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PREFACE

This report is the third in a series which summarizes a detailed
evaluation of AASHTO design procedures for shear and torsion in
reinforced and prestressed concrete beams. The first report summarized
an exploratory investigation of the shear transfer between Joints using
details commonly found in segmental box girder construction. The second
}eport reviews the historiéal &evelopment of design procedures for sheéf
éﬁ& toréion in concrete members as found in American practice.  Both the
AASHTO Specifications and the ACI Building Code are examined, since they
have been closely related. 1In addition, this report presents the
background and equilibrium relationships for use of a space truss with
variable inclination diagonals as a design model. This report
summarizes special considerations required for the practiecal usage of
the variable inclination truss model. It also compares the theoretical
capacity as computed by the truss model to experimental results for a
great variety of previously reported tests as well as the results of
tests run in this program to investigate several variables. The fourth
and final report in this series draws on the analytical and experimental
results presented in the earlier reports. It uses these results to
develop procedures and suggested AASHTO Specification procedures for
girder shear and torsion. The final report also contains several
examples to illustrate the application of the design criteria and

procedures.
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SUMMARY

The object of this study is to propose and evaluate 3 design
procedure for shear and torsion in reinforced and prestressed concrete
beams, with the aim of clarifying and simplifying current design

requirements and AASHTO requirements.

This report summarizes an extensive experimental verificatlon of. ...

a powerful three—dimensional spaeeufruss modei witﬁ variable angle of

incllnation of the dlagonal elements.

:Thisacghceptual.model Was
developed by European and Canadian engineers over theApast fifteee
years. The model is shown to be a conservative method of predicting the
strength of such members under combined loading., Detailed comparison
with current ACI/AASHTO procedures indicate greatly reduced scatter when
comparisons are ﬁade to test results.” Detailed design procedures and
Specifications, and example applications are given in the final reporﬁ

in this series,
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CHAPTER 1 ' oiu-

INTRODUCTION

ECOl et ol SR S > O~ P ~

Design provisions fof shear“égakfg;sidn for feigfo;ggéiéﬁé
prestressed concrete members aﬁd structures in both the AASHTO
Specifications (17) and the ACI Building Code (24) have evolved into -
complex procedures in recent revisi&ns:‘ Thé-céﬁpléxify of such
procedures results from their highiy‘empirical‘ﬁésié and thé laék of a
ﬁnified tréatment of shear and torsion. frbniéally,hsuch design
procedures seem better suited for analysis; since they become cumbersome
and obscure when used for design.

Such deficiencies could be overcome if the design procedures in
the shear and to;sion éreas Wwere based on behavioral models rather than
on detailed emﬁirical equations. If the design procedures were based on
a physical model, the designers would be able to envision the effects of
the forces acting on the member, and then provide structural systems
capable of resisting those forces. Furthermore, design provisions based

on a conceptual model would become more simple and would not require as

much test verification.

The present study attempts to answer the challenge posed by the
ACI-ASCE Committee 426 (28):

Duiring the next decade it is hoped that design regulations for
shear strength can be integrated, simplified, and given a physical
significance so that designers can approach unusual design problems
in a rational manner.
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e generally not in English and are quite complex, The more limited

The apparent complexity of the proofs of the plasticity theorems as

applied to shear and torsion can cause the more design-oriented reader

‘5iése sight of the fact that the authors use these proofs only as a

“theoretical basis for proving the.application of a refined truss model.

.«The model was shown to be a lower bound solution glving the same result

.as, the much ‘more rlgorous plastlclty upper bound solution. Hence it is

_a valid solution which correctly represents the failure load.

This report extends the application of the space truss model to
consider many special limits and approachs which must be incorporated in
the design framework. The highlights of the refined truss model
approach are the relatively simple design procedures that can be
developed from the sbace truss model, and the extremely logical way the
designer can envision providing and proportioning reinforcement for
shear and torsion under special circumstances as in the case of box
sections, concentrated loads on lower flanges, etc. Several of these’
are illustrated in Chapter 2,

However, it was felt that before the generalized refined truss
model approach could be used as the basic design procedure in American
practice, a complete evaluation of the accuracy of the model using a
significant body of the available test data reported in the American
literature was necessary. In Chapter 3, thorough comparisons of the
space truss model with a wide range of test data and with predicted

failure loads from other design procedures are presented.
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CHAPTER 2
SPECIAL CONSIDERATION REGARDING THE TRUSS MODEL

é:fivlntroduction

Before design recommendations based on the space truss model can

model under special conditions must be addressed.

In Report 248 2, the basic model was presented for the case of a

- WER el 0T o onued

thln-walled box section subgected to a constant shear flow produced by a

-

shear force and/or-a torsional moment and for a‘solld rectangular
section subjected to bending and shear but not torsion. However, many
questions still remain unanswered, such as the application for other
cross sections or for the case when the shear force is not constant
through the design region z cot g such as in beams subjected to
distributed loading.

In the space truss model, the ultimate strength of a given
section is based on yielding of both the longitudinal and the transverse
reinforcement. As a result, it is essential that premature failures
caused by crushing of the concrete diagonal strut be avoided. This can
be achieved by limiting the compression stresses in the diagonal strut
to values equal or less than a certain specified allowable compression
stress f, However, due to the special conditions.existing in the
diagonal compression strut, the value of f, has to be substantially less

than the specified compressive strength of the concrete %,

be proposed, several questions with regard to thé»behayien,ef”the.tnpss;'_ S
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The case of members subJected to a constant shear and/or tor31on

Next, the

pecial effects of concentrated loads is considered. The Presence of a

ﬁfan out" from the concentrated load. The effects of this disturbance
on the assumed regular truss action are consiéered3> Next, the case

yhefe heavy concentrated loads are applied near the supports is given.

Fihélly, the case of loadings applied on/or near the bottom face causing
the so called "hanger effect" is also included.

2.2.1 DBeams Subjected to Uniformly Distributed Load. Consider

the case of a simple beam subjected to a uniformly distributed load w as
shown in Fig. 2.1. In this case the shear force varies linearly from a
maximum at the support to zero at midspan. The analysis of this
zi particular case with the truss model (see Fig. 2.2a) yields, from
equilibrium of vertical forces on the free body shown in Fig. 2.2b, the

value of the design shear force Vg in the zone zcota:




\-Positivo
moment tension
.\ cherd (F)
Stirrups (S )

Baom e s e oL e g Tl

¥s>nS= Resultant shear
fores carrisd by

the stirrups
‘ = = - - w z cot @
: + ZFv 0 vA VS
zZ
+ EMB =0 = —FL.z + VA . z cotx + MA - Vg3 cotq

USRI Fored s e

(®)

g R 8 mee e

Fig. 2.2 1Internal truss forces in the case of
uniformly distributed loading
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system at the support for the case of tang = 1.0 and s8.= z/2, .. ..

11

shown in Fig. 2.3, compression fans will form both at the support and

under the applied concentrated load.

The geometry of the compression fans depends upon the stirrup

spacing and the selected angle alpha. Figure 2.4a shows the equilibrium

a?

4

In Fig. 2.4a the horizontal force LF(v) is shown as a tension

force in the truss model However, the minus 51gn attached to the value

~ e - .- - PR T —

.
5 . o Do v by

of thls force in the table shown in Flg. 2. Ha 1ndlcates that 1n reallty.'

" “oma,

,The presence of thls horlzontal compre531on force due to the "fanning"»

effect eliminates the need for longltudinal tension steel near the“ends
of simply supported beams where the end reaction induces cqypreesion
71).

As can be seen from Fig. 2.la, as soon as the»inclination of the
diagonal combression force, "D", in the strut reaches‘the inciinaticn of
the chosen angle «a, tﬁe effects of the compression fan vanishes.,

Since each of the diagonal compression forces acting at an
inclination equal to chosen angle o can be anchored at a joint of the
truss, a diagonal compression field with uniform inclination becomes
feasible, thus eliminating the need of a compression fan to satisfy

equilibrium.

Figure 2.4b illustrates the effect of the compression fan on the
required anchorage force for the bottom (tension) chord at the support.

For the case shown in Fig. 2.4b, the bottom chord of the truss model

it acts in the opp031te direction, thus becomlng a compre551on force{

(L SO P
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Fig. 2.4 Compression fan at the support

[CTa S ¥ P



[

"W

15

(b) Force in the lower chord
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the truss model
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: Fig. 2.7 Forces in the top and boitom chords of

’? the truss model

LR YRV




gt AT DTV P

19

D I LR LR vu s

Ao

(b)

(a)

Fig. 2.8 Typical support 666ditionsk&hégébfﬂé'maXimuﬁTdesign
shear force is that computed at a distance "d" from
the face of the support

However, this provision is not always valid. These are two

major. exceptions. The first one is the case when the support reaction

does not induce a state of compression in the end region of the beam.
Such is the case of members framing into a supporting member in tension,
as seen in Fig. 2.9a. In that case the critical section for shear is
taken at the face of the support.

The second major exception is in the case of members where the
shear at section between the support and a distance"d" differs radically
from the shear at a distance "d", This occurs in brackets, and in beams
where a heavy concentrated load is located close to the support such as
in bridge bent caps (see Fig. 2.9b). In these cases current shear
design provisions recommend (17,24) that the actual shear at the face of

the support should be used.




y W T,

S e R L A KA B
T o AKX RS 3

Adedas

21

of the support it is recommended that the basic truss model be applied

_consistently as recommended by Marti (183,184) as a more general check ...

than the usual shear friction theory.

1
{ : > |

Fig. 2.10 Definition of a/z ratio

In general;-éests of beams with a/zifgfiéé leSS than 0.5 have
shown crack patterns at failure similar, to that shown in Fig. 2.11a.
The pattern of cracks at failure in Fig. 2.11a shows an inclination
which is very close to 90 degrees from the horizontal. Normally,
therefore, vertical stirrups will not be effective. However, in the
case of brackets and corbels (see Fig. 2.11b), shear would act along the
vertical plane of the crack. Vertical slip of one crack face occcurs
with respect to the other. If the crack faces are rough and irregular,
this slip will be accompanied by a horizontal separation of the crack

faces. Thus it is obvious that horizontal web reinforcement should be
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friction reinforcement), At ultimate, the horizontal

-#1¢1d point. T

S Consequently,'applying_the previous discussion to Fig. 2.11a, it
‘s reasonable msassqmgﬁthat:phg design of this type of member can be

bésed‘on a simple truss.aqglpgywéqnsigting_Qf:the main reinforcement

vozacting as norizoqp§;¢tensi9n;&}esagpd concretejgtguf§£ag§ipg;§§h2nqliged

In this strut.and tie system shear failure as such

iis not considered as a primany failure mode. ; The basic assumptions

followed in the construction of this ;fruss.model:ares;gssnvrnrionis

~ oy = RN -

1. Equiiibrium must be Sétisfieé:

2, The concrete transmits:bnly compression forces. The Strength of
the concrete in tension is neglected.

3. The reinforcemeht acts only as linear members, i.e. dowel effect
is neglected, :

4, Yielding of the reinforcement will take place at failure.

5. Well-distributed horizontal reinforcement should be placed
across the potential length of the vertical cracks to control
cracking at service load levels and to ensure the assumed
redistribution of internal forces in the cracked state.

In the strut and tie system, provided the anchorage of the tie is

adequate, eventual failure is caused either by yielding of the main

steel, or by crushing of the concrete in the flexural compression zone
or in the diagonal strut. Since brittle failures due to crushing of the

concrete must be avoided, the stress in the flexural compression zone

and in the diagonal strut should be kept below specified limits. 1In

BRSO AL
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In Fig. 2.12a, the case of a truss loaded on the top chord is

analyZEd and the force 1n the vertical tension member C is found to be

5p(tension). In Flg.2.12b, the Same truss is analyzed but the load

3 placed on the bottom chord. The tension force in the same member C

The increase in the ten31on ‘force in the member C when the load

plied at the bottom chord reflects_the so called "hanger effect™,

The addltional area of steel required in the vertlcal is that

o~

necessary to "hang up" the load P by transmltting 1t from the bottom

e

face’to the top cf an effective compression: strut 1n the member. For

tbecaseof'memberssubJectedto anuniformlydistributedlcad w, the
additional tension force in the vertical elements when the member is

loaded at the bottom chord would be w*s, where "s" represents the

spacing between the vertical elements in the truss model.

2.3 Compression Strength of the Diagonal Strut

The use of the truss model with variable angle of inclination of
the diagonal struts in the design cf reinforced and prestressed concrete
members requires that the steel reinforcement vield prior to failure of
the concrete in compression. Concrete failure can be due to crushing of
the bending compression zone or the concrete compression diagonals.

The stresses in the bending compression zone can be determined
using the well-known bending theory (135). They are limited by
restricting the tensile reinforcement to a fraction of the amount which
produces a balanced failure. In the case where torsion exists together

with bending the situation is even less critical. Since a torsional
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féﬁsion at the bottom of the member), therefore reducing the
ompression stresses in the bending compression zone. The same holds
e for the case of a negatlve bending moment (tension at the top)

since now the torque will lower the neutral axis, hence reducing the

The concrete compression diagonal struts carry the diagonal
forces necessary for truss equilibrium. The stresses fq in the diagonal
gpmpression strut are‘caused by the diagonal force D. Consider the case
'Q}Va shear field element subjected to a constant shear flow as shown in
?13. 2.13. From geometric considerations the stress in the diagonal

_ strut caused by the diagonal force D is given by the relation:

-,

£, = 3
d bw sina cosa (2.6)

4 where "q" is the shear flow due to shear or shear and torsion. Assuming

a constant shear flow over the entire height of the section the term

s

q/by becomes the zverage shear stress "y, Rearranging Eq. 2.6 yields

f

Zd _ 1 (2.7)
v

_—
sino cosa
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s governed not so much by the compression strength of the uncracked
lgis®a . :
rtions of the strut but by the capacity of the interface shear

sfemeechanismslm§uqh~a$_aggregatg_interlock, to transmit,the

re shear stress across previously existing cracks. When a crack is

syl U .

d in a concrete mass the surfaces are usually rough and

fis available to prevent large increases in the crack width, substantial

Shear forces can be transmitted across the crack interface through the

mechanism of aggregate interlock. The principal factors affecting the

Taoid L.

aggregate interlock are:
1. Quality of the conecrete. Usually the top part of a member,
because of the particle sedimentation and water gain under the
coarse aggregate will contain weaker concrete.

2. The size of the crack width. Smaller crack widths lead to
larger shear stresses, but also to more sudden failures.

Tests by T. Paulay and P. J. Loeber (32), in which the crack
width increased proportionally with the applied load, verified that the
stiffness of the aggregate interlock-mechanism gradually decreased as
the shear stress across the interface increased. In order for the
aggregate interlock mechanism to remain effective, the crack width
should be limited. For larger crack widths only limited transfer of

shear forces across the crack interfaces is possible and, thus, no
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Equations 2.10, for the case of yielding of the transverse

e reinforcement [& = ey]. and 2.11, when the longitudinal reinforcement
o gields [ € = €41, are shown in Fig. 2.15.

From Fig. 2.15 it can be seen that, for an inglination of the
* é;épression diagonals of a= 45 degrees, the crack péréﬁéter €, and
e

hence, the crack width becomes a minimum for yielding of both the
ilongitudinal and stirrup reinﬁorcqmgnngﬂée;h;l;gy }ngle(irpquires j

;symptotically increasing crack opening and stirrup‘étfains to obtain
“jielding of the longitudinal reinforceﬁe;t; ;An anél; iafger than 45
‘d;grees will demand iargér crack openihgs and!ioﬁgituainal straiﬁsv£O'Av
obtain yielding of the transverse reinforcement. Therefore, the mean
crack strain is largely dependeﬁt upon the angle of inclination of the
diagonal compression strut. Since the aggregate interlock disintegrates
with large crack widths, and the mechanism of shear transfer in the
diagonally cracked concrete is largely dependent on the aggregate
interlock, it is apparent that the maximum compressive stress that the
diagonal strut can take will be a function of the angle Q.

Equation 2.7, which relates the stress in the diagonal
compression strut and the angle of inclinationaof this element, is
plotted in Fig. 2.16.

