HAH=LEVEL . 65X, THSTRAIN +6X4SHCURV, 2% ,8HTHI
CCKoTD2X BHDEPTH Y A* ¢ IX, SHW IDTH, IX , 8HTHICK & )

6610 FORMATIZX,"TAP' JFF A 18, 1P2EI2.3, 1A, tPaEL12,.3,0P2F9,4,2F9. )

6420 FORMAT(1X,'BOT.!' FI.A,[4,1P2812.3,[4.1P3FL2,1,0P2F9.4,2F9.3}

6430 FORMAT((S.F9.4,1a,1P2E12.3.14,1PaF12,.1,0P2FQ.4,23F9.3])

54460 FDRHATIIHD-ZK-ZHKK.ZX.JHITR.BK-JH[IH.z!-JHliI-ZK.JHIJK GX43HTHRO,
rad, 6HOEADTO, a X, 4HOEADHO ,8% ,SHERCCA}

6670 FOQRHATI(S15.,3F10.3.1P2E15.4)

999 STOP
END '

c .-
C FUNCTIONS AND SUHROUTINES
C
FUNCT JON STFIAS,ES.EPS(EPY.FY .FULT EPSH,ESH]
c . .
[+ F?NCT!ON TO COMPUTE FORCE [N STEEL BAR GIVEN STRAIN
[
IFIESH.GT 2 0.0.0R.FULT,LEQ.FY}GO TQ 10
IF{ERPS.LT.0.0) GO TO S
RAALOGIVI2.0)/AL0GLO0{FULT/FY)
STFuAS!ES!EDSO(l-r(ESOEPSIFULTJUtR}!‘t-I./R)
RETUAN
S STF=AS®ES+EPS
1IFLEPS . LT.-EPY)STF--ASCFY
RETURN \
10 STFaASEESYEPS
1IF(ERPS.GE .EPY . ANO.EPS.LE .EPSH)ISTFaASeFY
IF{ERPS . GT LEPSHISTF=ASK(FY+(EPS—EPSH) ¥ESH)
IFLIFY #{EPS~EPSH)}#ESH) .GT .FULTISTF=AS®FULT
IF{EPS,LT.O. o.ANU.ABS(EDSJ.GE.EPV)STF:-As-Fv
RE TURMN -
END
- FUNCTION STP(AP,ER,EPS.FPU.FPRY}
[ -
C FUNCTION TO COMPUTE THE FORCE [N TENOON
C NOTE FUNCTION NOT VYALIDO FOR -v€ STRAINS
[ -
IF{FPULEUWFRPY GO TO 10
IF(EPS GT 40 +0.ANDL.FPU . GT.FPYIGO TO 20
C CASE OF =vE STAAIN (N TEHDON

wWRITE{&6.301EPS }
30 FORMAT{SX .*»=¥TENDON IS IN COMPRESSION®@sEPS=4,F12,6)

STP=0.0
RETURN

20 R=ALOGIQ(2.0)/ALAGLO{ FPU/FRY)
STP=APSEP*CERPS* (| . r(EPYEPS/FPUneR )2 (~-]1./R)
RETURM

C BILINEAR CASE
10 EPSY=FPY/ER
STP=APSEPYEFS
IF(EP&.GY.EPSY]STD—APiFPY
RETURN ) -
ENQ . -

FUNCT ION FLONGIPB.PT . PL L, DIVH, XBXT 4 %5}
1

FUNCTION TO COMPUTE RESULTANT CONCRETE FARCE !M LOMG. DIRECTICN

[a¥atal

t
REAL PL{10)

PAX=PR«XB

PTXxsPTeaxXT

IF{L.EQ.1)GD TO |0
PSA=5 IMP{PLJL.DIVH,Xx5)
GO TQ 20

PSA=PL{1)mx5

FLONG=PBX +PTX+2 ., +P5X
RETURN

END

-
[=F=]



oadal

0002
nacy-

=OCCcCONToOoOROGC OO0

OCLCOLO0OULCOLO0OD0O0O

[ =¥ -]
OLE~NONPWN=OIa R BUN=O

1 BT P 1S A0 R R T F 0 1 o e e o e e o

=
[=]
L

ononn

s

41

42

413

L]]

S0

43

53

S5

655

56

o0

172

SUARDUTINE STRAIN{(O.THETA.THK «TD,EPL«CH.EPH,0MDS, EPDS,EPCH,
*IHDEX s 1€+ Y1 Y2, ANG.GAMA L {TR)

COMMON /BLOCKI/FCL.EPSQ.THWESS+ESHH .FHY .FUH,EPSHH

DIMENS[ON X(20).FX{20).FPRIME(Z20).FXX{20) ., xX{20)

AND ANGLE OF PRINCIPAL COMPRESS]ON GIVEN NG« STRAIN, SHEAR FLOW AND
EFFECTIVE COWMPRESSION DIAGONAH'DEPTH

. 1
1=0 - ‘ /
k=0 ;
KK2Q : .
THN®T AN{ ANG) '
ROaTNK¥Y2 -
EPHYRPHY/ESS
FHYTHaFHY #ThH .- -
IF{ITR.EQ.D} GO TO 3 . . /
ETASEPH/EPHY . !
aMDs [ =pMOS
GAMA] 2GAMA
THETA [ #THET A
F2{TD=-CH}/TD
IF(FJLE.O0.0)F=0.0 .
F2=Fea2 .
TR=0.0
IF{TD . GT.THE JTR=( TD~THK } /TD
TR2=] 4~ TRee2
TRI=1 4 ~TR2&]
RA=0.0
RY1=]. . B
CO=FHYTH/Q
Cl=Co
IFiYl .EQ.0.01G0 TO IO

SUBROUTINE STRAIN CALCULATES HOOP STRAIN. PRINCIPAL COMPRESSION SYRAIN
;

OHLE=EPL/EPSO

OMHA=EPHY/EPS0D

BH=],eTAZ/TR)

BOUNDL = (! .+RR)/CH

1IF(OML.LT.8.0)}G0 TO 37

IF(RM,EQ.0.0) GO TO &

ADUND 2= BOUNDP{C1 . RR, DHL + QMH)

GO YO

uOunnznionL/COHntCla)I-o(l.ll.)

GO TO 38

BOUND2=0.0

D1 F=A0UND2 -BOUND]
IF{AOUNDZ.LT .1 .0.AND.BOUNDL.LT.2.Q1G0O TO &0
Cxacl

Cxa=Ci2

cxx=ctt .