From Fig. 2.16 it can be seen that the compression stress fd in
the diagonal strut does not vary significantly within the limits of the
angle a proposed in Report 248-2. The maximum difference from the

minimum value at 45 degrees is only 25%. Thus, within the limits for

the angle of inclination of the diagonal compression strut,
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compression stress in the diagonal strut should be a function of the

gverage principal compressive strain in the strut €4, the ratio of the

ing " maximum shear strain Ym (i.e. the diameter of the straip cirecle), and

he the 28 day concrete compression strength f3 (see Fig. 2,17).
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Fig. 2.17 Stress and strain conditions for diagonally cracked
concrete neglecting principal tensile stress
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Thiurlimann cites several factors which influence the value of

5 degree

se the fallure crack to be at an 1nclination other than the 4

bncrete. Another important factor is the undesirability of a failure

torsion the twisting of the beam induces an additional compression
stress into the diagonal. Thurlimann and Lampert (95) stated that the
increase in the diagonal compression stress was due to a distortional
effect in the walls of the cross section. Through twisting, the
originally plane walls of the section are distorted to hyperbolic
paraboloids (Fig. 2.19) limited by four straight edges.

The distorted wall constitutes then a hyperbolic paraboloid

shell subjected to a uniform shear flow "q". The entire shell when

loaded in this fashion is subjected solely to pure shear stresses of

R % P

constant intensity (see Fig. 2.20).

This state of pure shear, which actually resolves into principal

A e g

stresses of equal and opposite magnitude (tension and compression)

acting on sections at 45 degrees to the shear plane, can be deduced from

AT LA
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purely physical considerations without recourse to differential

Fig. 2.21 Sections of a hyperbolic paraboloid surféce taken
at 45 degrees to the coordinate axis
As shown in Fig. 2.21, sections of a hyperbolic paraboloid
surface taken at 45 degrees to the coordinate axis form identical
parabeclic arches. In other words, the surface shown in Fig. 2.21 can be
obtained by moving a parabolic curve along curve o-m. The parabolas
parallel to the curve o-m curve downward, whereas those at right angles

to these parabolas curve in the opposite direction. Assuming that the
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Equilibrium torsion Compatibility torsion

“determinate T
'“SEESZ?ufeS Impossible
FEAST L eh

Statically

st indeterminate
structures

e

>t

s

Fig. 2.23 Torsion in statical systems

1

7 As shown in Fig. 2.23, in statically determinate structures only
, equilibrium torsion exists, while in indeterminate structures both types
- ¥§ " are possible. If equilibrium is possible in a system even if the

: : torsional stiffness is neglected in the service load state or even if

the torsional resistance is neglected in the ultimate state, then one is

dealing with compatibility torsion. In this case torsional moments are

developed by resistance to rotation and may be relieved when local
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Specific guidelines to compute the minimum amount of torsional

einforcement that should be provided in the case of compatibility

This differentiation between equilibrium torsion and

I RO, - P

iznce, the distribution is more important than the amount ihe casg;qf;
QUil;br}um torsion is different.‘,ﬂerﬁvthg amount of reinforcement
comes equally as important as its distfibufiéh. When dealing with
éduilibrium torsion it is necéssary to both provide enough reinforcement
to resist the torsion required by statics and to properly detail of
reinforcement to ensure that such strength can be fully developed.
In designing a member subjected to torsion, it is necessary in
order to provide adequate crack control that the longitudinal steel be
Auniformly distributed around the perimeter of the cross section. The
trusslike behavior of the member shows that the longitudinal steel in
each corner of the section is anchoring the diagonalbcompression struts.
If the reinforcement at the corners is too weak, a brittle premature
failure will result from the bulging out of the corner bars (see
Fig. 2.24). For this reason, ductility and strength requirements would
be better served by concentrating a considerable amount of the required
longitudinal steel for torsion at the corners of the cross section.

However, a torsional moment causes a general lengthening of the member.
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Hence, longitudinal steel anywhere in the cross section can be effective
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p splice inadequate detail for torsion
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(c) Properly detailed transverse reinforcement

Fig, 2.26 Stirrup anchorage details [from Ref, 118]
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of Thus, it is suggested that when setting the maximum stirrup spacing the

ing élue of tana= 1.0 be used regardless of the assumed angle of

er nclination at failure.

Lo~ As a result, the maximum stirrup spacing for torsion is then

de g < hp/2, which is similar to the limit proposed by Thirlimann of
v max ‘ . S

-

ng hé)z but less than 8".: Therefore, ;t is felt that the use of
he 'hiirlimann's proposal is more'bractical and reasonable.

of 2.4.2 Shear. Detaiiﬁng for shear strength requires that just
e SS in the case of torsion, both the longitudinal and the transverse
e

'réinforcement must'Be properiy'éhéhored S0 as to'allow the development

of?their full tensile strength. Required anchorage can be provided by

e

g means of adequate straight embedment length, standard hooks or even
t ‘mechanical anchorage.

e The function of all of the reinforcement has been nicely
a irgxplained by Collins and Mitchell (56), and is fully illustrated in

Fig. 2.27. From Fig. 2.27, it is apparent that the function of the
longitudinal steel is to act as a tension chord as required for flexure
and to balance the horizontal components of the diagonal compression

struts. In addition, it must provide adequate end support for the

stirrup reinforcement. In the truss model the longitudinal tension
jé chords must tie the beam together along its longitudinal axis and be

properly anchored at the ends.

R
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Longitudinal
Rei_nforcemen?

Fig. 2.28 Anchorage of reinforcement at support

the bottom (tension of flexure) chord requires an anchorage length such
that a force equal to Veota/2 is adequately developed (see Fig., 2.4b).

In a more physical 3ense, the concrete compression strut is
"pushiﬁg" on the end of the beam, and the smaller the angle of
inclination, the more anchorage force that would be required at the
support.

(b) Curtailment of the longitudinal steel

Consider the case of curtailment of the longitudinal
reinforcement (see Fig. 2.29a). The question is how far should the
longitudinal steel extend, distance 1g beyond the point at which it is
no longer required fof flexure. In Report 248-2 it was shown that the

force in the lower tension chord is found as:

Foz Mrz) + [(v cota)/2] (2.16)
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rom Fig. 2.29b the step in the diagram due to the change in steel is

given by:

dF
Ly _ (2.1¢)
LAB (dx ) A AL fyL
“and
dF
L_d M_ 1
dx " dx G+ 3V cota) (2.18)

Since the shear force V is constant and the angle of inelination
of the diagonal compression strut is assumed constant in the design

process Eq. 2.18 yields:

B e e = e

dx  z dx z (2.19)

Substituting in Eq. 2.17 yields:

thus, from Fig. 2.29b

* *
L =L -1 =L-AAL L
s a AB a v (2.21)

This equation is also applicable when detailing positive moment
.é tension reinforcement at points of inflection and simple supports. In
the current ACI Code (24) a similar requirement is established for the
adequate development of the positive moment tension reinforcement at
simple supports and points of inflection. This reinforcement is limited

to a diameter such that the development length, ld, required to develop
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substituting in Eq. 2.17 ylelds

A f
= __fIL_)ﬂi__
L = (2.26)
AB \Y w
-E +§- cotQo

Thus from Fig. 2.29b

AA £
L =1L -1 =L———L~AL L
s a AB a .Y.+E
z 2cotOL

(2.27)

where lg represents the supplemental length required beyond the
theoretical cut-off point.

I1I) Transverse Reinforcement

The transverse reinforcement in the truss model provides, as
shown in Fig. 2.27, the vertical tension ties to resist the vertical
component of the diagonal compression struts. All stirrups must be
properly anchored in the compression and tension zones of the member.
The cracking of the concrete in the tension zone demands that the
stirrup be continuous throughout this zone. No splicing of stirrups
should be permitted.

Typical prestressed beam stirrup detailing as shown in Fig.
2.30a is not unadmissible. Such details are often used to simplify
plant fabrication. The reason it should not be used 1is that the
cracking of the concrete in the tension zone would destroy the bond
between the concrete and the stirrups. This means that stirrup tension
force could not be developed., Also, as shown in Fig., 2.27, the stirrups
must provide effective reactions for the diagonal compression struts to

f bear against, both in the tension and compression zones. This detail

- w5
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rfails in both respects. A clear example of the type of failure this
improper detailing can lead to is illustrated in Chapter 3 of this study
in the section dealing with failures due to inadequate detailing.

For the same general reasons, detailing of stirrups such as the
ones shown in Fig. 2.30b, is also undesirable. Figure 2.30c shows some
examples of adequate detailing.. From the study of members subjected to
bending and shear using the truss analogy it is clear that the diagonal

compression struts can only be anchored at the joints of the truss, i.e,

intersection points between the transverse and the longitudinal

reinforcement. The loads can only be ttansmitted at the joints of the
truss because the members of a truss can only resist axial forces and
their resistance to direct bending (i.e. loads applied to the member
between the joints), or direct shear (dowel action) is almost
negligible. For this reason, the stirrup which is the vertical tension
member, must be able to develop its full strength over the entire height
between the top and bottom joints of the truss. Hooks of the stirrups
should be anchored around large longitudinal bars in order to distribute
the concentrated force from the stirrups. A highly recommended practice
would be to always bend stirrups around longitudinal bars, and terminate
them only in the compression zone with at least a 135 degree hook at the
ends,

In the detailing of transverse reinforcement it is also
important to point out the width effect. This is important in the case
of members having large web widths, and where more than two bars are

used to resist flexure (see Fig. 2.31). 1In this case it is important to
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ike a deep beam, and its load~carrying capacity will be exhausted when

the transverse Spacing of stirrup legs should not

ist in the member,

AT

xceed 7.5 in.. In the case of members with small nominal shear

An upper limit on the maximum longitudinal stirrup spacing must
" be imposed to avoid the concentration of large compression forces at the
Jjoints between the stirrups and longitudinal chords and to ensure that
all compression struts have effective reactions to bear against. The
space truss model assumes a uniform distribution of the diagonal
ré;ﬁpression struts over the length of the beam. With large stirrup
~spacings these inclined struts react most effectively at the stirrup
locations. These local concentrations may induce premature failures due
to crushing of the diagonal strut or bulging out of the corner
longitudinal bars,.

The current ACI Building Code (24) and AASHTO Standard

Specifications (12) require a maximum stirrup spacing for reinforced

concrete beams of no more than d/2 or d/4 depending on the level of
shear stress but in any case no more than 24 in. (d being the distance
between the extreme compression fiber and the centroid of the tension

reinforcement). In the case of Prestressed concrete beams the stirrup
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£ the 1.0 should be used when setting the maximum stirrup spacing., This

ylelds maximum stirrup spacing of z/2 which is similar to the one

sheap proposed in the Swiss Code (156). Since the maximum shear stress is
L not 1imited to 15 £l in order to prevent diagonal crushing it seems

easonable to suggest a maximum stirrup Spacing of Smax £ z/2 but no
Ry R

pore than 12 in,

bars

éjs Uncracked, Transition, and Full Truss States

z/2

hen - In the behavior of reinforced and prestressed concrete beams
subjected to shear or shear and torsion, as in the case of flexure,
three well-defined failure states can be distinguished. The first is

the uncracked state. This state is terminated in the case of shear by a

ust

to shear failure when first inclined cracking of the web occurs. Then,

yut :there is a transition state for the section at which failure might be in

or between the uncracked state and its ultimate full truss state. While

on the member is in the transition state more cracking takes place and
there is a redistribution of internal forces in the member. This

y redistribution of forces is possible due to the aggregate interlock

" forces and the concrete tensile strength. Failure occurs with the

4 : aggregate interlock and similar mechanisms supplementating the truss

;
<]

;§ behavior. Lastly, a member may fail in the full truss state.
In the truss model, the inclination of the inclined compression

strut is the inclination at ultimate and not first inclined eracking.

The inclination at ultimate may coincide with the inclination at first

inclined cracking but this does not necessarily have to be the case.
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In terms of nominal shear stress v, which may be expressed as
"o (2.29)
Hence, Eq. 2.28 becomes
“max = fd max/2 ‘ 7 (2.30)

The nominal shear stress in the case of shear Since q(V) = V/z results

in: -

v = V/[zb,] (231

for the case of torsion since q(T) = T/(2Ao) yields:
v o= T/[2Ao b, ] (2.32)

From tests (48,95,96,101) and experience Thurlimann (162)
suggests that for values of v/vmax of less than approximately 1/6, a
reinforced concrete section will remain uncracked. For a ratio greater
than 1/6 and less than approximately 1/2, the section is in the
transition state between uncracked and the full truss state. In this
transition state the concrete tensile strength will provide a
continuously diminishing additional shear strength (see Fig. 2.32).

For the values of v/vmax between 1/2 and 1, the section is in
the full truss state, where the total ultimate strength of the section

is provided by the truss system.

Ry o T e y
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:Fig. 2.33 State of stresses in an uncracked prestressed section

maximum tensile stress 01 equals the maximum applied shear stress v
being the radius of the Mohr circle. In Fig. 2.34b, the Mohr cirecle
corresponding to the state of stress shown in Fig. 2.33 for an element
ét the neutral axis is shown. The principal tensile stress resulting in
the section is smaller than the actual applied shear stress. Thus, the
load required to produce diagonal tension cracking in the member
increases. The resulting effect is that the uncracked state of the
member is increased. For this reason Thurlimann (162) suggests that an
increase in the upper limit of the uncracked state from a value of
V/Vmax of 1/6 to 1/3 should be considered for prestressed concrete.

The higher limit is also based on the observation of actual test
beams and practical experience,
Therefore, the concrete contribution factor in the transition

Zone in the case of prestressed concrete members can be derived by
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moving the limit of the uncracked state up to v = 1/3 v This results

max

in a concrete contribution factor C.F equal to (see Fig. 2.32):

C.F. = 2 = 3 v/vmax >0 (2.33)

Many times because of the design process followed, loading conditions,
‘§1ear span length, or even architectural constréints, flexure will
control the design of a given member. 1In such case the shear stress on
’the cross section, defined as vy = Vu/[bwz] for shear, and vy = Tu/[ZAo
‘be] for torsion, might be of such low magnitude that the member at
failure as far as shear stresses are concerned would be in a transition
state between its uncracked condition and the behavioral state where the
truss action would provide the entire resistance of the member,
Moreover, the limits previously proposed for the inclination of the
diagonal strut, and in particular the lower limit of 26 degrees, which
is established in order to prevent extensive web cracking under service
load conditions, might Sometimes force a member into this transition
state.

For members in the transition state, components of the shear
failure mechanism, such as aggregate interlock, and the concrete tensile
strength, become of importance. The contribution of these mechanisms to

the ultimate strength of the member is reflected in the additional

concrete contribution to the shear and/or torsional capacity of the

member in this transition state, and as such should be considered in the

actual design process.
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Since the core offers no contribution to the torsional strength,
and, in the cracked state the outer concrete shell may eventually spall
off, it is reasonable to consider an effective web thickness "be" to
determine the concrete stresses in the diagonal strut. Based on
experimental evidence Thurlimann and Lampert (93) proposed that the
thickness of this effective web should be taken as the smaller of the

two values: S
be = d/6 or bg = dy/5 ' (2.34)

where "d" is the diameter of the largest inscribed circle in the cross
section and do is the diameter of the circle inscribed in the largest
area enclosed by the centroids of the longitudinal chords in the cross

section (see Fig. 2.35). More recent studies provide detailed

“information of bg (56,180).

o e

Fig. 2.35 Effective web thickness for solid cross sections
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review, Campbell and Batchelor, based on tests of I-beams with thin webs

" conducted by Chitnuyanondh (47), proposed that when the truss model with

“yariable angle of inclination is used in the design, the effective web

width of the members may be computed using the following relations:

be = by = 0.75d, (2.35)

for an ungrouted duct, and

be = by - 0.33dg4 S (2.36)

" for a grouted tendon. In Eqs. 2.35 and 2.36, dy represents the diameter

of the duct. These equations were derived from tests on beams

containing a single duct in the web ang with a dy/b, ratio of 0.46.
Leonhardt (100) suggested that if multiple ducts having a
diameter dy greater than 1/10 of the web width are located in the web,

then the effective web widtﬁv"be" should be taken as:

be = by, - Zdy (2.37)
for ungrouted ducts, and

e = by - 0.67 Tdy (2.38)

for the case of grouted ducts., These equations may be applied when more
than one duct is located at the same level in a web as indicated by the
Summation sign. Smaller values for the web width are obtained when

these relations are used instead of Egs. 2.35 and 2.36 as should be
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ive_
‘free to warp (unrestrained torsion), the longitudinal elements (lines)
of the surface of the twisted member remain practically straight lines
_with negligible change in their lengths, unless the angle of twist per
‘ﬁnit lange 1is ver& large and the cross sections are unusually extended.
,ﬁénce, longituéinal étfésses may usually be neglected. As a

consequence, it is reasonable to assume that a torsional moment in this

asemproduces pﬁre éhearing Stresses distributed over the ends as well
as all other cross sections of the member. In the use of the truss
odel as a design procedure, thié type of torsion is referred to as
circulatory torsion. When this type of torsion exists, the cross
section of the member can be replaced by corresponding hollow sections
using the truss model. The resultant shear stresses will then generate
a uniform shear flow around the perimeter of the cross section.