Cxm=Ci s FUN/FrY-RR

IFIESHHEULO . 0!R=ALOL|0(2-D)/ALDGID(FUH/FHYI

Ko+

IF{X.GE.10}G0 TO 55
CC=3.00TDAC XX/ TRINCX }

BACEOBHINZ~4 . oCC

IF(ABC.GE.0.0) GO TO 45 - '
IF{CX EQ.CXM) GO TO ﬂ]
CX=CXH

Cx2=Cxen2. - N
CxXml s ¢eCHZ v
GO TO a2 \
OMDS=0.5+88

TD=12 ., 408 CEX/ (BB A2*FCHTRINCK]
F={TD—CH)/TD

IF{P.LELO0IFRD.LD

INDEX 24

Ic=1 N

GO TO 111

SO0U=50RT{88C)
AMD520.5%(B8-500)
ERDS=OMDS =ER SO

TERCHEFeEPDS

EPria{ EPLFEPCH®( ] .~CX2))/Cx2

IFIEPH.GE o EPHV.OR.I.EQ 1160 TO S0

GG TO &0

1IF{FHY+EQ, FUHIGD TO 55

‘I=i

IFIESHH.EQ.0.0)GD TO 54

IF(EPH,LE.EPSHH} GU TO 55

CYaC!i »{(EPH=EPSHHI*ESHH/FHY+1 .)-AR
IF{EPH.LT.ENSHH]ICY=C!

IF{CY QT .CXMICY=CXM

IF(ABS{{CY-CX)/CY).LE. l.Ut 3) GO To 55
CXaQ.58(CReCY)

IF{CYEN.CIL JANDJCNGT.C1ICX=0.54(CueCY)

CX2=CKra2

CXX=t ,+CH2

GO Ta 41

FHN= ESAEPH‘(1.r[E:-EPH/FUH).tth-t-l.IR]

CY=C1 *FIM/FHY=RR . -

IFLEPHJLT JEPHY}CY=CIE N
GO YO 53

IF{K,GE.10)WKITE[&,655)0,TO,AQUNDI] ,BNUNDZ ,EPH EAL L ERDS,CX.CY
FARMAT{1HO, *»a NO CONYERGEMCE AFTEA TEN [TERATLONS »%¢,/1P9E 2,3,
+/7" 4% HOOPS 1IN POST-YIELD RANGE IMN SUASRQUTINE STRAIN rw’)

CALL GAMO(EPL ,EAH.EPCHy GAMALTHETA}

INDEX =0

IC=0 .

IF{EPH.GT .EPHY . .AND.EPH.LE.EPSHHM] [MDEX=1

1F{EP R.GT ,EPSHNI) [NDEX =2

[FIOMDS .GT sl .5)EC=2

{FIITR.GE.LIGO TO 140

RETURM

=1 *
L=1

[MDEX =0

1p=0 .\
1C=0 '
44 =0

.
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IF{F.LE.0.13G0 TO 160
OMDX=0,.5%% 080
1FLTD.LY.0.375} GO YO &2

a1 [NDEX =8 f
GO TO as

62 IF(EPL.LE.Q.O0) GO TO 55
OQTDTR=4 ., 0%QTD4TRA/(3.0#TR24%2) . . -
500=1 +0~+2.0*0TDTR - /
IF{50G.1L.T.H.0) GD TO 61 e
EPH= BOUgg}EEPHEPL) .. L .o ,/
LEPH, =A [T
IFCSEPHL/EPL.GE 0.1.0R.DEPHL/EPH,GE. O-ll GO TO &%
OMDSaOMOXN¥{ | « 0~ SORTiSOOl’
EPOS=EPSOeOMDS . o R .
EPCHaF&EPDS
TANTBSORTl(tPLtEPCHI/(EPH+EPCHll
IF(ABS(TANT-I.?} .GT.0.,02) GO TO &5

ETASATAN{TAN

EQMA=2.DISORT((EPLOEPCH)'(EPH*EPCH]l
RETURN

6% |F{BOUND2.LT.BOUNDI)IGO TO 70

71 x({ 1)sBOUNDL +0.5+#BDIF
[F{BOUND2.,EQ,0,01X(1)=0. do1
XOaxtl)
IF(ITR.EQ.O

FIETA.GE . E.O0.5#ABS{BDIF}}IGO TO &l

Ta 1
73 X
I

T4 AL

7T Ja=Jdle)

Ja=dJ-2

IF{JJ.GE.20)L=2

xX{Jdl=xl 1)

IF(JJ.GE.3) GO TO 78

z(l)zx(tl—o.uzs:goéz

F J.EQ.1}) GO }
:F:jJ.Eo.z.AND;ABStl--FXlll/letJl)l.LT.D.z:)x(!l=X(l!-0.0TS'BDIF

LT 0.25) GO T4 781
FAX(J2)eXx{J3VaexX{J x(J 1, 0
+102ABS{ODIFYIXL )=

78 xE1)
sPARAB{FX| 1
) =xx

-o..

1)y GO YO ud
+0.0175*080IF

—n

[ESL Y LY

OOLICHNOCISODCO S
b atafaial =4 =X =R ol = L)

CAFLN—= Ol N U

1I2FNR RS faram

[~
e

-

SCoo
(RN
LUV
—ODWw

002 =) ., +PROD1Y .
001 =1 .~PROO| o .y,
PROD2=NARDOL# X( [ ] wOMH

DDI=PRODZ -0OML

[FIABS(FeODD| )#2,.0.GT. ABS(DDJJIGD TD a2

IF{ JJ.E0.0.AND.L. EQ.I-AND-!B EQ.0) GO TO 7a
wRITE(8,881)11.4{1).0,T0O.BOUND],BO0UND2,.EPL DD} ,0D1
, 681 FORHATIZ2X,'%¢ ONMOS.GT.2,0 *a'f,|S,1PRE|Z. ] A8 ¥ HOOPS IN ELASTIC Ra