If, however, any cross section of the member subjected to a
torsional moment is held rigidly (see Fig. 2.36) and, as a consequence,
the warpage is restrained (restrained torsion), then the longitudinal
elements of the surface become curved with marked changes in their
lengths. The resulting longitudinal stresses in the outer elements of
the flanges are not negligible. The torsional moment T is transmitted
nk ’ along the member near the free end mainly by torsional shearing stresses
(see Fig. 2.36c). However, near the fixed end the torsional moment is

transmitted mainly by the lateral shearing forces V (see Fig. 2.36a)

which accompany the lateral bending of the flanges. At intermediate

Sections (see Fig. 2.36b), the torsional moment will be transmitted by a

itnmtexw
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Fig. 2,37 Sections not influenced by the restraining effect
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Fig. 2.38 Sections influenced by the restraining effect
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= diagonal compressive Strain, This geometric relation is

lals
ing Iesented as the compatlbllity equation assuming coinciding principal
pen streSS and strain axes in the cracked concrete. It relates the strains

in the concrete diagonals, the longitudinal steel, the transverse steel,
and the angle of inclination of the diagonal compression strut,
‘However, this equation is not valid in the case of combined actions,

In Chapter 3 the ultimate load predlctlons based on the truss

‘om - '
es model are also evaluated using test results of beams _Where the warping
- torsion effects are of significance.
rs 2.6.3 Strand Draping. In general, it is considered that draping
y of the prestressing tendons will produce an upward vertical component
'S which will counteract the downward shear force acting on a section (see
R Fig. 2.39).
P
. !‘ N 43 l
3 draped
—
tendons
, ﬂ\\
L}

7y =
i

fpse-Apsd
Geometrc: VbST

<

sinf

v £ A
Ps pse "psd

fpse: Effective Prestressing stress after losses
Apsd. Area of prestress draped strands
Upward vertical component of the Prestressing

ps force

Fige=2739Strand draping effect

Nty
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Fig. 2.40 Prestressed beam with inelined tendons in the case
of torsion
However, in view of the lack of test data in this area, it is
recommended that at least the area of longitudinal steel required from
equilibrium consideration in the truss model to take care of the
torsional and shear Stresses, as derived in Report 248-2, should remain
straight throughout the entire length of the member to provide effective

truss action and prevent premature failures.

Py



CHAPTER 3

EXPERIMENTAL VERIFICATION OF THE SPACE TRUSS MODEL

3.1 Introduction

Before the generalized variable 1nclination truss model approach
is adopted as the basis of a de51gn procedure in Amerlcan practice, a
complete evaluation of the accuracy of the model is necessary., Such an

evaluation should check the accuracy of this model using a significant

body of the available test data reported in the American literature

- which has formed the basis for current procedures. This model should be

shown accurate and safe in comparison with such data, This chapter
details the results of such an evaluation.

Using both tests reported in the literature ang test results
from beams tested in this program, truss model predicted ultimate values
are compared with test results,

Since the truss model is to be Proposed only for the design of
underreinforced sections, a differentiation is made in the analysis of

the test results, The specimens in which the reinforcement yielded at

reinforcement was not reached or where failure was due to poor
detailing. 1In the Section dealing with the strength of the diagonal
compression strut the results of beams where web crushing was observed

at failure are used to propose web crushing limits,

83
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Tests reported by Hsu (82) on reinforced comcrete rectangular beams.

(1) (2) 3) (4) (5) (6) %))
Member T Tu(Eq. 3.1) Ttest q(Eq.3.2) Level of o Ttest (4)
ID (K-in) (K-1n) (degrees) Prestress f'c  Tu(theory)(3)
Bl 1.0 174.0 197 45 0 1.13
B2 1.0 250.0 259.0 44 0 1.04
B3 1.0 354,.0 332.0 43 0 0.94
‘B4 . 1.0 473.0 419.0 o 43 0 0.89
B9 1.0 250.0 264.0 34 0 1.06
M1 1.0 222.0 269.0 39 0 1.21
M2 1.0 313.0 359.0 39 0 1.15
12 1.0 272.0 319.0 45 0 1.17
13 1.0 370.0 404.0 43 0 1.09
I4 1.0 471.0 514.0 44 0 1.09
15 1.0 602.0 626.0 44 0 1.04
J2 1.0 266.0 258.0 45 0 0.97
G2 1.0 299.0 357.0 44 0 1.19
G4 1.0 537.0 574.0 43 0 1.07
Gé 1.0 317.0 346.0 45 0 1.09
G7 1.0 441.0 406.0 44 0 1.06
G8 1.0 602.0 650.0 44" 0 1.08
N1 1.0 86.0 81.0 49 0 0.94
N2 1.0 137.0 128.0 49 4} 0.93
N3 1.0 129.0 108.0 49 0 0.84
K1 1.0 101.0 136.0 44 0 1.35
K2 1.0 168.0 210.0 44 0 1.25
K3 1.0 219.0 252.0 43 0 1.15
*Note: Specimens B5,B6,B7,B8,B10,D1,D2,D3 _
D4,M3,M4,M5,46,16,J1,J3,74,61,G3, ¥T= 1.07
GS,Nla,N2a,N4,K4,Cl,C2,C3,Ch, C5,
and C6 are reported in Secs.3.6 and 5 = 0.12

3.7

Table 3,1 Data for reinforced concrete rectangular beams
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The value of "r" represents the ratio of the yield force of the
top chord to the yield force of the bottom chord. The 1level of
prestress is defined as the ratio between the average effective
prestress in the cross section [fse*psel/[Agross*il1, where fse 1s the
effective prestress force in the strand or Wwire, Apse is the total area
of prestressing steel, Agross represents the total cross-seétional area
of the member, and fJ is the concrete compressive strength,

InFig. 3.1, a comparison between the test obserVed values and
the predicted truss values for the data in Tables 3.1 and 3.2 is shown.
As can be seen from this figure the truss model adequately predicts the
ultimate strength in the case of pure torsion, provided that failures
due to poor detailing or crushing of the concrete are prevented. The
mean for all test prediction values is 1.07 with a standard deviation of
0.15,

In Sec. 2.6.2, the effect of the cross-sectional shape on the
torsional ultimate strength was diécussed. As long as the cross section
is free to warp or the cross~sectional shape is nonwarpable such as in
the case of rectagular, T, or L sections, the restraining effect will be
of no significance.

Table 3.3 and Fig. 3.2 give a comparison between the ultimate
test values for reinforced concrete L-sections. Again, there is a
substantial agreement between test and theory, although the mean for all
test/prediction values is 1.14 with a standard deviation of 0.17. These
values are higher than those for rectangular sections as might be

expected.
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Tests reported by Liao and Ferguson (104) on reinforced concrete L-beams

(1 (2) 3 (4) (5) (6) (7)
Member r Tu(Eq.3.1) Ttest @(Eq.3.2) Level of _g Ttest (4)
D (in. -kip) (in-KIP) (degrees) Prestress f'c T(theory)(3)
PT-1 1.0 10.7 9.8 9 0 0.92
PT-2 1.0 17.8 i7.1 16 0 0.96
PT-7 1.0 10.7 11.9 T 31 0 1.11
P7-8 1.0 17.9 18.4 16 0 1.03

Tests reported by Rajagopalan and Ferguson (140) on reinforced
concrete L-beams

) (2) (3) %) (5) (&) (7
Menmber T Tu(Eq.3.1) Ttest @(Eq.3.2) Level of o Ttest (4)
iDp (in-KIP) (in-KIP) (degrees) Prestress f'c . T(theory)(3)
R-7 1.0 11.2 13.5 18 0 1.21
R-8 1.0 8.1 11.2 12 0 1.38
R-17 1.0 23.5 27.7 24 0 1.18
R~-19 1.0 16.7 22.5 17 0 1.35
X = 1.14
§ = 0.17

Table 3.3 Test data of reinforced concrete L-beams
subjected to restrained torsion
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Table 3.4 and Fig. 3.3 give a comparison between the ultimate
test values and the truss model predictions for prestressed concrete
peams subjected to pure torsion. The data presented include tests
performed on both hollow and solid rectangular sections in addition to
inverted T-beam bent caps.

From Table 3.4 and Fig. 3.3, it is apparent thét the truss model

adequately predicts the ultimate strength of both solid and hollow

prestressed concrete members as long as yielding of
the longitudinal reinforcement at ultimaté is ensured by deéigning
underreinforced sections and ayoiding premature failures due to poor
detailing. The mean for all test predicted values is 1.01 with a
standard deviation of 0.16.

The consequences of restraining the torsional warping of the
cross section in the case of sections influenced by the restraining
effect such as I-beams, is illustrated in Table 3.5 and Fig. 3.4. The
results of tests on reinforced and prestressed concrete i-beams
subjected to pure torsion presented in Table 3.5, are compared with the
ultimate value predicted by the truss model. In this case, the mean for
all test predicted values is 1.5 with a standard deviation of 0.68.
From Fig. 3.4, it is apparent that the truss model tends to give more
conservative estimates of the actual ultimate capacity of these members
than for unrestrained warping cases. However, for the case of low
values of the angle o (15 degrees to 30 degrees), and provided yielding
of the stirrups and the longitudinal steel takes place at failure, it

shows good agreement with the actual test values.

the transverse and

A
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Ty and My are the ultimate load combinations of torsional and
bending moments, "r" is the ratio of the 1ongitqdi6al,reinforcement
Fyu/Fy1ls Where Fy, represents the total tension force A;u*fy provided by
the longitudinal reinforcement at the side of'the member where the
applied bending moment induces compression, and Fyp-1s the total tension
force Ayl*fy provided by the longitudinal reinforceméh# at the side of

the member where the applied bending moment induces tension. Ty,
represents the ultimate torsional capacity of théNSeééion, when the
applied bending moment My 1s zero. (See Eq. 3.33 ofgﬁebort 248-2.)

o Nymia S5yq0.5
T o=24A /]

uo

(3.4)

Muo is the ultimate bending strength of the section, when the

applied torsional moment T, is zero.

Mo = FyL*z (3.5)

The derivation and the terms in Egs. 3.4 and 3.5 have been fully
explained in Report 248-2. (See Egs. 3.33 and 3.48 of Report 248-2.)

Equation 3.6 (see Eq. 3.56 of Report 248-2) represents the
interaction between bending and torsion at ultimate, when yielding of
the longitudinal reinforcement takes place at the side of the member

where the applied bending moment induces compression.

T M
- (U2 w1
R Rk (3.6)
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Tests reported by Gesund, Schuette,'Buchanan and Gray (70)

L @ 3 & (5)  «(6) ¢))
Member T Mtest  Ttest Level of I "Failure mode
ID » Muo . .- Tuo - Prestress R
o £? .
2 0.7 0.50 0.77 0 0.9%4 Yielding of
3 0.7 0.60 0.50 0 0.81
4 0.7 0.70 - 0.50 0 0.90
5 0.7 0.80 0.60 0 1.04 longitudinal
6 0.7 0.90 0.40 0 1.01
7 0.7 0.90 0.20 0 0.93
8 0.7 0.92 0.30 .0 0.98 and transverse
9 0.7 0.40 1.15 0 1.18
10 0.7 0.60 0.80 0 1.03
11 0.7 0.40 0.90 0 0.98 reinforcement
12 0.7 0.70 0.70 0 1.03
* Specimen 1 is reported X = 0.98
in Sec. 3.7 S = 0.09

Table 3.6 Data on reinforced concrete rectangular
beams with r = 0,7
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Tests reported by Rangan and Hall (144) on Prestressed concrete box beams

=d . : Cou e e
‘ @ 3 (4) (3) - (6) B V) I

oy Member r Mtest Ttest Level of I Failure Mode .
ID Muo Tuo Prestress i

e O'/f'c o

d - Al 0.33 1.16 0.92 0.03 1.36 S
A2 0.33 0.88 0.9 0.04 1.14 B :

q A3 0.33 0.82 1.08 0.04 1.15 Yielding of
L4 0.33 0.74 1.18 0.04 1.14

. A5 0.33 0.60 1.29 0,03 1.10

the bottom

3 Bl 0.33 1.14 0.90 0.04 1.34
B2 0.33 0.86 0.90 0.04 1.10
B3 0.33 0.74 1.00 0.04 1.05 longitudinal
B4 0.33 0.70 1.10 N 0.04 1.07
B5 0.33 0.55 1.18 0.05 1.01

and stirrup
Ccl 0.33 1.11 0.88 0.05 1.31
c2 0.33 0.84 0.89 0.05 1.08
C3 0.33 0.72 1.15 0.05 1.11 reinforcement
Ch 0.33 0.67 1.06 0.05 1,03
C5 0.33 0.52 1.10 0.05 0.9
X=1.,13
S =0.12

Table 3.7 Dpata for Prestressed concrete box beams
with r = 0,33

el
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Tests reported by Pandit and Warwaruk (33) on reinforced concrete
beams of rectangular cross section ' - SE L e o

(D (2) (3) (4) (5) (6) - D) B
Member r Mtest Ttest ILevel of I Type of failure
ID Muo Tuo Prestress
o/ f'c v o
El 1.0 0.86 0.67 0 1.23 fi‘ﬂ‘?ing of the bottom
E2 1.0 0.48 0.89 0 1.16 —ougitudinal and

stirrup reinforcement

* Specimens B2,B3,Cl and (2 X =1.20
are reported in Table 3.9;D1,D2, S
D3 are reported in Sec. 3,7

Tests reported by Mitchell and Collins (56) on prestressed concrete
box beams - .

TE1 1.0 0.40 1.16 0.19 1.38 Yielding of the
TB2 1.0 0.70 1.01 0.17 1.42 bottom longitudinal
TB3 1.0 0.98 0.55 0.23 1.23 and stirrups
X=1.34
S =0.10
Overall X=1,28
S =0.11

Table 3.8 Test data on reinforced and prestressed concrete
beams with r = 1,0




this case the mean of the dispersion index 1s 1.06 and the standard

deviation 0.09. Again, the truss model predictions seem to be in

'sections. Figure 3.10 shows the results presented in Table 3.10 for a
series of tests conducted by Taylor and Warwaruk (161) on prestressed
concrete double celled box beams with a 1longitudinal ratio "r" of 0.25,
Fér thesé épecimens, the mean of the dispefsion index is 1.32 and the
standard deviation 0.16.

As shown in Fig, 3.10, the truss model ultimate load interaction
equations conservatively and adequately predict the ultimate load
capacity in combined torsion and bending of such members.

The evaluation of the truss model in the case of reinforced and
prestressed concrete members subjected to combined torsion and bending
shows that the model can safely predict the ultimate load capacity of
such members, as long as yielding of the longitudinal and transverse
reinforcement is insured by designing underreinforced sections, and

premature failures due to poor detailing are avoided.
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Tests reported by Warwaruk and*Iaylor (}61) on

A Prestressed concrete
2 cell box beams e e ~

~ . . -

Member r Mtest Ttest Level of I Type of failure

ID Muo Tuo Prestress

(in-Kip) (in-kip) g/f'c

R1 0.24 1.11 1.28 0.07 1.39  Yielding of the

R2 0.24 1,13 0.92 0.07 1.44 stirrups and botton

R5 0.24 0.66 . 1.50 0.07 1.14 . longitudinal steel
* Specimens T1,T2 are reported X= 1,32

in Sec. 3.7 S= 0.16

Table 3.10 Data from tests reported by Warwaruk and
Taylor (161) on pPrestressed

e



section when both T, and My are zero, as given by Eq. 3.4, M

represents the pure moment capacity of the member when Vv

iéro. The value of Tuo is given by Eqg. 3.5. Vyo 15 the reference value

in tﬁe case of pure shear as defined by Eq. 3.72 of Report 248-2,

sections with positive bending type reinforcement [Fy1 > Fyulvye is

~given by -

18

1 Vu0::_n*[2FyuSy z/s10:5 - (3.9)

’Qhéré'Fyaﬁis the tensile force capacity per web element in the truss
£ model chord where the applied moment induces compression and " is the
£

This derivation

v

assumes the use of doubly reinforced Sections in the design of members

w4

subjected to gz combination of torsion, bending and shear. Since the

the feasible maximum capacity
is dictated by the weaker of the two longitudina}l chords [Fyl > Fyu]
in terms of tensile capacity,

failure along with yielding in tension of the longitudinal reinforcement

in the truss model chord in which the applied moment Wwould induce
compression [Fyu]' For this case, the ultimate load interaction of the

member is evaluated using Eq. 3.10 (see Eq. 3.83 or Report 248-2),

T v M
2 2
G+ G
uoQ uo uo

-1 _u
ba

)

(3.10)
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Téété reported by Collins, Walsh, Archer and Hall (33) on
Bectangular Solid sections (R)

(1) (2) 3 (5) (6) () (8)
~Member ID r = Mtest Ttest- Vtest Level of I Type of failure
and Section ~ Muo Tuo Vuo  Prestress

Type g/f'c

REZ2 (R) 1.0 0.26 0.91 0.03 0.0 1.05

RE3 (R) 1.0 0.37 0.89 0.05 0.0 1.09 Stirrups and

RE4 (R) 1.0 0.70  0.81 0.08 0.0 1.24 bottom steel

RE5 (R) 1.0 0.89 0.72 0.10 0.0 1.30 yielded

RE4*(R) 1.0 1.10 0.41 0.12 0.0 1.25

RB1I (R) 0.26 0.02. 0.75 - 0.01 0.0 0.80 .

RB3*#(R)  0.26 0.02 0.77 0.01 0.0 0.81 Stirrups and top

steel yielded
RB5 (R) 0.26 0.94 0.77 0 0.0 1.11 Stirrups and
RB5A(R) 0.26 1.00 0.70 0.39 0.0 1.16 bottom longitudinal
RB6 (R) 0.26 1.06 0.60 0O 0.0 1.19 steel yielded
X=1.09
S = 0.20

Tests reported by Liao and Ferguson (104) on L-sections (L)

3LS-6(L) 1.0 0.29 0.99 0.29 0.0 1.20 Torsion + shear
3LS-8(L) 1.0 0.27 0.88 0.27 0.0 1.07
3LS-3(L) 1.0 0.68 0.62 0.38 0.0 1.18 shear
1.5Ls-1(L) 1.0 0.40 0.73 0.44 0.0 1.10 torsion + shear
3L8-2(L) 1.0 0.51 0.77 0.57 0.0 1.30 shear
1.5Ls-2(L) 1.0 0.29 0.89 0.59 0.0 1.20 torsion + shear
* Specimens 3LS-4 and 31S-7 are X = 1.18

reported in Sec. 3.7 S = 0.08

Table 3.11 Test data from reinforced concrete members
subjected to torsion-bending-shear




Tests reported by Mukherjee and Warwaruk (123) on Prestressed concrete
rectangular sections

N (2) (3 (4) (s) (6) N (8)
Member ID r Mtest Ttest Vtest Level of I Type of failure
Section Ty, ( ) Muo Tuo Vuo Prestress

o/f'c

V102 (R) 1.0 0.99 0.61 0.21 0.11 1.33
V104 (R) 1.0 0.34 1.03 0.09 0.11 1.22
V105 (R) 1.0 0.08 1.03 0.04 0.11 1.07 Yielding of

the stirrups
Vi23 (R) 1.0 0.54 1.09 0.16 0.11 1.42  and bottom
V124 (R) 1.0 0.32 1.18 0.10 0.11 1.36 longitudinal
V125 (R) 1.0 0.09 1.18 0.04 0.11 1.23 steel
S1 (R) 1.0 0.89 0.87 0.19 0.11 1.46
s2 (R) 1.0 0.84 0.66 0.16 0.11 1.23
* Specimens V107, V122, vi27, vz02, v203, X = 1.29

V204, V205, V207 V223 V224 V225 § = 0,13

and V227 are reported in gee, 3,7
Tests reported by Johnston and Zia (86) on
Prestressed concrete box sections
H-4-3-5 (R) 0.5 0.45 0.75 0.41 0.09 0.85
H~-6-3-3 (R) 0.5 0.69 0.70 0.38 0.09 1.02
H-6-3~4 (R) 0.5 1.12 0.58 0.42 0.09 1.36 Yielding of
H-6-3-5 (R) 0.5 1.07 0.40 0.42 0.09 1.24
H-6-6-3 (R) 0.5 0.50 0.79 0.44 0.10 0.92 stirrups and
H-4-3-3 (R) 0.5 0.49 0.50 0.55 0.10 0.79
H-4-6-3 (R) 0.5 0.53 0.55 0.60 0.09 0.86  bottom steel
H~6-6-4 (R) 0.5 1.10 0.28 0.62 0.10 1.38
H-6~6-5 (R) 0.5 1.05 0.54 0.59 0.10 1.41
H-4-6-2 (R) 0.5 0.45 0.37 0.81 0.09 0.80
HE-4-6-4 (R) 0.5 0.86 0.41 0.88 0.10 1.37
* Specimens H-4-3-1,H- 4-3-2, X= 1,09

H~4~6-1,H~4~6-3,H~4=6=5,H-6-3~1

H-6-3-2,H~6-6-1,H-6-6-2 are S = 0.26

reported in See, 3,7

Table 3.13 Test data from prestressed concrete members
subjected to torsion-bending-shear
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than the test values. Hence, the truss model is conservative in such
cases. I = 1 indicates that the obtained test results and the predicted
values are exactly the sane. Finally, I < 1 indicates that the
predicted values were larger than the actual test results and thus the
theory would be unconservative for such specimens. The Qalues of the
mean (X) and standard deviation@fS) are provided at the bottom of each
group of tests. In addition, the values of the mean and the standard
deviation of all the reinforced and prestressed concrete members studied
are provided at the bottom of Tables 3.12 and 3.14, respectively.

For the case of reinforced concrete members the mean of the
dispersion coefficient is 1.10 and the standard deviation 0.15. This
indicates that the truss model predictions were very good and in general
conservative,

For the case of all the prestressed concrete members shown in
Table 3.13 and 3.14 the mean of the dispersioﬂhcoefficient is 1.14 and
the standard deviation 0.24. This indicates a reasonable agreement
between test results and truss model prédictions. The truss model is
more conservative for prestressed concrete members than for reinforced
concrete members, and a larger scatter is observed as shown by the
standard deviation value of 0.24. However, in spite of the large
standard deviation, no test result was less than 80% of the predicted
value,

To illustrate the predicted truss model ultimate load

interaction evaluated by means of Egqs. 3.8 and 3.11 some of the test
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double celled prestressed concrete box sections R3 and R4 from Ref. 161
in Table 3.14 are plotted in Fig. 3.14, together with the interaction
Egqs. 3.8 and 3.11 for values of "pn of 0.27 and Vu/vuo of 0.40. Again,
there is generally good agreement, although in the case of the double
celled prestressed concrete box sections assuming the shear distributed
equally on each web, very conservative (I = 1.5) predictions are
_ obtained.

In Figs. 3.15, '3.16, and 3.17, the effect of varying the applied
shear ratio ié studied using the ultimate test results of the
rectangular reinforced conecrete specimens A1, A2, A3, A4, A5, B1, B2,
B3, B4, and B5 reported in Ref. 133 shown in Table 3.12.  All the
specimens were of rectangular cross section, had a value of " equal to
0.75, and the ratio Vu/Vuo varied from 1.0 to 0.45, The results show
generally good and conservative agreement with only one specimen
slightly inside the interaction curve (I = 0.95).

As a result of the comparison with actual test results carried
out in this section, it can be concluded that the truss model can
adequately and conservatively represent the ultimate load interaction of
both prestressed and reinforced concrete members of various cross
sections, provided that the section 1is underreinforced, and that

premature failures due to poor detailing are prevented.

3.5 Bending and Shear

In this section the very important case of the ultimate load

behavior of reinforced and prestressed concrete members subjected to
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recent tests conducted at the Ferguson Laboratory during this research

project.

The interaction equation (Eq. 3.68 of Report 248-2), which

[My/ Myl + [Vy/M 12 = 1 (3.12)

Equation 3.12 was obtained from equilibrium conditions of the
truss model. M, and V, are the ultimate load combination of bending
moment and shear force. Muo represents the pure bending capacity of the
section.

Moo = Fyi1*z (3.13)

where Fyl is the yield capacity in tension of the truss chord at the
face of the member where the applied moment produces tension; "z" is the
distance between the tension and compression chords of the truss model.
Vuo is the shear‘capacity of the section, when yielding of the tension

chord takes place, if the applied moment M, is zero.
Vyo = [2Fyy Sy 2/519-5 (3.14)

The ternms Fyl and "z" are those previously defined. Sy
represents the stirrup force [As*fys], "s" is the center~to-center

stirrup spacing.
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3. Poorly detailed specimens.

Therefore, it was decided that a series of tests on reinforced
and prestressed concrete members designed using the truss model approach
would be very useful to correctly evaluate the truss model in the area
of bending and shear, as well as to illustrate the design procedure
based on the truss model. |

Schaeffer (153) conducted tests on a series of rectangular
reinforced concrete beams specifically designed to illustrate the effect
of assuming varied wangles on 5eam Wweb reinforcemgnt patterns using the
truss model. The results of the three specimens failing in shear from
that series are shown in Table 3.15.

The term Ayfy tabulated in column (6) represents a measure of
the amount of web reinforcement in the member and is given by the web
reinforcement ratio p . Ay/bys (where Ay/s is the total area of
ve;tical web reinforcement per inch of stirrup spacing, s, and by is the
web width) times the yield strength, fy of the stirrup reinforcement.

Again, as in Secs. 3.3 and 3.4, the dispersion coefficient I,
tabulated in column (7) is used as an indicator to measure the accuracy
of the truss model ultimate predicted values as given in the case of
shear and bending by Eq. 3.12. For the three specimens shown in Table
3.15, the test obtained values are in excellent agreement with the truss
predictions. The mean of the dispersion coefficient I is 1.05 and the
standard deviation 0.10.

The detailing of the steel reinforcement provided in these

members (RL-0.50, RL-1.25, and RH-0.50) is shown in Fig. 3.18. Note the
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43% of its yield point, Photographs of the crack patterns are shown in
Fig. 3.21.

The load-deflection curves for RL-0.50 and RL-1.25 are shown in
Fig. 3.22.. The load—deflection curve for RH-0.50 is shown in Fig. 3.23.

In Fig., 3.24, 2 comparison is shown between the predicted
ultimate load behavior obtained using the interaction Eq. 3.12 and the
ultimate test values of the specimens RL-0.50, RL-1.25 and RH-0.50 given
in Table 3.15,

Very good agreement was obtained between the test values and the
truss model predictions as shown by the values of the dispersion index I
in Table 3.15 and by Fig, 3.24, This good correlation was achieved in
spite of the fact that Yielding of the longitudinal reinforcement did
- not occur in two of the members at failure. This Suggests that in these
cases, provided the member is Properly designed such as the ones
presented in Table 3.15 and provided either stirrubs or longitudinal
reinforcement yielded prior to failure the truss model would adequately
predict the ultimate load capacity.

A properly designed member should meet the following general
requirements:

1. The section must be underreinforced for flexure, i.e. yielding
of the longitudinal reinforcement must take place prior to
crushing of the concrete in the compression zone.

2. Failures due to web crushing should be avoided by adequately
checking the compression stresses in the diagonal strut of the

truss model.

3. The angle of inclination of the diagonal strut at failure must
be chosen within the prescribed limits 0.5 < tan@< 2.0.
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(1) (2) (3)
Author Member Saction
Reference ID from
support

(fr)
Castrodale 0.40A support

(50) 1.70

3.40

5.10

0.40B support
1.75
3.50
5.25

0.45 support
1.56
3.13
4,70
6.26

(4)
Yuo
(Eq. 3.14)
(kips)

49,40
49,40
49.40
45.70
45.70

52.50
52.50
52.50
48.60
48.60

57.70
57.70
57.70
52,00
48.60
48.60

(5)
Vtest

51.60
39.30
26.90
14.50
0.0

54.80
41.20
27.70
14.20
0.0

60.0
46,80
33.50

20.30 -

7.00
0.0

(8)

Huo
(K1ps) (Eq. 3.13)
(in-kip)

2232

2522

2537

(@))]
Mtest

(in~kips)

0.0
926.0
1600.0
2021.0
219%4.0

0.0
1008.0
1731.0
2171.0
2327.0

0.0
1003.0
1757.0
2263.0
2518.0
1553.0
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(8) (9)

Pvfy  Level of

(ksi) Prestress
o/f'e

0.18 0.10

0.18 0.13
0.18
0.18
0.16
0.16

0.22 0.12
3.22
0.22
0.18
0.16
0.16

Table 3.16 Data from specimens 0.40A, 0.40B, and 0.45
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Fig. 3.27 Crack patterns of beam 0.40A at load stages
of 4,2 k/f, 6.7 k/f, and failure (top to
bottom)
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imen place prior to failure, the same comments made in the case of specimen
1t ip mqu apply in this case.
Oad The specimen labeled 0.45 was designed assuming a tan of 0.45,
cd The maximum average strain in the transverse reinforcement indicated
e 3g that first vielding of the stirrup reinforcement in the falure zone was
The reached at about 88% of the ultimate test load. In the longitudinal
in nonprestressed tension steel, the maximum'average strain recorded in the
nal failure zone indicated vielding of this reinforcement at failure. The
the stress in the Prestressing strands reached 216 ksi, which was 849 of its
See yield strength. Photographs of the crack patterns are shown in Fig.
‘as 3.29.
ge In specimen 0.45 Several significant changes were made.
ed . ) Increasing the design angle of inclination of the dizgonal compression
he 4 ) strut to a value of tan@ of 0.45 produced a closer stirrup Spacing
a while the longitudinal reinforcement did not have to be increased as
> g compared to specimen 0.40B (see Fig. 3.26). This undoubtedly coused a
£ ,:i A redistribution of forces in the member. The closer stirrup spacing near
the support region forded the critical region away from the support and
2 at the same time caused @ more uniform distribution of the diagonal
cracks as can be seen in Fig. 3.29b. Furthermore, the increase of
> ) transverse reinforcement did not prevant yielding of the stirrups yet at
the same time controlled the cracking at the support thus preventing the

spalling of concrete at the end support regions of the member.
The load-deflection curves for these three specimens are shown

in Fig. 3.30.
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In column (6) of Table 3.17 ere shown the values of the
dispersion index I. The mean of the dispersion coefficient for the
three specimens at several different sections was 1.01 and the standard
deviation 0.03. This indicates excellent agreement between the
predicted ultimate values and the test results,

In Figs. 3.31, 3.32 and 3.33, the ultimate test values shown in
Teble 3.17 evaluated at different sections using the ultimate test load
are compared with the ultimate load interaction predicted by the truss
model &as obtained from Eq. 3.12.

Figures 3.31, 3.32 and 3.33 confirm the good agreement observed
between the test results and the truss model predictions. This
agreement was achieved in spite of the fact that the yielding of the
longitudinal reinforcement did not occur at failure. Furthermore, the
data presented in Table 3.17 in column (4) show that in regions of
maximum shear (at the supports M, = 0) the maximum shear capacity in the
absence of moment as given by Eq. 3.14 coincide with the value of the
shear at failure. Therefore, the results of this series also supports
the statement that for sections designed in accordance with the
procedures suggested in the truss model would correctly predict their
ultimate shear capacity as long as yielding of the stirrups is reached
at failure and premature failure due to crushing of the concrete or poor
detailing are prevented.