¢NGE [N SUBROUTINE STRAIN =é¢])
OMOS=2.0
INDEX =q
GO TO 100
831 OMOS=DO1/ (FeDOL )
[F{JJNE.O.AND L. NE.llGD TO es
IF{OMDS aGT Q3.0 AND.OHOS.LE.] .8) GO TO &5
IF{L.NE.A L ANDLIBLEQLO) GO TO 74
85 OMDS2s)MDSx#2
T GMM=EC [/DD2
FX(T)2TR2AOMDSEGNM=TR IS QMDSA e CMM /3 ~ATD
IF{ADS({FX{[)) . E.l+QE~-&¥QTD} GO TO |00
TFILLEQL1 JANDFXILl LT, -,01%QTD,AND.I8.NE.L} GO TO 77
IFLEPLLT 0. 0.AND.QMUS.LT.~0OML)GO TO 76
DIVGM=CL1esDDL /{00222
DIVOHE{ 2 . C1eCLOX[ [ )+PRAOD} YMOMH/ (F*D0O1 1 +2 . #OMDSSCI*C 7001
FPR!HEtl)arnavto|vDMtGHMrcnos-DlvuM)-TRJttz.-ouosaotvonouunr
¢DMDS2eDIvaM) /3,
‘lF(ﬂﬂS(FPRiHEIIII.LE-0.0DOIIQTDI G TO A8
IFCIT JENG 1 ANDWFPRIMEILIY .LT.0.0) GO TO &7
IF([I.EQ.-.AND.FPRIME(I).GT.0.0I Go To az
[FIL.EQ.4) GO TO A7
1IF{1.EQ.l +AND,IB.LE.1) GO TQ TS5
INDEX 37
Gd TO &7
48 QML S=OMDX
EPOS=0MDS+EPSO -
EPCHaEROS»F _ -
TO=SQeTRIZI0LITSHAFCHTR2H2)
&0 TD, 1207
87 DELTX=FXL{II/FPRINE( L)
GO TO B9
ad {F({F t

T
I1.E
*

XL aLT.0.0.AND.,OMOS.GE.1.4) GD TO B4
E X==X{T)eFX{ [} /0TD B
F{ll. u.l)DEer -DELTX v
89 [=
F

[
{
[
3
(-
{A

ﬂhrnﬂo

BS(DLLTXl.uT..oaaABS(uorF) AND.JJ.NE.Q]
*DELTX=DELTX¥Q.03%ARS{ A0 F/DEL TX) -
[F{ABS{DELTX }.CT,..10%A0S(BOIF) ,AND.JJ.EQ.O)
+DELTX=DEL TAs0.10%ABS{HODIF/DELTN)
Xi1)=x{J)-DELTX

ERROR=ABS(DELTX )/ X(J})

IF(I.GE.A) GO TD 9%

GO TO (90.,v21.11t
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WLT+BOUNDZ.AND .X{ 1) GT,B80UND11GO TQ 95

IF{x{ 1}

INDEX %S .

G0 TO 100 o .

IF(XET) ol TSHOUND]L ANDX{T).GT«BOUND2)IGOTD 95

INGEX =& i /

G0 TO 00 /

{F(1.LE.2) GO TO %6 ’

[F(ERAOQR,LE.1 s0E~4 ,AND, ABS (OMDS—OMDS 5) /0MDS ,LE.]1 .0E=4] GO TO 100

OMDSS =QMOS

égl?gS(Sl(JlI.GT 1.0E=-540T0.QR. ERROR GT.1.0E-5} GO TO ®1
L1

IMOEx =] . ;
EPDS=OMDSHEPSO f

EPCH=F+EPDS

EPHzX([)»EPHY .

IF(EPH.LYT .0Q.01EPH=0.0

IF{EPH.,GE.EPHY)} INDEX=L

CALL GAMOQ{EPL ., EPH.EPCH.GAHA.THETA’ . -
IFITHEYAL,EQ.0.01G0 Ta 150 -

05 IF{OMDS5.6T.1.5}1C=2

{20

IF{ITR.GE.L1 16O T3 tao
AETURN

EPOS=UMDS+ERSA

EPCH=F«EPDS -
EPHo(EPL+EPCH®{ ! . ~CX2)}/CX2
IPF{EPH,LT +EPHY JEPH=EPHY

GO TQ 130

1C=a

wl 2EPL ¢2 .8EPCH

W2 =0, TS*FCHTOX{EPL +EPCH] /{TH®*ESS)
wizw] de2+a,nw?
IF{w3l.GT.0.0) GO TO 125

o YO LS50

125 EPHEQ.5+({SORT(w])-w1}

IF{EPH.LT.0.0)EPH=0.0

130 CALL GAMO{EPL.EPH+EPCHLGAMA,THETA)

IF(THETALEQ.Q.01GD TO 150
1IF{ ITR.EQ.OIRETURN
GO TO 145

140 0HD§=0.5-IhHDSPBHDSII

EPDS=NMDSHERSD

145 GAMAZD.5% (GAMA+GAMAL)

150 EPM=0.0 \

THETA=O . S4{THETA+THETAL)
RE TURM

OHOS=-0ML

ERPDS 2~EPL

ERPCH=EPDS
GAHA=O*EP50/(FC'THK00.5)
THETA 20,0

IC=0Q

RETUHN

140 £PH=BOUNDZFEPHY

12.
13

15

20

IF{EPH.EQ.N.0) GO TO 150

THETAZATANI SAQAT (EPL/EPH) ) - . .
1GAMA=2.05SART(EPLSERH]

'CC=B.08ATDS{EPL ¢EPFII/ (3 O8GAMA)

IFICC.GT+1.0) GO TO 1482

OMOSE] . Stil.-SGRTtl.-CCII
GO TO toa
CMDSay .5
EPDS=0MDSRERSO
CEPCH=0.,0 '

IC=& :

RE TURN .

END .

FUNCT ION BOuUMDPIC} R, QML . OMFL)

DIMENSION X(20}.Fx F

C2=Ciama. - G1FPAIME{ 20}

RR2=RA=»?

OMR=0ML /OMH

=1

XIL)={OHR/C2)®H(]./3.)

Xx{=x11)

XJ3axl em

Xl=xl#as

FX(ir=x

FPR[ME(

la[v}

A
[ABS{FPRIME[J) ). E-A S{Fx

DELTR=F xt 1) /FPRIMETS) BS{Fx(J}111GO TQ s

GO Tn 10 -

QELTX==X{[)4FX({[)/0MA "~ .