The specimens analyzed in this section were specifically
designed to evaluate the truss model anzlogy and the design procedures

suggested for the case of members failing in shear. As suggested, low
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Fig. 3.31 Comparison between the ultimate load Interaction
predicted by the truss model and the ultimate
test values at different sections along the span
length for beam 0.40A
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web reinforcement percentage pv*fy is defined as

eyfy = [Ayfy1/(bys] (3.15)

In a later section, members with minimal shear reinforcement
(defined as p,fy < 100 psi) will be discussed. The ultimate lcad as
predicted by the truss model for members subjected to bending and shear
and containing web reinforcement is presented by the interaction Eqs.
3.12.

In the comparison of the truss model with test results reported
in the' literature in the area of combined bending and shear, a similar
procedure to the one followed in the areas of combined torsion-bending
znd torsion-bending-shear is used. The index I shown in column (7) of
Tables 2.18 thru 3.21 is agzin used &s a measure of the dispersion
between data points and the truss model predictions measured along
radial lines from the origin (see Fig. 3.36).

The truss model predicted ultimate values are given by the
interaction Eq. 3.12. Values IS 1 indicate conservative predictions.
Values of I < 1 represent unconservative predictions. The values of the
mean (X) and standard deviation (S) of the dispersion index I are also
ziven for both reinforced ard prestressed concrete members.

As previously explained, the interaction Eq. 2.12 is derived
under the assurmption that yislding of the transverse and longitudinal
reinforcement is achieved at failure. This situation is almost
nonexistent in the case of test data where shear failures wWere observed.

In Sce. 3.5.1 it was shown, noWwever, that as long as the members were
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Tests reported by A.P. Clark (53) on reinforced concrete rectangular
beams (continuation)

(¢9)] (2) (3) (4) (5) (&) €] (8)
Member Mtest _Vtest Pvfy a/d  tana I Level of
I Mu0(Fq.3.13) vug(pq.3.14) (pSD) (£q.3.16) Frestress
Dl-7 0.73 0.68 170 1.96 0.36 1.13 0.0
D1-8 0.76 0.71 170 1.96 0.35 1.19 0.0
El1-2 0.95 0.67 260 2.02 0.47 1.30 0.0
D2-6 0.86 0.56 220 2,42 0.51 1.14 0.0
D2-7 0.80 0.51 220 2.42 0.56 1.04 0.0
D2-8 0.86 0.56 220 2.42 o0.51 1.13 0.0
D41 0.86 0.62 180 2,42 0.41 1.19 0.0
D4-2 0.80 0.57 180 2.42 0.45 1.09 0.0
D4-3 0.84 0.61 180 2.42 0,42 1.16 0.0
D5-1 0.75 0.63 130 2.42 0.36 1.10 0.0
D5-2 0.80 0.66 130 2.42 0,34 1.17 0.0
D5-3 0.80 0.66 130 2.42 0.34 1,17 0.0
Al-1 0.73 0.59 180 2.34 0.41 1.06 0.0
Al-2 0.69 0.55 160 2.34 0.43 0.99 0.0
Al-3 0.73 0.59 180 2.34 0.41 1.06 0.0
Al-4 1.73 0.59 180 2.34 0.41 1,06 0.0
Tests reported by 0. Moretto (99) on
reinforced concrete rectangular beams ( Point load tests)
1vkl 0.59 0.79 150 1.75 0.24 1.14 0.0
1vi2 0.59 0.79 150 1.75 0.24 1.14 0.0
2kl 0.69 0,93 150 1.75 0.20 1.33 0.0
2vi2 0.68 0.92 150 1.75 o0.20 1.33 0.0
1v3/81 0.72 0.70 290 1.75 0.38 1.15 0.0
1v3/g2 0.76 0.74 290 1.75 0.36 1.21 0.0
2v3/81 0.75 0.74 290 1.75 0.36 1,20 0.0
2v3/82 0.71 0.69 290 1.75 0.38 1.13 0.0
laVil 0,50 0.77 130 1.75 0.23 1.05 0.0
lavi2 0.51 0.78 130 1.75 0.23 1.07 0.0
Overall for Tableg X= 1,22
3.18 and 3,19 5= 0.25

Table 3.19 pata on reinforced concrete rectangular
beams failing in shear
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Tests reported by Moayer and Regan (33) on prestressed
concrete T-beam (Point load)

1) 2) (3) C)] (5) (6) &) (8)
Member M test Vtest vfy a/d tana I lLevel of
ID  Muo(Eq.3.13) vuo(Eq.3.14)  (psi) (Eq. 3.16) - Prestress
g /f'c
P4 1.21 0.55 155 3.45 0.52 1.42 0.07
P8 0.93 0.99 104 3.64 0.12 1.55 0.14
P13 1.11 0.98 104 3.51 0.14 1.68 0.05
P18 1.00 0.97 104 3.68 0.13 1.60 0.13
) P24 1.11 0.54 155 3.51 0.49 1.33 0.05
P25 1.19 0.79 104 5.32 0.21 1.51 0.05
P26 1.07 0.56 155 3.68 0.41 1.32 0.12
P27 1.09 0.70 104 5.57 0.18 1.43 0.13
P28 1.00 0.59 155 3.64 0.36 1.28 0.13
P29 1.06 0.61 104 5.51 0.23 1,34 0.13
P49 0.73 0.50 155 3.61 0.37 0.98 0.16
P50 0.89 0.44 290 3.61 0.58 1,07 0.14
=3 X = 1.38
- S = 0.20

Table 3.21 Data on prestressed concrete T-beams
failing in shear
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correctly detailed and premature failures due to crushing of the
concrete In the web or in the concrete compression zone were prevented,
the truss model adequately predicted the ultimate strength of those
members.

The test data used in this section to evaluate the truss model
are that of reinforced and prestressed concrete one-way members failing
in shear where yielding of the transverse reinforcement was achieved at
or previocus to failure, unless otherwise indicated. Members where web
crushing occurred at failure are examined in Sec. 3.6.

Tables 3.18 and 3.19 show test data for reinforced concrete
rectagular one-way members failing in shear. In column (7) are given
the values of the dispersion index I. Shown at the bottom of Table 3.19
are the values of the mean (X = 1.22) and the standard deviation
(S = 0.25) of the index I for all reinforced concrete beams reported in
the data of Tables 3.18 and 3.19. As can be seen from the values of the
index I, the truss model is conservative in virtually every case. The
excessive conservatism seen in members C1-1, C1-2, C6-2, C6-3, C6-4, and
D1-1of Table 3.18 can be explained by observing the values of tan «
shown in column (6). The value of tano is the tangent of the angle of
inelination at failure of the diagonal strut (see Eq. 3.64 of Report

248-2).
tana = [Sy2z]/[Vrpgyts] (3.16)

It is determined by the amount of web reinforcement and level of shear

present in the member at failure. This corresponds to the angle of
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good agreement and in most cases conservative when compared with actual
test values,

it 1s also apparent from the dzta examined that the truss model
predictions once more become very conservative for members with an angle
of inelination of the diagonal strut at failure outside the limits
suggested in Report 248-2 (0.5 $ tana < 2.0). For members with an
angle ¢inside the proposed limits the truss model predictions become
much more accurate as can be seen from the test data of Ref. 110, beam
G20 from Ref. 76, and beams P4 and P50 from Ref, 33.

Finally, the truss model is evaluated using test data from
reinforced and prestressed continuous members failing in shear.

Table 3.22 shows the data for two-span continuous reinforced
concrete members. The mean of the dispersion index I given in column
(7Y is 0.96 and the standard deviation 0.1k, In general, it can be said
that the truss model adequately predicts the strength of those members.
The unconservative values predicted for members C3H1, C3H2, C2A1, and
C2H1 are explained by the fact that neither the stirrup nor the
longitudinal reinforcement had yielded at failure thus indicating a
premature type failure due to crushing of the concrete in the web. In
the case of specimens E2H1 and E2H2, failure was due to a combination of
shear and bond splitting which would indicate poor detziling of the
longitudinal tension steel, thus causing a premature fzilure of the
nembers,

Tzble 3.23 shows data on continuous prestressed concrete members

failing in shear where yielding of the transverse reinforcement was
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Tests reported by Mattock and Kaar (111) on continuous prestressed
concrete I-beams. (Point load tests)

1) (2) (3) (&) (5) (6 N (8)
Member Mtest Vtest pyfy a/d tana I Level of
1D Muo (Eq.3.13)  Vuo(Eq.3.14) (psi) (Eq. 3. 16) PrE7tfess
c/f'c

57 1.12 1.20 282 2.0 0.21 1.89 0.15

C S13 1.08 0.84 282 4.5 0.31 1.54 0.14

$ S10 0.9%4 1.29 188 2.0 0.17 1.83 0.15

. s21 0.65 1.25 188 2.0 0.17 1.62 0.14
X = 1.72
S = 0,17

Table 3.23 Data on continuous prestressed concrete
members with I-shape cross section
failing in shear
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3.6 Evaluation of the Compression Strength
of the Diagonal Strut

In Sec. 2.3 it was shown that the maximum shear Stress Vmax 18
achieved when the angle of inclination of the diagonal compression strut

- is of 45 degrees, and is given by the relation

Vmax = f47/2 (3.17)

where fy is the compression stress in the diagonal strut of the truss
model. It was also suggested that by limiting the compression stress in
the diagonal strut fq to a value equal or less than a maximum allowable
compression stress £, failure due to crushing of the concrete in the
diagonal strut would be avoided if the member was designed for an angle
of inclination at failure between 26 and 64 degrees.

In this section, test results of beams which failed due to web

crushing are examined in order to evaluate proposed limits for the

maximum allowable compression stress, fo» in the diagonal strut of the

truss model.
Thurlimann (162) on the basis of test evidence and practical

experience proposed that the allowable compression stress f, should be

taken as

fc = 4 max = 0.35f% + 696 £ 2400 psi (3.18)

where fo and f} are in terms of psi, Thurlimann states that the limit
of 2500 psi, which corresponds to fl of about 4800 psi, is somewhat
arbitrary. It was set at 4800 psi simply because that was the maximum

range of Q in the tests considered in the evaluation of Eq. 3.18.
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Tests reported by Robinson (151) on reinforced concrete rectangular beans

M (2) (3) (4) (&) (6)
Member F'c v(nax) (3) (3) Level of
ID ksi £q.3.21 ¢(pq.3.20) v(Eq.3.22) Frestress
ksi a/f'c
NR8 2,16 0.89 1.13 1,28 0.0
NR10 3.44 1.66 1.66 1.89
NTS-1 2.88 1.55 1.70 1.93
NT8-2 2.9 1.55 1.68 1,91
NT10 2.45 1.22 1.45 1.64
X=1,52 X =1.73
S = 0.24 S = 0.28

Testa reported by Leonhardt and Walther

T (101,102) on reinforced concrete T-beams
TAl 2.49 0.91 1.07 1.22 0.0
TA2 2.49 0.97 1.02 1.16
TA3 2.31 0.74 0.90 1.03
TAl3 2.87 0.94 1.03 1.17
TAlS 2.87 0.91 1.00 1.13
TAl 3.53 1.56 1.54 1.75

1.09 X =1.24

X
S 0.23 S = 0.26

Tests reported by Bennett and Balasooriya (39)
on reinforced concrete I-beams

2B6 6460 2.01 1.47 1.67 0.0
Overall for Table X=1.30 X = 1.48
3.2 . 5= 0.31 S = 0.45

Table 3.24 Shear tests on reinforced concrete members
experiencing web crushing failure
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Fig. 3.37 Shear stress at failure vs specified compressive
strength of the concrete f' for the case of
reinforced and prestressedcconcrete beams
failing due to web crushing
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Tests reported by iisu (82) on reinforced concrete rectangular beanms

1) (2) (3) (4) (3) (6)
Yenber f'c v{max) (3) (3) Level of
ID ksi Eq.3.23 v(Eq.3.20) w(Eq.3.22) Prestress
¥si c/f'c
B6 4,18 2.00 1.82 2,06 0.0
- M6 4,26 2.13 1.92 2,17
16 6.64 2.80 2.01 2,28
J4 2.43 1.40 1.67 1.69
G5 3,90 1.78 1.68 1.90 0.0
K4 4,15 3.47 3,15 3.58
c3 3.96 - 0,97 0.92 1.04
C4 3.9 1.28 1.20 1.36
cS 3.95 1.55 1.45 1.64
c6 4,00 2,23 2.10 2.38
X =1.79 X = 2.03
S = 0.60 S = 0.69
Tests reported by Wyss, Garland and ilatrock (173)
on reinforced concrete I-(I) and rectangular (R) mecbers
Co(I) 6.24 4,74 3.54 4,01 0.0
D5(R) 6.79 2.49 1.78 2,02
D6(R) 6.89 2.25 1.60 1.81

X=2.31 X =2.61
S = 1,07 S =1.21

Tests reported by Wyss, Garland and Mattock (173)
on prestressed concrete I-beams

AS(I) 6.00 4.05 3.07 3.48 0.19
K 1 A6(T) 6.00 4,19 3.17 3.60 0.19
' D6(1) 6.00 4.62 3.50 3.97 0.09
C6(T) 6.0 4.95 3.75 4,25 0.09

% = 3,37 ¥ = 3.83

S = 0.31 5§ = 0.35

Overall for Table 3.26 X = 2.25 X =2.56

S = 0.90 S =1.02

Table 3,26 Torsiom tests on reinforced and prestressed

concrete members experiencing web crushing
failures
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Tests reported by Henry and Zia (75) on
prestressed concrete rectnagular beams

9]

Member

ID

V-4

Iv-2-5

v-2-3
V-3
V=45
v-1-6
V-4-6

(2)
f'e
ksi

5.90
6.04
4.90
4,48
4,29
5.08
5.08

Tests reported by
rectangulaer beams

114
1I-5
III1-3
ITI-5
III-6
V-1
V-2
V-3
V-4
V-5
V-6
V-7

Overall for Table 3,27

Table 3,27

5.78
5.52
6.06
6.58
6.58
5.73
5.73
6.72
6.72
5.52
5.64
5.64

(7021 7, J-2H
L)

(4)
3

v(Eq.3.20)

1.63
1.98
1.62
2.78
1.52
1.74
1.19

X=1.,78
= 0.50

McMullen and Woodhead (113) on prestressed concrete

1.73
2.00
1.5

1.88
3.36
1.76
1.57
1.50
1.45
1.80
1.52
1.76

1.74
0.26
1.76
0.35

(2B I

(3)

(3)

v(Eq.3.22)

1.85
2.25
1.84
3.15
1.73
1.97
1.35

2.02

1.96
2.27
1.79
2.14
2.67
1.99
1.77
1.70
1.65
2.04
1.72
1.99

= 1.97
0.29
1.99
0.40

Combined torsion and shear tests on prestressed
concrete members experiencing web crushing
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As can be seen from Fig. 3.39, for the case of combined actions
poth limits (Egs. 3.20 and 3.22) yield very conservative results, This
also supports the assumption that evaluating the maximum applied shear
stress when designing for the case of combined shear and torsion by
summing the shear stresses due to shear and torsion obtained from
Eqs. 3.21 and 3.23 would yield conservative results.

The fact that in Figs. 3.37, 3.38, and 3.39 the computed value
of the shear stress at failure for each specimen larger than the
possible limiting value 15./?2 indicates that each specimen failed at a
higher ievei of shear stress than that predicted by the web crushing
criteria given‘in Eq. 3.22. Therefore, the requirement that f4 be
limited to 30./?Z_appears to be very conservative. The lack of
ductility in web crushing failures makes it highly desirable to be very
conservative in this area,

In Fig. 3.40 the values of the shear stress at failure due to
web crushing from shear and/or torsion, are compared with fg for each of
the specimens of Tables 3.24, 3.25, 3.26 and 3.27. Also shown are the
upper limits of 104/ £ for shear and 12 4/f] for torsion as given the
in current AASHTO Specifications., The proposed new limit of 15 v?§ is
plotted for comparison. 4

Figure 3.40 shows that the proposed limit of 15 J?z is a
conservative and realistic requirement and is scmewhat less restriclive
than the curr.nt upper limits in the AASHTO Standard Specificationns

(12,17).
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With regard to the proposed limit on the value of fc as a
function of f} the test results reviewed in this section indicate that
the limit should be extended to include an % of approximstely 7000 psi.
The new 1limit of 7000 psi is proposed due to the fact that it is the
range covefed by the available test data. Further information is
required on very high strength concretes althodgh the data trends look

generally favorable.

3.7 Different Types of Failure

In this section those tests reported in references cited in
Secs. 3.2, 3.3, and 3.4, which were excluded from tables and plots in
those sections because both longitudinal and transverse reinforcement
had not yielded at failure, are evaluated to ascertain the truss model
accuracy in prediecting the ultimate strength of such members.
Theoretiéélly, such members would not be covered by full truss behavior,
Also in this section, several members in which the truss model predicted
strength was not achieved because of poor detailing are examined.

3.7.1 Torsion. The test data shown in Tables 3.28 and 3.29
include pure torsion tests on reinforced and prestressed concrete beams
of reectangular, inverted T and I cross section.

The test data shown in Table 3.28 include those beams in which
only longitudinal reinforcement yielded at failure. The mean of the
ratio of test to predicted torsional moment is 1.02 with the standard
deviztion 0.15. Tzble 3.29 includes data on beams in which only

transverse reinforcement yielded prior to failure. The mean of the




Tests reported by Hsu (82) on reinforced concrete rectanpular beams

Table 3,29

1) (2) (3) (4) (5) (6) N (8)
Member r Ttest Tu a(Eq. 3. 23) £3)  vtest v(max)
D k-in (Eq.3.1) degrees (4) Eq.3.23 Eq.3.22
K-in Xsi Ksi
B10 1.0 304 362 23 0.84 1,09 0.93
M3 388 387 38 1.00 1.35 0.93
M4 439 499 38 0.88 1,57 0.93
M5 493 638 37 0.77 1.81 0.96
J3 312 370 43 0.84 1.05 0.74
G3 439 414 43 1.06 1.05 0.94
X = 0C.90
S = 0.11
Tests reported by McMullen and Rangan (114) on
reinforced concrete rectangular beams
AlR 1.0 111 90 44 1,23 0.52 1.10
Tests reported by Mitchell and Collins (120) on
prestressed concrete rectangular beams
P5 1.0 995 1098 24 0.91 1.35 1.13
Tests reported by Wyss, Garland and Mattock (173)
on prestressed concrete I-beams
Ad 0.29 430 569 26 0.76 3.64 1.186
BS 0.33 544 443 47 1.23 4.60 1.16
X=1.0
S = 0,33
Overall for Table 3.29 ¥ = 0.95
S = 0.17

(9)
(7)
(8

1.17
1.44
1.69
1.64
1.41
1.12

0.47

0.66

transverse reinforcement prior to failure

(10)
Level of
Prestress

YE'e

0.0

0.30

Data on reinforced and prestressed concrete beams
under pure torsion with only yielding of the

189
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from Sec. 3.6. If this is done, then all the values would be much
greater than 1.

It appears that the lack of yielding of either one of the types
of reinforcement increases the scatter in the accuracy of the basic
truss model predictions. Such lack of yielding can be treated by
improved truss model versions which are not as simple for design
purposes (180,182).

This scatter is caused by the partial overreinforcement of the
member, which induces at failure large tensile stresses in the other
reinforcement together with excessive compression stresses in the
diagonal strut of the truss model. These large stresses sometimes would
lead to premature failures due to crushing of the concrete. These types
of failure must be prevented in the truss model design approach.

3.7.2 Torsidn—Bending. Shown in Table 3.30 are test data on

reinforced and prestressed concrete beams of trapezoidal and rectangular
solid and hollow cross sections subjected to combined torsion and
bending. The test data from Ref. 86 1in Table 3.30 belongs to beams
where only the transverse reinforcement yielded at failure. Tests from
Ref. 161 and specimen D1 from Ref. 33 belong to beams where only the
longitudinal steel yieldéd prior to failure. In specimens D2 and D3
from Ref. 33, and specimen 1 from Ref. 70, neither yielding of the
transverse or the longitudinal reinforcement was reported at failure,
Shown in column (5) of Table 3.30 are the values of the
previously explained dispersion index I (see Fig. 3.5), which is used as

a measure of the dispersion between test obtained values and truss model
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predictions, as given by the proper interaction equations, measured
along radial lines from the origin. The mean of the dispersion index I
for all the specimens shown in Table 3.30 is 0.88 and the standard
deviation 0,14,

It seems that the truss model predictions become unconservative
in the case of combined torsion-bending in the case of members where
yielding of both reinforcements is not reached at failure. More so in
the cases where yielding of the lengitudinal reinforcement is not
reached prior to failure. However, these apparent unconservative
results again can be explained by the effect of partial
overreinforcement discussed in the previous section. The large
compression stresses induced by the partial overreinforcement eventually
lead to failure due to crushing of the concrete in the web such as in
the case of member D3 on Table 3.30. In these cases the value of T,
should be based on the web crushing iimits suggested in Sec., 3,6, If
this is done then the values obtained would be very conservative,
Better agreement should be possible if the effective shell thickness is
determined as suggested by Marti (182).

3.7.3 Torsion-Bending-Shear. Table 3.31 shows data on

prestressed concrete beams of rectangular solid and box sections where
only yielding of the transverse reinforcement was reported at failure.
The dispersion index I shown in column (6) of Table 3.31 is once zgain
used as a measure of the accuracy of the truss model predictions in the

same manner previously explained in Sec. 3.4,
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For the data shown in Table 3.31 the mean of the dispersion
index I is 1.26 and the standard deviation 0.3% In this case the truss
model predictions seem to be overconservative, Very few specimens were
under strength. The few which experienced lower values were well within
normal scatter. There was considerably more scatter in the dispersion
index. This indicates that the lack of yielding of both reinforcements
introduced other factors that are not adequately represented by the
truss model.

The test data shown in Table 3.32 are for prestressed
rectangular beams experiencing only yielding of the longitudinal
reinforcement at failure. The very conservative predictions obtained in
these cases seem to confirm the assumption that members experiencing
only yielding of the longitudinal reinforcement at failure might be in a
transition state between the uncracked and the full truss state as far
as shear stresses are concerned. This would introduce an additional
concrete contribution to the ultimate shear capacity of the member,
This would explain the conservative results given by the truss model in
such cases.

3.7.4 Failures Due to Inadequate Detailing. During the course

of this study it was made clear that adequate detailing is of utmost
importance in the design approach using the truss analcgy in the case of
members subjected to shear, torsion-bending, or combined torsion-—
bending-shear.

In this section several cases of failure due to inadequate

detailing are studied to highlight the importance of adequate detailing
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in the design as well &s to illustrate how the truss model can be useful
to handle the special detailing cases.

Shown in Table 3.33 are data for prestresssd concrete inverted T
bent caps failing prematurely due to inadequate detailing. Specimens
TP43, TPS4, and TP63 from Ref. 116 were prestressed concrete inverted T
bent caps subjected to pure torsion (see Fig. 3.41a). As reported in
Ref. 116, failure of specimens TP43 and TPS4 was due to a combination of
punching action and bracket action in the bottom flange of the inverted
T bent cap. In specimen TP63, failure was entirely due to punching
action. Punching action failure of the flange occurred by punching of
the concrete along a truncated pyramid around the concentrated load (see
Fig. 3.41b). This phenomenon caused the separation of the pyramid from
the bottom of the bezm without any crushing of the concrete in the
compression zone of the flange. The other contributor to the failure
mechanism was produced by the flange acting as a short brackéﬁ to
transmit the load to the web, This phenomenon was analyzed in Sec.
2.2.3 of this study. As previously explained, the truss model can be
used to determine the necessary transverse reinforcement in the flange.
Supplementary horizontal transverse reinforcement should be distributed
as shear friction reinforcement to control cracking along the potential
slip plane. If the crack faces are rough and irrezular, any slip will be

accompanied by a horizontal separation of the crazx faces. At ultimate

o}]

the horizontal crack separation will be sufficient to stress this

reinforcement to its yield point,
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(a) Typical cross section

(b) Punching failure (sideview)

(c) Bracket action

Fig, 3.41 Cross section and types of premature failures
due to improper detailing occurring in
specimens TP43, TPS54, and TP63 (from Ref. 116)
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Fig. 3.42 Truss model and reinforcement details of the
web flange connection region of the inverted
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The importance of good detailing is shown in the values of the
ratio of torsional moment at failure to the predicted torsional capacity
shown in Table 3.33. The mean of the ratio was 0.63 and the standard
deviation 0.07. This clearly indicates the danger involved in the case
of premature failures, i.e. failures where yielding of the stecel
reinforcement is not reached because of improper detailing of the
member.

Table 3.34 shows data on reinforced concrete L-beams under
combined torsion-bending-shear which failed prematurely due to
inadequate detailing. Specimens 3LS-4 and 3LS-7 from Ref. 104 failed
locally at the supporting diaphragms. Unfortunately in this case, no
more information was available in regard to the actual causes of
failure. Although beam 3LS-4 shows urnconservative results, beam 3L3-7
seemed to yield reasonable results. FHowever, without more information
no further conclusions can be drawn from these two specimens.

Shown in Table 3.35 are data for specimen 0.5B from Ref. 50.
This specimen was a prestressed concrete I-beam with web reinforcement
and a composite slab cast on top. Beam 0.5B was about a one-half scale
model of the Texas Standard Type B girder. This member was subjected to
a uniformly distributed load. Specimen 0.50B was tested in a different
phase of this research project. Details of all the specimens as well as
the loading scheme are reported by Czsirodale (50).

Figure 3.43 shows details of the cross section at the end
regions of the member. Figures 3.44a znd 3.44b illustrate the premature

failure that took place during the testing of this specimen.
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STIRRUP (TYP)
PRESTRESSING STRAND
(TYP)

/ NON-PRESTRESSED
REINFORCEMENT (TYP)

ADDED BAR OVER

a BEARINGS
(a) Specimen 0.5B (also (b) Revised cross section
Specimens 0.5A and for Specimens 0,4B and

Fig. 3.43 Revision in reinforcement detailing at the end
region due to premature failure of specimen 0.5B
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As can be seen from Fig. 3.442a there was a complete separation
of the bottom flange from the vertical web of the member at the bearing.
The mechanisms involved in this premature failure due to improper
detailing are examined with the aid of the truss model.

Figure 3.45a from Ref. 56 illustrates the fanning effect of the
diagonal compression struts of the truss model at the end regions of the
member, This fanning effect, previously explained in Sec. 2.2.2,
results in high diagonal compression stresses which in the case of
flange sections are directly transmitted through the vertical web of the
member.

The concentration of diagonal compression stresses cén be
attenuated by adequately detailing the longitudinal steel reinforcement
at the end regions of the member. As shown in Figs. 3.45b and 3.45¢
from Ref. 56, the attenuation of the diagonal compression stresses is
achieved by distributing the horizontal component of the diagonal
compression strut over the entire end region of the members by means of
end distribution plates, as shown in Fig. 3.45b, or by the uniform
distribution of the longitudinal reinforcement, as shown in Fig. 3.45c.

The large concentration of diagonal compression stresses induced
by the improper detailing at the end regions of beam 0.50B was the major
cause of the premature failure of this specimen. As can be seen from
Fig. 3.43a, the concentration of all the longitudinal reinforcement at
one particular location failed to adequately distribute the diagonal
compression stresses and caused an excessive concentration of these over

the bearing area, as shown in Fig. 3.45a.

Ty
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This large concentration of diagonal compression forces caused
extreme deformation of the neoprene bearing pad. These deformations
induced tensile splitting stresses between the web and the bottom
flange. Closed stirrups at the end of the girder had been omitted. The
lack of horizontal reinforcement across this failure plane allowed the

crack to grow without control and finally caused separation of the

bottom flange from the web as shown in Figs. 3.44a and 3.44b. In order
to prevent this type of failure in subsequent specimens the detailing of
the cross section at the end region was changed as shown in Fig. 3.43b.
The longitudinal steel was more evenly distributed across the entire
tension flange and additional reinforcement to hold the flanges and
vertical web together was added over the bearing area. The revised

design performed very satisfactorily.

The data shown in Table 3.35 are plotted in Fig. 3.46. The
ratios of tested vs predicted values are plotted for different sections

along the span of the member. Fig. 3.46 together with the values of the

dispersion index I of Table 3.35 for different sections along the span-
length of the member clearly illustrate the unconservative results
caused by the premature failure of specimen 0.50B due to inadequate
detailing,

The examples of premature failures due to improper detailing

examined in this section help to illustrate the danger involved from

poor detailing procedures. They also help to show how the truss model

can be utilized to first spot the problematic regions and then to
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adequately detail the member so that its ultimate strength is fully
attained.
3.8 Evaluation of the Additional Concrete

Contribution in the Uncracked and
Transition States

In Sec. 2.5 it was suggested that three well-defined failure
states could be distinguished in the case of reinforced and prestressed
concrete beams subjected to shear and/or torsion. The first is the
uncracked state. This failure state is characterized by a shear failure
when first inclined cracking of the web occurs. Then there is a
transition state for the section at which failure might be in between
the uncracked state and its ultimate full truss state. Failure occurs
sometime after initial inelined cracking but before full development of
the truss state.

In Sec. 2.5 it was also suggested that in the uncracked and
transition states the concrete in the web contributes an additional
shear resistance. 1In the uncracked state this concrete contribution is
equal to the shear stress necessary to produce initial diagonal cracking

in the web of the member, Vor» @nd is taken equal to

Var = 2 & f(’: (3.24)

where fg is the specified compressive strength of the concrete, psi.
It should be noted that the a/d or M/V4q effect is not included
in the Ver expression. The reason is that the a/d ratio influences the

ultimate strength of the member, but it has no bear on the shear stress

required to produce initial diagonal cracking.

TR e i
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Figure 3.47 shows the proposed concrete contribution in the uncracked
and transition states for the case of reinforced concrete members.
Since only underreinforced sections are being considered and premature
failures due to either crushing of the concrete or poor detailing are
avoided, the presence of prestress will only influence the cracking load
and will not influence the ultimate load of prestressed concrete members
(162,165,166) in the full truss state.

Consider the case of a prestressed concrete member prior to
cracking subjected to a bending moment and a shear force. The Mohr
circle for an element at the neutral axis of the member is shown in
Fig. 3.48.

From Fig. 3.48, it becomes apparent that since the resulting
principal tension stress is smaller than the applied shear stress the
cracking load for the member is increased by a factor K due to the

presence of prestressing where
K= [1+ (f,5/14)10:5 : (3.25)

The term fps is the compression stress at the neutral axis of the member

due to the effective prestress force Fse and can be expressed as:
fps = Fga/hAg (3.26)

where A, is the gross area of the prestressed concrete member. The
term fy 1s the principal tensile stress required to produce diagonal

cracking of the concrete member, and will be taken equal to v from Eq.

cr

3.24. Thus, in the case of prestressed concrete members the concrete
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contribution in the uncracked state is taken equal to K*vcr, By
assuming continuously diminishing resistance function due to the K term,
the Swiss Code (156) suggests that the concrete contribution in the
transition state varies linearly between the uncracked shear strength of
the prestressed concrete member, K*Vcr at the beginning of the
transition state to a value of zero when the applied shear stress is
equal to (2 + K)*v, . However, while K = VT + Tps/Tt the Swiss code
imposes a strict limit of 1 on K in those regions of the member where
the resuiting extreme fiber tensile stress at ultimate exceeds twice the

cracking shear stress vgpe Figure 3.49 shows the additional concrete

contribution for the case of prestressed concrete members.