IF“”S‘DELT‘"57'0'200‘1113|°ELTK=DELTX¢0.200-Aas(x(l;/gELrg,

*C2-2.#X2¥C1&RR+X[*RAZ-OMA

2
]
kR
1=]own2wCl-a.oxlsC18RA+RAA

X{l1=2x( ) -DELTX

IF{1.6T.10)G0 TO 12
IF{X{J}.LE.1 .OE=B) GO TO |
ERAOR=ABS(DELTX}/X(J)
[F{ERROR.GT.L.0N0Y)IGO Ta 1 g
GO TQ 18 '
WRITE (&1

3
FORMAT (1o
r' LOx ¢+ NO CONVERGENCE AFTER |0 ITERATIANS [N FUNCTION

1
'
tADUNDP w1}
BEUNDP =X{1)
[FIROUNDP L T.0.0) GO T
RE TURN 920
BOUNDP 26,0
RETURM
ErD
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SUBROUT IME GAHQ(EPL-EPH-EPD.GAMA-THETAI

goct .
[ 0" ANGLE ‘OF PRINCIPAL COMPRESSION GIVEN
FUNCTION TO COMPUTE SHEAR STRAIN AN PDINT I[N a PLANE
. ¢ FONGT 1 OTRANSVERSE . AND PAINCIPAL/COMPRESSJON STRAINS AT 4
’ C ’ I 4
ELO=EPL +EPD { . ;
Q002 ~ [F{ELO.LE 0,060 TO 160 - /
- .
000 Erﬁ.\iz?tsonnzwaeuog ,
e THETA SATAML SGRT LELD/EHD)) :
2007 HETURN ;
0008 - 160 THETA=0.0 .
0009 GAHA®(Q, O f
9010 . RETURN J
9614 L L. END . o L ) — .
~~reoor =~ ’ FUNCT TON ARB{OMDS: TD, THK,FC)
E FUNCT{ON TO COMPUTE DEPTH OF THE EQUIYALENT RECTANGULAR STRESS BLOCK F QR
€ TD LESS THAN OR » THE WALL THICKNESS -
c
goua IF{OMDS .GT.2.0) GO Td 10
[IiPRN - OMDS2 =DMDSe ¥ 2
Quoa BETAZ(4 .0=0MD5) /{5.0-2.0%0MDS} .
ARGBSBETASTD
gggg . IF(ARB +GT » THX JARB=ARBN{FCs THK . TD,OHDS ,0MD 52 )
oGO0 7? RETURN
vaca 10 ARRASTO&(2.=3./0M05])
3009 . IF{ARB.GT .THKIARBSTHK
foto RE TURN
oo th END.
nout FUNCT [ON ARUN(FE, THK,TD,0OMDS,0HMDS2)
C
C FUNCTION TO COMPUTE DEPTH OF THE EQUIVALENT RECTANGULAR STRESS BLOCK FOR
C TD GREATER THAN THE waALL YHICKNESS
: <
w002 TDK=TD~THK
a0 0 TR&TDK/TD
Ba04 TR2=TRe*2
0CcGeS ALATL =20MDS-0MDS2/3.0
nocs ALBT2=TR+ (OMDS=-TRe0MDS52/3.0)
0007 BETAL =(4,0-0M051/{8.0-2.040MH0S}
0L o0a BETAZ={8.0-TR*QMDS)/{ 6. 0~2.0#TR#OHOS )
“0009 - RFL=ALATLSFE¥TD .
RF2=ALBT2*FEATOK \
gg}f . ARDN=2.08{0,S4RF1SUETA| #TD-AF24( THK+ 0. S*BETA2TDK} I/ {RF1 -RF2)
o012 1F (ARBN.GT 2 THRJARBN=THK
o013 - . AE TURN :
on1e ) END - .
0a9l | FUNCTION SIMP{X.L.D{VHH}
C ta
I INTEGAATIDON USING SIMPS0ONS RULE
L c : -
ouor’ REAL x{10}
0003 SUMX=0 40
ovon . DO 3%0 K=2.L.2
. 000s% - Kl oK=| . . B
0008 - K2=xel , [ /
nov? - IS0 SUMXSSUMXEX{KI) +4 . D8X{K) ¢XIK2]
oG, SIMPaD[VHHPSUNX /3. "~
vooy RETUAN N
nulo ENO - - .
ouot FUNCTIDN GUESS{F.DF,STR,EPY])
nQuva FRCSOF/F .
0003 S} GN=FRC/ABS{FRC)
youva IF{ABS{FRC)-GT.1«0)FRC=1 .0#5IGN
aens IF{ABS{FRC)  LT.0.5JFRC=0.1%51GN
Jous IFLSYR.GT JERY .AND . ABS{FRCI.LT .0 2IFRC=0.2%31GH"
nony IF{STR.LT.0.0) GO TO 10
oucy GUESS=S5TRe 11 .0~FRTC)
oGy . RETURN
ani1o ! 10 GUESS3STRa(] .0+¢FRC)
aci1 RETURN
DIVER-] END A
o001 c FUNCT ION PARAB{ X3 . X2 411 4 Y3, Y2.Y1,.F)
C CONVERAGENCE TECHMIUUES USED IN [TERATICON ARE 3
C see FITTING A PARABOLA THROUGH 1 POINTS
g eve SECANT HETHAD
90G2 IF{ABS(1.=X3/A3)1.LT,.125.AND,F,NE.0.0) GO TD a60
00013 DX 31=x3=x1
0Goa SX232K3ex2
QU 0s SH21=x2+X1
BLET GADZ23s({Yl-Y2}/{Xx3-A2)
onaQv : GRD21a({v2=v1}/(x3-xl]
ao04a - . A= { GRD23-GRO21 /DX :
aC09 A= ({GAD21e5421-GAD23+5%21)/DKI1
Goto HARAB=Y )= Aa X4 k2-Bax] -
agl IF{F.EQ.D.O} RETURM »
golz2 OY 2x1#GAD21] . .
L [F{ABS{PARAB~Y3).GT.ANS{OY}) GO TQ alo
LR ] G} TO 4%0 - K
215 430 PaRAB=Y1-DY
aG1LA 450 IFIXY.GT.0.0.ANDLPARAB.GT.YI)GD TO 480
onyy IF(X] ol T.0.0.AND.PARAB.LT.YI}GO TO 440
0613 . RETURN
ae L9 440 FRé=A1/F
Gnzo S]GNIFRC/ABS(FRACY
an o [F{ABS5(FRC) . GT.0.5)IFAC=0.545[6GN
U2z IF(ABS{FAC).LT.0.05)FRC=0.05%5]IGN
ALY IF(¥3.LT.0.8) GO TN as&3
PLEEY PARADBY IS (1. =FRC)
W29 RETUAN
oL &4 463 PARAS=Y3a(l.r0.5+4FRAC)
gee? : RETURN

0028 END . -
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INPUT DATA FOR TBU3

o o FAUS TORONTO=ONSI MG UNETS IRNaCH
17.8 A a.22

6.8 an.o 3TN
beA2 .87 2.0
5.2 4.3 Pa.n
i9ez0.0 i 14ez0.0 20%0.0
900.0 930.0 300.0
F D002 0.01%1N
19”30, 0 429.9 LETNETY

=000 2" 9.,0n002
T.un AN

109 1.40
RO 0.83A 4G00.0 *o.q -.0002% D.cep2

. .