\VC : additional concrete continuation

uncracked |  transition Full tryss

-~ T

XY

KVcr

KVer ’ (2+K)Ver Vu

Fig. 3.49 Additional concrete contribution for the case of
prestressed concrete members (156, 162)
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Transition study Rednforced (non—prestressed)

) (2) (3) (4) (5) (6) (7) (8)

Author Member vtest ver Pyvfy £f'e a/d  vutest

ID  Eq.3.21 (ksi) (pei)  (ksi) Ver

(ksi)

291.1 0.18 0.08 0 1.69 2.4 2,25
Richart 291,2 0.16 0.08 2.00
series 291.3 " 0.19 0.08 2.38
1911 294.1 0.18 0.08 1.49 2.25
294,2 0.14 0.08 5.75
294.3 0.17 o0.08 2.13
293.4 0.19  0.09 2.35 2.38
16B20.1 0.22 0.14 0 4.77 4.8 1.57
Richart 16820.2 0.21 1.50
series 16Bl.1 0.22 1.57
1917 16B1.2 0.20 1.43
1682.1 0.19 1.36
16B2,2 0.21 1.50
Richart 1 0.48 0.14 0 4,76  1.52 13,43
and 2 0.53 0.14 4,62 3.79
Jensen 3 0.50 0.13 4.29 3.85
series 4 0.45 0,12 3.86 3.75
1931 5 0.35 0.09 2.23 3.89
6 0.39  0.10 2.63 3.90
Moretto 1INl 0.39  0.12 0 3.55 1.75 3.25
1945 1N2 0.49 0.12 3.62 - 4.08
2§81 0.43 0,13 4,34 3.31
2N2 0.50 0.14 4,64 3.57
AO-1 0.18 0.11 0 3.13  2.34 1.64
Clark A0-2 0.22 0.12 3.77  2.34 1.83
1951 BO-1 0.25 0,12 3.42 1,95 92,08
BO-2 0.19  0.12 3.47 1.95 1.s8
BO-3 0.26 0.12 3.41 1.95 2,17
C0~3 0.34 0,12 3.42 1.56 2.83
DO-1 0.45 0.12 3.75  1.17  3.75
DO-3 0.45  0.12 3.765 1.17 3.75
mean = X= 2,6
Standard deviation = S = 0.95

Table 3.36 Test data on beams with no web reinforcement
failing in shear (from Ref. 9)
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Trausition study Reinforced (non-prestressed)
Author Member  vutest ver Pyfy f'c a/d vutest
ip Eg.3.21 (ksi) (psi) ksi ver
(ksi)
Moody
24a 0.50 0.10 0 2.58 1.52 5.00
series  24b 0.51 0.11 2.99 4,64
ITI 25a 0.45 0.12 3.53 3.75
E 25b 0.49 0.10 2,50 4,9
1953 26a 0.71 0.11 3.14 6.45
26b 0,67 0.11 2.99 6.09
27a 0.59 0.11 3.10 5.36
27b 0.60 0.12 3.32 5.05
28a 0.51 0.12 3.38 4,25
- 28b 0.58 0.12 3.25 4.83
29a 0.76 0.11 3.15 6.C0
29b 0.74 0.12 3.62 6.17
X = mean = 5.20
S = st, dev. = 0.83

Table 3.38 Test data on beams with no web reinforcement
failing in shear (from Ref. 99)




Transition study

1) (2)
Author Hember
D
26-1
Krefeld 2%a-1
& 29b-1
Thurston 213,5-1
(90) 29a-2
29b-2

rectang. 29¢~2
sections 29d-2
29e~2
29g-~2
213, 5a-2
218a-2
29-3
318-1
321-1
318-2
321-2
313.5-3
318-3
321-3

Palaskas #2
Attiogbe ADO
and A25
Darwin A25a
(134) A50
T~beams AS5Qa
A75

BOO
B25
B50

c00
C25
€50

Table 3.40 Test data on reinforced concrete beams with no
or very light web reinforcement failing in
shear (from Refs. 90, 134)

(3)

vutest
Eq.3.21
Ksi

0.29
0.22
0.22
0.21
0.30
0.28
0.22
0.23
0.29
0.21
0.22
0.23
0.25
0.31
0.23
0.25
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0.24
0.20

0.1
0.1
0.1
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0.2
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0.3
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failing in Shear

(5)
Pyfy
psi

79
53
53
35
62
62
62
62
62
62
42
31
40
93
79
64
55
65
48
42

(6)
f'c
ksi

5.82

Reinforced (non-prestressed)

7
a/d

4.0

4,14

3.97
4,00

(8)

vutest

ver

1.93
1.47
1.47
1.40
2.00
1.87
1.83.
1.77
1.71
2.10
1.47
1.53
1.79
2.07
1.53
1.67
1.53
1.88
1.50
1.25

1.14
1,00
1.36
1.43
2.08
1.85
2,14

1.07
1.31
1.77

1.00
1.38
2,23

1.62
0.34
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1 Beams with p,fy= 0.0

o 1.0 < F'C < 3.0 KSI
O:l<as/d<|.75
A: | 75<a/d < 2.75

a +: 2.75<a/d <4.0

e X: 275 <a/d < 4.0 ; fé=IOOO ksi

wn
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VTEST/BWxuZ ( ksi)

Fig. 3.50 Evaluation of the concrete contribution in
the case of reinforced concrete beams
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Beams with A, %=0.0

N
z;_ 4.0 < F'C < 5.0 KS]
— o l<a/d<l.75
© At .75 <a/d<2.75
5 2 t:275<a/d<4.0
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w
¢
-
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[Lp]
o
[ p)
o o 0O
[am)
o
CD' T T 1
0. 00 ) Q. 45 0.60 . 75
VTEST/BW=Z (Ksi)

Fig. 3.52 Evaluation of the concrete contribution in
reinforced concrete beams failing in shear
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expressions. However, the contribution at this term is relatively small
for all except deep beams when shear reinforcement is pre-~cut and the
resulting complication in design has led many to question its usefulness
(108).

The data shown in Table 3.0 for reinforced concrete beams
failing in shear coﬁtaining nNo or very light amounts of web
reinforcement are plotted in Fig, 3.54. The beams shown in Table 3.40
were all tested using an a/d ratio larger than 3.5. Figure 3.54 shows a
plot of the data for different values of the concrete compressive
strength 3. ‘Again, the proposed concrete contribution shows to be a
safe lower bound. For these larger a/d ratios, the gross conservatism
evident in some at the previous plots has vanished.

Tables 3.41 through 3.43 include test data (152) for 90 simply
Supported prestressed concrete beams. All beams, except four which were
tested over a 7 ft. Span, had 9 ft, spans and were subjected to bending
and shear by means of concentrated loads. Only straight prestressed
longitudinal reinforcement was used. The beams were either pretensioned
or post-tensioned and grouted. The series included 43 rectangular beams
(identified by the first letter A), 33 I-beams with 1.75 inch thick webs
(letter C). The term K in Tables 3.41 through 3.43 is computed using
Eq. 3.25 but in no case was taken greater than 2.0. The different a/d
ratios, together with their respective f! Were identified for each
specimen.

Table 3.41 through 3.43 and Figs. 3.55 through 3.62 show a

comparison between the test ultimate shear stresses from column (2) and
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Transition study Prestressed Data

(n (2) (3) (4) (5) (6) 7 (® (9 (10)
K K

Author Member vurest Rver Pvfy f'¢ a/d  wvutest
ID Eq. 3,21 Actual but<? (ksi) (psi) (ksi) Kver
(ksi) value
A.11.43 0.28 2.37 2.0 0.31 0 5.87 6.55 0.90
Sozen A,11.51 0.15 2.15 2.0 0.22 2.96 6.40 0.68
A.11.53 0.22 2,46 2,0 0.26 4,15 6.72 0.85
Zwoyer A.11.96 0.21 2.82 2.0 0.21 2.77 6.42 1.00
Siess A.12.23 0.27 1.87 1,87 0.30 0 6.27 3.86 0.90
A.12.31 0.29 2.T4 2.0 0.28 4.73 4,17 1.04
(152) A.12,.34 0.38 2.22 2.0 0.34 7.37 4,39 1,12
A.12.36 0.22 1.96 1.96 0.25 4,18 3.92 0.88
A.12.42  0.35 2.23 2.0 0.32 6.28 4.34 1,09
A.12.46 0.32 2.42 2.0 0.26 4.36 4,39 1.23
A.12.53  0.27 2.29 0.22 3.02 4,19 1.23
A.12.56  0.29 2.37 0.26 4.36  4.19 1.12
A.12.69 0.29 2.38 0.24 3.47 4,43 1.21
A.12.73 0.32 2.55 0.23 3.35 4,27 1.39
A.12.31 0.26 2.56 0.22 2.93 4.16 1.18
A.14,39 0.33 2,00 2.00 0.23 0 3.44 2.87 1.43
A.14,44 0.36 2.20 0.21 2.80 2.82 1.71
A.14,55 0.41 2,28 0.24 3.66 2.81 1.71
A 14,68  0.34 2.44 0.18 2.13  2.85 1.89
A.21.29 0.10 1.47 1.47 0.17 o 3.53  6.39  0.59
A.21.39 0.12 1.65 1.65 0.17 2.66 6.03 0.71
A.21.51 0.20 1.88 1.88 0.28 5.77  6.65 0.71
A.22,20 0.17 1.47 1.47 0.19 0 4.20 4,26 0.89
A.22.24 0.16 1.46 1.46 0.16 2.91 4.09 1.00
A.22,27  0.186 1.51 1.51 0,17 3.35 4.30 0.9
A.22.28 0.14 1.41 1.41 0,17 3.77  4.11  0.82
A.22.31 0.18 1.70 1.70 0.20 3.37 4,47  0.90
A,22,.34 0.16 1.62 1.62 0.19 3.53 4.33 0.84
A.22.36 0.17 1.65 1.65 0.21 3.94 4.31 0.81
A.22.39  0.12 1.35 1.35 0.14 2.88 4,09 0.86
A.22.40 0.31 1.89 1.89 0.28 5.44 4,39 r.11
A.22.49 0.27 1.78 1.78 0.25 4,91 4,39 1.08

Table 3,41 Data on Prestressed concrete beams with no web
reinforcement failing in shear (from Ref, 152)
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Transition Study Prestressed Data
1) (2) 3) Gy (3 () O (® €))] 10
Author Member Vutest K K Rver Pvfy f'¢ a/d vutest

(ID) Eq. 3.21 Actual (psi) (ksi) Kver
(ksi) value
B.32.11 0.20 1.0 1.0 0.14 0 5.00 3.46 1.43
B.32.19 0.19 0.14 4.58 3.53 1.36
Sozen B.32.31 0.14 0.10 2.62 3.53 1.40
B.32.34 0.18 0.10 2.62 3.53 1.40
B.32.41 0.29 0.10 2.36 3.56 1.80
Zwoyer B.32.54 0.27 0.10 2.57 3.47 2,70
Siess C.12.09 0.49 1.74 1.74 0.27 6.22 3.26 1.81
C.12.18 0.61 2.09 2.0 0.26 4,38 3.72 2.35
C.12.19 o0.70 2.13 2.0 0.31 5.89 3.56 2,26
(152) C.12.32 0.51 2.61 0.17 1.88 3.65 3.00
C.12.33 0.76 2.67 0.29 5.39 3.57 2.62
C.12.40 0.41 2.28 0.22 2.89 3.72 1.86
C.12.44 0.44 2,28 0.25 3.99 3,79 2,76
C.12.50 0.57 2.76 0.22 3.10 3.60 2.59
C.12.57 0.81 2.99 0.22 3.10 3.863 2.62
C.22.29 0.28 1.59 1.59 0.15 0 2.27 3.46 1.87
C.22.31 0.37 1.71 1.71 0.21 3.65 3.31 1.76
C.22.36 0.33 1.88 1.88 0.23 3.60 3.52 1.43
C.22.39 0.23 2.03 2.0 0.13 1.03 3.54 1.77
C.22.40 0.59 2.48 2.0 0.27 4,54 3,65 2.19
C.22,46 0.41 2,02 2,0 0.23 3.44 3.56 1.78
C.22.62 0.35 1.91 1.91 0.19 2.51 4,00 1.84
C.22.73 0.44 2.43 2.0 0.20 2.46 3.63 2.20
C.32.11 0.30 1.0 1.0 0.17 0 6.87 3.25 1.76
C.32,22 0.33 0.13 3.92 3,60 2.54
C.32.37 0.29 0.12 3.63 3.60 2.42
C.33.42 0.25 0.10 2.61 3.56 2.50
C.32,50 0,31 0.11 2.82 3.37 2.82
C.32.80 0.34 0.11 3.25 3.60 3.09

* Specimens A.12.48,A.12.60,A.22.26,A.32.08,A.32.ll,A.32.17,V.11.07,
V.12.07,V.13.07 failed in flexure

Combined of Tables 3.41, 3.42 and 3.43 g

Table 3,43 Data on prestressed concrete beams with no web
reinforcement failing in shear (from Ref. 152)
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Beams with p, fy=0.0
K=13
- 1.5 < F'C < 3.0 KSI 4
A 3.0<a/d <40
+ a/d >4.0

=

T L
0. 00 0.15 0. 30 0. 45 0. 60 0.7s

VTEST/BWxZ (ksi)

Fig. 3.56 Evaluation of the concrete contribution in
Prestressed concrete members failing in
shear with K = 1,3
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Beams with Pva= 0.0
K=1.3 and K=1.0

3.0 < F'C < 4.0 KSI
A: 30<a/d <4.0
+ a/d >4.0

i I L

Q. 45 0. 60 0.7S
VTEST/BWaZ (ksi)

Fig. 3.58 Evaluation of the concrete contribution in
prestressed concrete beams failing in shear
with values of K = 1,3 and K = 1.0
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Beams with pvfy= 0.0

[Tp]
;_ 4.0 < F'C < 5.0 KSI
@ K=1.0 and K=1.3
-
. A130<a/d<40; K=1.0
O
ze + a/d>4.0; K=1.3
d—
un
L=
O'-
Q
m
o
o | K=L3 L+ +
=4 k=10 _, N
f.=4.5Kksi
5 c=4 S
o
C5 T T Y T —
0.00 0. 15 0. 30 0. 45 0.60 0. 75

VTEST/BHx=Z (ksi)

Fig. 3.60 Evaluation of the contrete contribution in
prestressed concrete beams failing in shear
with values of K = 1,3 and K = 1.0
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Beams with Py fy.-= 0.0
K=1.3 and K=1.0
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Fig. 3.62 Evaluation of the concrete contribution in
prestressed concrete beams failing in shear
with values of K = 1.3 and X = 1.0
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0.35

0.30

& b=

—ll.O 14 18 22 28 30 3.5 4.0 4.5 506

Fig. 3.63 Stiffness and strength factor for rectangular
section subjected to torsion (from Ref. 135)
torsional Strength of a plain concrete section will be between the
values predicted by the plastic and elastic theories. In light of this
fact, The ACI Committee 438 (34) proposed that the ultimate shear Stress

induced by torsion in plain concrete be evaluated as
vr = 3T,/ [x2y] (3.30)

where x <y. The value of 3 for wt is aminimum for the elastic theory

and a maximum for the plastic theory (see Fig. 3.63 and Eq. 3.29), 1In
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plotted experimental pointé (33) were found to be respectively

Vy = 2.68 ,/ ¢ (psi) (3.33)
and
VT = 4.8 /T (psi) (3.34)

ACI 318~TT (24) suggests that the nominal shear stress be taken as 2413

for the case of shear, and 2. 4~/f' for the case of torsion. This

to be an unnecessary complication for combined actions since minimum web
relnforcement should always be present in comb1n~d actions states,

In light of the Previous discussion it is suggested that the
concrete contribution in the uncracked and transition states for
reinforced beams subjected to torsion and/or shear be taken the same as
shown in Fig. 3.47 with the value of v,,. assumed as 2 /1.

Shown in Table 3.44 are data from reinforced concréte
rectangular beams with no web reinforcement Ssubjected to pure torsion.,
Fig. 3.64 shows an evaluation of the proposed concrete contribution. As
can be seen from this plot, the proposed concrete contribution for the
case of members under pure torsion constitutes a safe lower bound.

In the case of Prestressed concrete members Subjected to
torsion, the concrete contribution shown in Fig. 3.49 is evaluated using
the test data shown in Table 3.45. The data in Table 3.45 are plotted
for‘comparison in Figs. 3.65 through 3.67. As can be seen from these
plots, the proposed concrete contribution in the uncracked and

transition states for the case of prestressed concrete members
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3.8 < F'C < 4.5 KSI

a. 30

a.1s

T —
0. 60 0.75
V (TGRIKSI

0. 00

Fig. 3.64 Evaluation of the concrete contribution in
reinforced concrete rectangular members
under pure torsion
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3.65 Evaluation of the concrete contribution in

Prestressed concrete rectangular members
subjected to torsion with K = 2.0
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4.75 < F'C< 8. 30 KSI

0. 20

. 00

0

g. 00

T 1
0. 20 0. 40 0.60 0. 80 1.00
V V (TORIKS]

Prestressed concrete I-beams subjected to
torsion with X = 2,0
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3.9.17 Torsion. In the case of pure torsion the ACI/AASHTO

ultimate strength is evaluated in accordance with the guidelines given
in Refs. 24 and 12 discussed in Sec. 2.4 of Report 248-2.