PRINTOUT OF INPUT DATA AND START

DETAILED PRINTOUT

\ L L L L e LTI Py YTy
STRUCYUARAL CONCREFE

.
BEAM [N TORYIAM L RENDING o
DIACOHAL COMBRESSIUN FIELD o
AMALYSTS

JULY L37d

H L L Y P T T

BEAmM wmO, = TUY3 3QURCE =
aamanne Rawsmm
A H ra Tt TS ay
+d4.000 3T.800 6.020 s.3a80 4.220 48.000
AN AN AN AN AN AN ARARAR G mANS A RARRA LG Aann
1 asill et vty ot €3in
] 25,300 V.0 41,400 TS.AC0 1Y420.400
H 19.200 0.450 4l.800 7S.A00 {0420.000
hl | 420 9. 150 £5.200 Té.100 209)0.0400
. 1.a20 17,580 35.200 TA. 100 20510.000
L) 1.320 28,999 45,200 TA, 300 Z0510.960
& Y.av0 33,450 39.300 42.900 Z0190.900
AH n ry
V.79 7.020 IT.900

FC £P30 DF AQMO
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Q TaGTna TAGHCm
¢.a27s% 743,916 &4000.000

ITAR 1M 1l g
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Tal,aus  4001.2)
[

BRINC INDEX (a2 t]
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05
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CONCRETE STRalNS
E .
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1.8278-0a “dITE 04
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o une  fOe WD YT fne D oo fam uig
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'“"_"'5_‘2:01_ ada i -o-gu 0037 9429 0,01 0.0F a.0L J.d 2,07
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2439 S
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TIKTTRD
2.341" 8.
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, ' ' APPENDIX E / o/

EXPERIMENTAL DATA AND PLOTS

E.1 'TEST SPECIMENS

'E.2 EVALUATION OF STRAINS FROM EXPERIMENTAL DATA

~ E.3, SUMMARY OF STRAINS AND LOADS OBTAINED FROM TEST DATA
E.4 KVARIATION OF STRAINS IN BEAM FACES

E.5 PLOTS OF MEASURED STRAINS AND PREDICTED STRAINS AT MID-

POINTS OF BEAM FACES AGAINST APPLIED TORQUE

E.l1 Test Spécimens

The stirrups used in making the steei‘cages were
bent. careful and their dimensions were checked after bending
to ensure uniférmity injthe dimensions .to within +2 mm.

' Filiet weld both sides Three J'.\nche's of overlap in the

"bent hoop were'fillet'welded
180 as' showr. In the fabrication of

the cages the welded parts were

48f e T in the top face and they were

FIG. E.O
To make the cages the hoops were tied to longitudinal

staggered on plan ' (see Fig. E.3).
\ €
steel, with 'tying wire so that the hoop legs were spaced at
76 mm centres. Thé~ceptral nine hoops were positioned with
great care and using an accurately mé;ked pattern plate posi-

tions were marked for placement of targets to form the grids



TABLE E.1

MEASURED DIMENSIONS

A e
bRy phy bt el B B b|Chb| Chs|Che
SERIES | mm mm |- mm mm mm .| mm mm mm | mm| mm| mm
TBO 508 | 411| 480 380 | 76 76 | 81 39 | 16| 1471715
TBU 508 | 410| 480} 378 | 76 76 | 80% 39 | 161 14| 16
TBS** | 508 | 413| 482 381 [206.5 | 254 ;206.5 |39 | 16| 13| 16
T T T TR e e R e B TR o et "“—"_:‘-'_' s e "“"—T - —— et e ——
* for TBU2 minimum tt = 60 mm
* . for TBU4 miI_limLE_m_tt = 55 mm
. ** TBS series specimens were solid.
\
\
CM

R

AN
Cio 1y hoops @ 76 mm ¢/

BLT
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ého#; in Figure 4.17 and 4.18. The hgop"baf}ribs on these posi-
tions were filed off and cleaned in readlness for the placing of
the target51lsed in the measurement of strains.

After the cages were complete the final overall
measurements over the central 1 metre of the span were taken.
.Also\after the casting of the specimens the outside dimensions
‘bf tﬁ? spécimens were measured. The averége values of these

measurements for each series of specimens are recorded in

Table .E. 1.

E.2 Evaluation of Strains from Experimental Data

Figure E.l. is part of the grid of targets for

measgring strains -shown in Figure 4.15. Indicated are the

strains measured.

76-1—?6 . !
El|| ELIZA;IQ:—ELB?S—‘E[M;

HI rm ns Era Ens Ene Eip EHB 5“9 76

'Q') @ fz c‘?) @ - T (L'b C) @9—#——

RHZ  Eiag &zzﬁu“ Eia Er2s Eizg 527 ﬁzaems 76

RL?@ & @E & @P 3 69 9—t—

Eiz —at 32— €13 5134

R OIAGONAL STRAINS WERE MEASURED OVER THE FOLLOWING TARGETS:

ROt

FIG. E.l EVALUATION OF AVERAGE MEASURED STRAINS



i

1806

A summary of all the strains meisured for all the

specimens in tabulated in Appendix E.3. With reference to

Flg E.1 the average strains were evaluated as follows:

4
The average longitudinal strains for ‘row RLl is ¢ T X L e,,,
21 4 j=1 *4
The average longltudlnal strains for rows . RL2 and RL3
were evaluated in a similar way.
: 9
‘The average transverse strain for row RH1 is € =1 I £,..
X tl 9 i=1 tli
The average transverse strain for row RH2 was
similarly evaluated.
4
The average diagonal strain for row RDl is € =1 P>
dl 4 i=1 dli
The average diagonal strain for row RD2 was similarly obtained.
) . . _ . 1 ) '
The  average longitudinal strain €y = 3( i1t €pp * 523),
The average transverse straln €p = %(e -+ etz): and the

strain. Note that average diagqnal strains €41 and €42 are

average diagonal stralns €41 and €42 constitute a set of

", compatible strains which can be used to draw Mohr's circle of

measured in directions which are mutually perpendicular.

A
Y

Sdp

FIG. E.2 MOHR'S CIRCLE FOR MEASURED STRAINS
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v . : R S
From the circle it can be seen that AA'A"B" %é similar to
: / /.

AC"D"D' and hénce c"p"=a'a" If tensionfstrains are taken to

“Yoro

be positive then ¢ will be negative; and assuming €42 is com-

dp ;
pregsive, deduce: €41 + €Eq2 = €y + R LR R . (E. 1)
‘and the shear strain Yot is evaluated as'Yltzeal"EdZ ...... (E.2)
Using equation (2.16) it follows that
'\‘ : -Y
\ Lty 2 _ ) _
x (=17 = (g, Edp)(et Edp)
2 . Yore, 2 _
Hence Edp - (st + ER)Edp +oELE, (—5—) =0
2
e = =[(e, + £,) - //h; +e.)% - 4fe. e, - T-ﬁ-t-]
dp.” 2"t % A t- 9 i
1 ’ 2
=5 (Et + EQ) Ve (st eg). + Ygt ........ (E.3)

Thus from the measured diagonal strains the éheaf'strain with
respect to the transverse and loﬁgitudinal axes is directly
obtained, using ‘equation (E.2). With the sﬁear gtrain detef—
mined and £he measured averagé strains in the ldhqitudinal
and transverse directions,the principal compression strain is

evaluated by equation (E.3). Finally the angle of principal

compression is evaluated as

Y € £
tan26 = it = dl A2 (E.4)
P Eg ™ F e T 5

t b3
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E.3 SUMMARY OP STRAINS AND LOADS.OBTAIyED'FﬁgM TEST DATA
E.3.i MEASURED,TORQUE, FLEXURAL MQMEﬂT{ nggf AND CURVATURE

In the following tables are listed theitbrque, moment,
Fwist.and‘curvature vaiues measured for all the specimens
for all the load stages. The units used are kilonewtons and
meters. The angular deformations are given in radiéns per
metef X 10_3. The twist was measured bylthe metrisite over
nﬁl 75 meters in the central part of the spec1men, and by inclin-
ometer readings on the top face over the central 0.61 meters
of the beam. The curvature was measured over the central 1.75

meters and also the curvature was evaluated from the average

longitudinal strains measured over the central 0.6l meteres.



BATA Uk 1L AY T.301 - . ) - ) i

. Ls= o 2 2 a s 2] 7 ] 9 10 11
MOMENT ST AGT wiati SE Pif.cn Tabala 175,96 205.29 233.97 2564490 2B7.97 310,56 344.75 370.90 ™.
. END T I 111.56 £140.45 170.01 198.8H4 225.69 249,42 279,17 307.24 331,93 1351.94
Cuheve  START 1.1% 3 .86 S.17 &.408 7.78 9.C9 1030 12,35 14,31 7~ 16.27 18.88
ENID 1.t 3.93 5.24 B.54 7.85 .22 -T10,.72 12.48 14,494 16.60 19.34
STk 1.12 o PN 3.64 4,45 S.22 65.06 6495 4.05 9.06 10,47 11.97
T
NDATA FOR AFAM THRO2
L5= 0 1 2 3 a s 5 k4 a
ThEROUE START .86 12.84 23.69 33.18 42.48 |, 51.95 60.49 67,98 75.A2
£, 2.46 11.487 22.16 31.03 40,06 a9.14 S7.34 64.56 7t .35
MUMENT START 40,a7 88.55 129.42 165,20 200.21 235.90 258.07 296.33 329,60 |
EN 49.a3 B4.87 123.66 157.07 191.10 225.324 256.23 283.a2 309.01
TWIST STARTY 0.01 0.1t 0.51 1.16 1.95 2.75 1,35 3.90 4.45
END 0.01 D13 0.51 1.23 2.00 2.78 3.35 2,85 4,25
R IMGLN. . 0.0) 015 0.82 2.06 3.43 4a.93 - 6.6 7.25 9.a4
rurv. START 1.22 2.04 3.10 _Aa15% 0 5,19 6.24 7.28 B.313 9, B9
EMD 1.22 2.06 3.10 4.15 5.19 &.24 7.28 8.a8 10.31
STH. 1.22 2.34 3.58 4.50 5.58 6.73 A.00 9.n7 10.59
\
NATA FOR £ECAM TRHO3
' LS= o] 1 2 ) 3 a 4 6 7
TOROUE START 4.95 24.59 46,52 6a, 96.08 115.36 132.8B4 142,55
EMN 4,95 22.04 42.93 4,61 90.17 106.93 121.21 128.58
MOMEMT ST ART 36.10 654,10 95.37 127.88 166.04 193.%3 21A.45 232,44
END 35210 60.47 90.25 121.16 157.61 181.51 201.87 212.38
TWIST STAART 0.07 0.37 1.86 3.86 © 6.90 9,89 13.93 17.92
END 0.02 0.37 . 1.91 4,01 7.20 10,2139 14.83 19,22
[NTLM, 0.02 1.25 371 6.85 11.64 16.29 22.71 28.59
. TURV. STaRT 0.49 1.52 2.40 Y.482 a.5% 5. 61 6.55 7.40 ] —
. " END 0.t 1.48 ° 2.36 ©3.24 4.55 5.50 6.42 T.42 oo
‘ ST, 0.H0 0.95 2.48 3.57 4,61 5.556 6.52 7.64 (o]
DATA FOR HEAM TADA4
Y La= 0 1. 2 3 4 s & 7 a 9 10
TPROUE START 6.873 25.863 46.57 60,76 78.80 95,16 10%.71 125.50 136,14 143.81 149.42 ™~
END E.n3 23.12 41.31 54,59 70.72 84.29 98.70 1t12.51 124.36 132,00 132.98 KR
MOMFHT START 22.12 34.58 48,46 57.86 6G.82 80.66 90.31 100.77 107.82 112.90 116.61
FND 22.12 32.91 44.97 S53.78 64,46 73.46 B3l.01 92.16 100.01 105.08 105.73
TwIST START 0.02 0.213 2.02 a.11 © 7.06 10.05 12.99 17.03 21.02 25.01 . _ 29.55
EtD 0.n2 0.23 2.12 4.21 T 10.10 13.19 t7.38 21.47 25.56 10,44
INCLH. 0.02 0.16 2.76 S.22 A.716 11.65 14.93 19.71 28,49 29.42 3816
CURV. START 0.5%5 0.70 .28 1.59 1.54 1.54 1.38 1.17 0. 96 0.86 0.75 ™.
EMD 0.55 0.65 - 1.38 1.46 1.49 1. 16 1.23 0.95 0. 86 0.70 0.75 ~
STH. Ganls 0.69 1.43 1.49 1.46 1.30 t.30 0.96 ‘0«73 . 0.55 0.67 -
DATA FOR [RFAM THDS
5= s} 1 2 3 a 5 & 7 a