Shown in Tables 3.46 through 3.50 are data on reinforced
concrete rectangular, L,'and I-beams subjected to pure torsion
previously examined in Sec. 3.2. Specimens B6, M6, 16, J4, G5, K4, C3,
C4, C5, and C6 from Ref. 82 and D5, D6, and C6 from Ref. 173 failed in
a web crushing mode and have already been used in Sec. 3.6 to compare
the proposed upper 1limit for the diagonal compression stress with the
current ACI/AASHTO upper limits to prevent web crushing, and thus are
not included in this section. Figure 3.68 shows a comparison between
the ACI/AAHSTO and Truss Model predicted ultimate strength using the
data from Tables 3.46 through 3.50. As can be seen from Fig. 3.68, the
Truss Model predictions are in generally better agreement_ﬁith‘the test
results and show significantly less scatter than the ACI/AASHTO
predicted values.

3.9.2 Torsion-Bending. In the case of combined torsion-bending

the ACI/AASHTO ultimate strength is evaluated following the requirements
given in Refs. 24 and 12. The comparison between the ACI/AASHTO and
Truss Model approaches in the case of combined actions has to be
conducted in a different manner than the one followed in the case of
single actions (pure torsion). Since the ACI/AASHTO design procedures
do not consider the interaction between bending and torsion directly in
the design, both ultimate predicted strengths (pure torsion and pure

bending) are computed separately.
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Tests reported by Hsu (82) on reinforced concrete rectangular beams

(1 (2) (3) (4) (5)
Member r Ttest Ttest a(Eq.3.2)

1D T : Tu degrees

ACI/AASHTO Rq.3.1 &

G4 1.0 1.12 1.07 43
G6 0.99 1.09 45
G7 1.01 1.06 44
G8 1.27 1.08 44
N1 1.06 0.94 49
Nla 1.05 0.93 49
N2 1.12 0.93 49
N2a 1.02 0.85 49
N3 1.06 0.84 49
N4 1.28 0.70 50
K1 1.06 1.35 44
K2 1.12 1.25 - 44
K3 1.38 1.15 43
Cl 1.04 1.23 44
c2 1.00 0.94 44
Overall X 1.07 1.01
for N = 43
Tables S 0.17 0.15
3.45 and
3.46

* Specimens B6,M6,I6,I4,G5,K4,C3,C4,C5,C6
are compared in Table 3,56,

Table 3,47 Data on reinforced concrete beams with web
reinforcement subjected to pure torsion

e
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Tests reported by Liao and Ferguson (104) on reinforced concrete L-beans

1 2 - (3) (4) (5)
Meober T Ttest Ttest @(Eq.3.2)
D T ' o :
ACI/AASHTO Tu(tq. 3. 1) degrees
PT1 1.0 1.42 0.92 9
PT2 1.66 0.96 16
PT7 1.08 1.11 31
PT8 1.61 1.03 16
X 1.44 1.01 N=4
S 0.26 0.08

Tests reported by Rajagopalan and Ferguson (140) on
reinforced concrete L-~beanms

R7 1.0 1.68 1.21 18

R8 1.86 1.38 12

R17 1.68 1.18 24

R19 1.95 1.35 17
X 1.79 1.28 N=4
S 0.14 0.10

Overall X 1,62 1,14

for N =238

Table S 0.27 0.17

3.49

Table 3.49 Data on reinforced concrete L-beams with web
reinforcement subjected to pure torsion

o erea e
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Tests reported by Gesund, Schuetter, Buchanan, and Gray [76]
on reinforced concrete rectangular beams.

(1 (2) (3> (4) » (5) €6)
MTEST TIEST Mode of
Member r I MA(};:I/ ACI/ failure
1D (space truss)  ppsuro AASHTO (ACI/AASHTO)
1 0.7 0.97 0.43 1.20 T
2 0.7 0.94 0.55 - 0.82 T
3 0.7 0.81 0.66 0.90 T
4 0.7 0.90 0.73 0.55 M
5 0.7 1.04 0.80 0.77 M
6 0.7 1.01 0.92 0.47 M
7 0.7 0.93 0.93 0.64 M
8 0.7 0.98 0.94 0.35 M
9 0.7 1.18 0.42 1.04 T
10 0.7 1.03 0.62 0.80 T
1 0.7 0.98 0.48 0.75 T
12 0.7 1.03 0.75 0.60 M
X 0.98 .69 0.74 N=12
s 0.09 0.19 0.24

Table 3.51 Data on reinforced concrete rectangular beams
with web reinforcement subjected to combined
bending torsion
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Tests reported by Pandit and Warwaruk [33]
on reinforced concrete rectangular beams,

(1 C(2) (3) €D (5) (6)
] e - Mrest TTEST
Member r I Macz/ Tac1/ Mode of
ID (space truss)  ppquro AASHTO failure
B2 0.5 1.13 0.81 0.74 M
B3 0.5 1.03 0.45 0.88 T
c1 0.5 1.14 0.89 0.64 M
c2 0.5 1.04 0.62 0.87 T
D1 0.34 0.87 0.74 0.82 T
D2 0.34 0.80 0.45 1.34 T
D3 0.34 0.65 0.23 1.32 T
E1 1.0 1.23 0.80 0.63 M
E2 1.0 1.16 0.45 0.83 T
X 1 0.60 0.90 N=9
s 0. 0.22 0.26

Table 3.52 Data on reinforced concrete rectangular beams
with web reinforcement subjected to combined

bending torsion
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3.9.3 Torsion—Bending—Shear. In the case of combined torsion-

bending-shear the ACI/AASHTO ultimate predicted values are evaluated in
accordance with the requirements given in Refs. 24 and 12 angd Previously
discussed in Report 248-2.

Since the current ACI/AASHTO design Fecommendations do not

bending. However, since the ACI/AASHTO design procedures do consider
the interaction between torsion and shear, in this case the value of the
torsional moment computed to evaluate the ratio of column (5) of Tables
3.53 and 3.54 do reflect the level of shear force present at ultimate in
the member,

Shown in Tables 3.53 and 3.54 are data on reinforced concrete

rectangular and L-beams Subjected to combined torsion-bending—shear.

columns (4) and (5) for each Specimen.
Figure 3.70 shows a comparison between the Space Truss and the

ACI/AASHTO predicted values with the data from Tables 3.53 and 3.54, As

In the case of failures controlled by torsion (Fig. 3.70e¢), the Truss
Model predicted values (see Fig. 3.70a) show a much better agreement
with test results greatly reducing the scatter between the predicted and

observed ultimate values,




Tests reported by Osburn,

Mayoglou, and Mattock [133]
on rectangular (R) and L-beams (L)

(1) (2) (3) (1) (5) (6) (7
BIEST  _TrEst
Member r I ACI/ Tact/ V?E§T Mode of
1D (space truss) aaspTo  aasuTo k failure
A1(R) 0.15 1.31 1.17 0.96 13.2 M
A2(R) 0.15 1.27 1.07 0.93 14,2 M
A3(R) 0.15 1.19 1.10 0.92 15.6 M
A4(R) 0.15 1.03 1.07 0.88 17.2 M
A5(R) 0.15 0.91 1.06 0.99 20,2 M
B1(R) 0.15 1.24 1.09 1.20 8.72 T-3
gt B2(R) 0.15 1.15 1.05 1.16 9.1 T-3
& & B3(R) 0.15 1.15 1.09 1.18 10. T-S
s B4 (R) 0.15 1.07 0.98 1.1 11.2 T-3
B5(R) 0.15 1.04 1.06 1.09 12.8 T=-3
C1(R) 0.10 1.14 1.10 0.93 10.0 M
C2(R) 0.12 0.94 0.95 0.80 10.55 M
C3(R) 0.13 1.03 1.04 0.87 13.4 M
C4(R) 0.10 0.94 1.00 0.94 16.1 M
D1(L) 0.10 1.26 1.10 1.00 10.8 M
D2(L) 0.12 1.12 1.00 0.94 12.3 M
D3(L) 0,13 0.92 0.96 0.90 13.4 M
DY (L) 0.10 0.93 0.87 0.90 15.9 T-3
E1(L) 0.10 1.24 1.09 0.99 10.7 M
E2(L) 0.12 1.02 0.93 0.85 11.4 M
E3(L) 0.13 1.00 0.93 0.85 12.97 M
E4(L) 0.10 0.80 0.76 0.77 13.9 T-S
X 1.08 1.02 0.96 N=22
s .14 0.09 0.12
Table 3.54 Data on reinforced concrete rectangular and
L-beams with web reinforcement subjected to
combined torsion~bending-shear
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3.9.4 Bending and Shear. 1In this section the data examined in

Sec. 3.5 on reinforced and prestressed concrete beams with web
reinforcement failing in shear are utilized to compare the Truss Model
predictions and the ACI/AASHTO ultimate expected values,

The ACI/AASHTO predicted ultimate strength is evaluated in
accordance with the requirements given in Refs. 24 and 12, and
previodsly discussed inmhéég;iﬁéMB—E.

In compuﬁing the concrete contribution in the case of AASHTO/ACI
predicted values, the formula 1. 9vrz + 2500 pw V4/M is used; where Pw
is a ratlo of longltudlnal relnforcement defined as Ag/Tbydl, As being
the area of longitudinal tension reinforcement, V and M are the ultimate
test values, and "d" is the distance between the extreme compression
fiber and the centroid of the longitudinal tension reinforcement.

Shown in Tables 3.55 through 3.57 are data from simply supported
reinforced concrete rectangular beams failing in shear. Given in column
(5) of Tables 3.55 through 3.57 is the ratio of the test value ﬁé the
ACI/AASHTO predicted value. In column (4) the dispersion index "I" of
the Truss Model, previously explained in Sec. 3.5, is given.

In Fig. 3.71 the values of columns (4) and (5) from Tables 3.55
through 3.57 are shown to compare the truss model predictions and the
ACI/AASHTO expected ultimate load values with data from reinforced
concrete beams failing in shear. As can be seen from Fig. 3.71, the
Truss Model predictions, although conservative, show much better
agreement with the actual test values. They significantly reduce the

sScatter of the test to predicted shear ratio.
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Tests reported by A.P. Clark (53) on reinforced concrete rectangular beams

(1) (2) (3 (4) (5) (6)
Member Pvfy tana 1Ispace Vtest Level of
iDp psi Eq.3.16 truss mASHTO Prestl':ess
o/f'c
Bl-l 180 0.30 1.23 1.58 0.0
Bl-2 0.34 1.14 1.41
B1-3 0.30 1.25 1.60
Bl~4 0.32 1.17 1.50
Bl-5 0.36 1.06 1.32
B2-1 350 0.58 1.13 1.10
B2-2 0.54 1.19 1.16
B2-3 0.52 1.24 1.21
Cl-1 170 0.29 1.50 1.63
Cl-2 0.25 1.70 1.84
Cl-3 0.33 1.34 1.45
Cl-4 0.28 1.56 1.64
C3-1 0.36 1.21 1.43
4 Cc3-2 0.40 1.09 1.29
; C3-3 0.43 1,02 1.20
c2-1 330 0.56 1.33 1.12
c2-2 0.53 1.39 1.17
C2~4 0.56 1.33 1.10
Ch~1 170 0.27 1.27 1.75
C4-2 0.19 1.73 2.11
C6-3 0.18 1.78 2.18
C6-4 0.19 1.75 2,09
D1-1 220 0.35 1.55 1.51
D1-3 0.41 1.32 1.29
D3-1 440 0.55 1.24 1.19
D2-1 290 0.49 1.37 1,20
D2-2 0.46  1.47 1.27

Table 3,56 Data on simply supported reinforced concrete
rectangular beams failing in shear

i e
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N=58

class interval-0.|-

N
>

?N

- 20

1.0

(a) space truss

—

I (space truss)

N=58
class interval-0. |-

b
>

(.0

(b) ACI/AASHTO

VTEST
Vac1/aasHTO

model predictions with test resultg of reinforced

concrete beams where shear failures were observed
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Tests reported by Moayer and Regan (33)

on prestressed concrete T-Beams

(1) (2) (3) (4)
Member Pyfy tan a Ispace
ID psi Eq.3.16 truss
P4 155 0.52 1.42
P8 104 0.12 1.55
P13 104 0.14 1.68
Pig 104 0.13 1.60
P24 155 0.49 1.33
P25 104 0.21 1,51
P26 155 0.41 1.32
P27 104 0.18 1.43
P28 155 0.36 1.28
P29 104 0.23 1.34
P49 155 0.37 0.98
X 1.38
S 0.20

Tests reported by Castrodale
concrete I-beams under distri

0.40A 180 0.17
0.40B 180 0.17
0.45 220 0.19
X
S
Overall for X
Table 3,58 S
Table 3.58 Data on simply su

T and I beams fai

(5)
Vtest
v —

VaCT/AAsHTO

1.05
1,60
1.65
1.50
1.03
1.45
1,04
1.37
1.15
1.40
1.15
1,28
0.24

(50) on prestressed
buted loadings

1,04

1.84
2.00
2.00
1.95
0.09
1.41
0.35

(6)
Level of
Prestress

o/f'e
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N=number of

specimens
- 10
N=23
L class interval-0.1-
1 —
1.0 o I (space truss)
(a) Space truss
A N
— {0

N=23
class interval-0.|-

= o

1.0 V Test
VACI/AASHTO

Y

(b) ACI/AASHTO

Fig. 3.72 Comparison between the space truss model and the
ACI/AASHTO predictions with test results of
Prestressed concrete beams failing in shear
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Tables 3.61 and 3.62 show data for reinforced and prestressed
concreté continuous beams failing in shear, Figure 3.73 shows 3
comparsion between the ACI/AASHTO and Space Truss Model predictions with
test data from Tables 3.61 and 3.62 on continuous beans failing in
shear. It is apparent that the Truss Model tends to yield reasonable
predicted values; however, it is slightly more unconservative than the
current ACI/AASHTO design procedures, The shaded portion of the Space
truss values 1in Fig. 3.73 are Specimens in which tano falils
significantly outside the Space truss limits, these should not be

considered in Judging the accuracy of the design procedure.

After comparing both Procedures with test results it can be
concluded that:

1. In the cases of pure torsion, combined torsion—bending and
torsion-bending-shear the Truss Model yields conservative
results and is in better agreement with observed test values
than the current ACI/AASHTO procedures. -

procedures. However, it seems to yield more conservative
predictions than in the case of combined actions,
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Tests reported by Mattock and Kaar (111) on semi-continuous
prestressed concrete I-beams.
(1 (2) (3) (4) (5) (6)
Member Pvify tanc I space Vtest Level of
ID psi Eq.3.16 truss  V(ACI/AASHTO) prestress
. al/f'c
S7 282 0.21 1.89 2.07 0.15
S13 282 0.31 1.54 1.53 0.14
S10 188 0.17 1.83 2.18 0.15
s21 188 0.17 1.62 2.08 0.14
) X = 1.72 . 1.97
N=24
S = 0.17 0.29

Table 3.62 Data on semicontinuocus prestressed
concrete I beams failing in shear
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CHAPTER 4

CONCLUSIONS

4.1 Summarz

In this report a complete evaluation of the truss model in the
areas of shear, torsion, and shear and torsion, has been conducted by

careful comparison with Several hundred experimental results,

longitudinal ang web reinforcement was carried out, This comparative
study showed that the truss model predicted ultimate strength is in very
good agreement wi?b observed ultimate values of members where yielding
of the reinforcement at failure was reported,

In Sec. 3.2 it was pointed out that the basic truss model used
herein does not include the effects of warping torsion. This type of
torsion becomes significant in the case of open-ended members formed by
three or more walls, where the torsional Wwarping of the cross section is
restrained,. In these cases, the basic truss model tends to
underestimate the torsional capacity of those members. More advanced
truss models have been proposed for cases where warping torsion is
important,

It was also shown that the truss model interaction equations

very adequately represent the ultimate load interaction of reinforced

281
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4,2 Recommendations

With the general interaction behavior and expected failure
capacities confirmed by test results, the general procedures derived
from the truss model are translated in Report 248-4F into design
recommendations and draft AASHTO requirements. A review of some of the
current design procedures available in other codes is also given in
Report 248-4F. 1In that report, the design procedures based on the truss
model are applied through a series of design eéxamples. A parallel

design using the current AASHTO design pProcedures, wherever available,

is conducted and a comparison of the results of the two design

. Procedures is presented.
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