L A
TOROUE START Il 37.50 49,58 62.88 76.86 90,60 tt.15 129.481 140.27
Frny 11.66 29.39 41.09 . 54.40 68,12 80.68 99.013 116.28 125. A0

-

MOMENTY START Haa?7 13.59 15.96 1H.59 21.35 24,08 2B8.14 31.93 33.90
[t d.47 11.97 l4.28 16.92 19.63 22.11 2374 29.16 .00

TWwIST STAWT Q.04 0.79 2a.672 S.b3 T.72 9. 62 12.61 15.60 18.10
- S 0.04 ND.84 Y o1 - S.66 Te72 Q.72 12.68 15.73 18.29
INCE N, 0.04 1.41 4,43 7.70 10.473 13.17 21 .64 24.79 32.30

CURNV. STAuT 0.2t 0.31 -0.31 063 -1.12 -1.A3 —2.42 -3.77 -4,55
EnD 0.1 Q.11 -Na..t4 ~0.64 -1.14 -} .63 —2.24 -3.25 ~4.64

ST, 0.2 0.15 —0.57 ~1.02 -1.55 -2-10 ~3.01 -4.18 -6. 68



AT (3 4 v Tal
L5 I Tt e . a g
MM . [T A Fiite bote 1. al s P N o S0, N0
[N, (PRI I LN bl Fala
T R .l ! .13 [FIRF) ]
PATS FOw 1AM T2
La= Is] 1 2 a a
TORUUE STaivT N.50 .73 16.54 2T.00 3647
(SRS ] g.50 4.7H 15.5%9 25.52 la.78
MOMENT ST AT 42,01 .07 103.47 147,51 179. 41
ErID 42,01 53.42 99.84 1317.488 173. 32
TW1ST SYANRT DaN1 D04 0.16 0.51 1436
EmMD 0,01 0.04 0.16 0.61 1.51
TMHOLLN,. 0.01 n.15 0..56 1.51 2447
CURV. £TART 0.59 0.98 2.03 J.07 .12
Efin [ Navd 2.013 .07 4.12
“TR. D.5G Nea7 2.02 .04 .99
DATA FNP NCAM THis
L
L&= o 1 2! 3 a
TNFOQUE STAKT foa OFH 17.83 a4l .24 57.90 T4.12
[ER R} 4.98 15.72 3R.02 53,495 69449
MOMEHNT START AL H 54 .64 8R.41 112.20 135,51
F D RE- T 51 .51 B8l.65 106,53 128.86
TWwl1ST START D11 0.0 1.95 3.94 S«94
FND C.11 GL.20 2.10 4.09 6.19
INCLN. D.11 0«51 2.70 Sl b T«49
TURV. S5TanT 0.1 0.77 1.86 C 2473 1.3%
. E D 0.51 0.77 1.B6 2.73 3.39
STR . N.n1 0,04 1.85 2,49 3.12
NATA FOR BEAM Tikia
LGS= 0 1 2 3 4
TRROQUE STarT fa228 \ Z5.16 43.40 Ba.S1 137.G0
Frin -1 ' 22.82 40,52 77.864 123.18
MOMENT START T21.TH A3.27 47.02 72,61 10%.00
Fn a2t .70 32.72 44 .45 65,21 102.56
TWIST START 0.17 0.43 2.53 10.10 20.0A
Ery 0.1 0.453 2.63 10,31 2N.48
TN, N.13 Na.a?3 2135 10.00 20,39
CUkRy,. 5Ta0T (S | D.29 C.9a C.805 0.49
Ery 0a731 0.39 0.94 N".T76 D.21
“TH. 0.7%1 MNM.ES 1.25 .14 0.81
DATA FOR REAM TRus
5= ] 1 2 3 4
TUFQUE START 5.52 a9v.00 S51.70 Tha.34 101.068
R ErID S5.52 37.25 a4k .t4a 60,240 Q4 .25
MOMENT STAELT Te2H 15,86 16.728 21.25 26.27
Fri T.25 131.55 15.328 1%.86 24.80
TWLIST STarRT C.12 0.78 S.10 10.09 15.08
END n.12 1.02 S5.27 10.42 15.24
TNTLHN. C.12" N.78 S5.15 10.49 15.55
TV o STarT D.10 0,19 ~0. 86 -1.73 =~2.R2
F D 0.10 0.19 ~0 .05 -1 .82 ~2,73
GTH ., 0.0 D.83 —-1.57 -la.21 -3.60C

S
108.A2

QB.92

179.63
©171.14

9. 88
10.13
11.86

a.57

-
304422
2

N -
et et b )P Lt

BAN NN >

Tenr
8,04

&
TB.HAS
75.81
341, 14
330.46
S.A80
634
A, 62
8.51
8.61

T Te99

= oDOoRONOUNW
WA I b B e & TH

L T I I A S )

. B
33t. 44

4,05
Ho g

7
88,90
e5.52

380.59
367 .65
7«19
8.0a
10.54
9.86
10.02
Q.77

7
160.56
152.26
259.69
247.77

17.86
18.41
21.43

N~
LI

<@
9
7

O

195.15
182 .25
146 .95
138.40
16.34
38.81

0.00
-0.9A
-1 461

.12

?
171.12
159.50

40.00
37.70

0,00
36.02
36.7%

. =10.09

=10.50
=11.57

159,55

.89
. 2A

100.08
96.113
423,38
408.28
3. 99
.44
12.0a
11.a1
11.48
10. 62

170.04%
162,49
273.31
262.47
19.90
20, 35
21. 75
Te B2
T.82
6.51

170,448
166,07
4l .46
39.00
0.00
48,22
480,90
-1%.99
~16., 49
-18.66
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Id%.n7

Taia

15,05~ 7

187.51
179.44
298.41
286.82
22 89
23.49
26«90
aA.76
{.76
Tela

175.42
167..30
40.85
3G.2a
0.00
56 .04
0.00
-18,01
~18.91
0.N0

11

412,73
.20
10.6%

10
193,88
1B6.76
309.00
297.34

24,89
25.44
2%.36
3.35
Q.35
Te27

12

435,90
10.4a1
11. 51

11

207 .25
196.08
A26.T7
310.72

27.688
29.03
331.08
10.21
10.21
T.78

bt - O
Pare ~
[k =Nl
ke XRIT

8T



DATA FOR DEAM THS1

P Lg=

TOROQUE START
CEMD

HMIIMEMT STAQRT
EMD

TWIST START
F Nty

INCLMN,.

Cuilve STAKT
EnMn

STH.

DATA

o]
12.71
12.71
14.27
34,27
O.01
0.01
D.01
052
0.52
0.52"

1
BU.64
7T1.60
79.39
73.40

3.00
3,05
2.20
1.75
1.73
1.77

FOR BEAM TAS2

* ILL5=
TORQUE START
END

MOMENT START

EHD

TwIST STANT
FMND

ITHOLM.

Cuilv.  STaRT
- EHD
i STR.

0
11.24

53O0OD00
L N I I )
boPOO
Vg v

§

' 1
‘a4.39
40,14
. 554,36
52.55

' DATA FOR DEAM THS?I

_\ LS= 0 1
TAROQE 'START Se52 52.54
-~ END Sa.62 4a8.81
MOMENT START 29.60 60.45
EHD 29.60 58.01
TWwIST STaART 6,00 0.50.
CND 000 0.50
TNCLN. 0.00 0.50
CuURvV. START 0,23 0.49
£ 0.22 D.349
STH. .23 0.67

DATA FNIR AFAM THS4
LS= 0 1
TOROQUE START 11.06 30.06
. FuD 17.16 27.76
MOMENT START 33.A/”2 45.70
. ErD 17.22 44,19
TWIsST STapy .02 n.22
L7 ‘FND 0.02 0.27
ITM7"LMN. 0.02 0.57
CURV. STaart .81 .96
rND 0.31 0.96
BTN, DeHl 0.9A8

2
100.56
91.613
92.59
B86.67
6.09
6.39
S5.21
2.a86
2.38
2.35

a2.24
75.09
80.45
T75.71
J.00
3.12
2.23
1.69
1eb6
1.713

100.R5
931.32
92.15
BR7.21
2+99
P09
2+41
1.64

1.6

2,032

61°.38
5S4 .59
66 .25
61 . 80
1.932
2.02
2+90
1.54
1.59
1.92

———

[ K NN SN T
MR = S~ 3
L A Y
bad- St Ll "2V R -0 =

BOR=ONOWLDW

Tralo
63.53
T2.63
ETa6
4.01
4.21
S5.77
1.95
1.96
225

S
230.97
223.08
182.78
172,325
31.67
32.0a
33. a5
1.01
0.8%
0.72

S
BE.27
T7.27
82.56
TH.68
10.90
11.2%

14,10

2.11
1.96
1.06

24813

I171.7a
159.89

139,77

131.91
3t.17
31.79
21 .06

2.23
1.97
1.47

243,61
22%.41
1B86.4R
176,51
39.27
40.40
33. 71
0.0n
0.00
-0.11

94G.10
88.81
91.01
84 .25
15.88
16.173
20.26
2.11
1.958
1.28

163.47
151.21
134.29
126416
29.47
29.98
19.70
3.19
3.02
2.21

201 .00
186,09
159.16
149.28
44,88
A%.63
29.95

1.659

1.16

0.72

7
214.69
199.14a
166.85
156454

56.60
ST.47
49.17
0.00
0,00
-2.21

7
110.72
97 .91
28.62
90.22
20.87
21.42
26427
2.01
1.5
0.R1

: A
176.71
162.97
1a3,06
137.95
35.41
A%.96
2a.07

320

2497

1.93

215. 74
197. 68
168,93
1 56.96
57. 41
58.35
40.47
0.54
0.07
-0.19

3
119.79
106.20
104,58

95.66
26. 85
27.35
315.29
1.90
1.85
N.70

L88.05
175.13
150.58
142,01
41 40
41 .89
27 450

.10

2,484

1.89

208.96
190.51
164 .44
152.21
T2 .31
T3.56
62 .76
-3.67
-5.28
=-2.11

123,86
110.00
107 .92
98 .15
13 .43
35.113
45.82
1.70
1.%a
0.a5

10

195,77

182.03
156436
146.59

a7.38

aB,0n

32.a1
2.89
2.5
1.5a

10
180.77
165.07
145.75
126.01
105.72
106.96

0.00
=-22.80
-24.90

-3.10

10
1192.87
104,93
104a.63

94 .81
49,79
50.a89
T5.21
-1.70
—-2s22
D.486

11

202 .91
188.13
1560.43
150.63
53.86
S4 .81
37.20
2.51
2412
1.15

148
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E.3.2 MEASURED STRAINS | p 7

In the following tables.are lisééd thgﬁstrains measured
from the target patterns shown in Figures é.l? and 4.18 for
all the section faces of all the beams at all the load stages.
For any particular type of strain such as longitudinal strain
in the top face, the strains at a given load stage for a par-.
ticular row of targets, the number of strain readings in
thatﬁrow are listed below the title of the row. If it was
not possible to obtain readings of strain over any two tar-
gets in a row, the listing will have a zero entry for that
positidn. All the strains are listed in units of 1673,

Figure E.3 shows the positiohs of the targets on the steel
cage for a‘side face and the:top face. Steel étuds,,inside plastic
£ubes_with springs to enable easy extraction, were glued on to the

hoops and waxed to keep moisture out. These studs were replaced

after casting by brass targets from which strains were measured.
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E.4 VARIATION OF STRAINS IN BEAM FACES ‘/

; - : s
In this section the average strains for any beam face

are plotted sO0 as to reveal the variation trends of the
measuréd strains on the sides. Plots are made for all the
TBO and TBU series beams at approximately half capacity load-

ing and 'at approximately capacity loading. For the TBS series ki

lplots\are given for the near capacity lecading case.
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E.5 PLOTS OF MEASURED STRAINS AND PREDICTED %TRAINS AT
;MID*POINTS OF SECTION FACES AGAINST APPFiED TORQUE

The following plots give the complete fénge of the res-
ponse predictions for all the beams tested and the correspon-
aing measured values for comparison. In the plots of test
data separate lines are plotted for the ﬁorth ;nd'South faces.
These lines are evidently in close agreement. For the model
xprediptions for the section with one axis of symmetry, the
value; for the mid—ﬁoints of the North face and South face

are identical and have been referred to as side face values.

It should alsoc be noted that response predictions were made
for the spalled and unspalled section dimensions for each
beam. The spalled predictions are plotted in thick lines and

the unspalled in thin lines.
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