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Abstract

The shear and combined shear and torsion provisions of the AASHTO LRFD (2008) Bridge
Design Specifications, as well as simplified AASHTO procedure for prestressed and non
prestressed reinforcedrmcrete members were investigated and compared to their equivalent
ACI 31808 provisions. Respons®00, an analytical tool developed based on the Modified
Compression Field Theory (MCFT), was first validated against the existing experimental data
and therused to generate the required data for cases where no experimental data was available.
Several normal and prestressed beams, either simply supported or continuous were used to
evaluate the AASHTO and ACI shear design provisions

In addition, the AASHTO LRB provisions for combined shear and torsion were
investigated and their accuracy was validated against the available experimental data. These
provisions were also compared to their equivalent ACI code requirements. The latest design

procedures in both coderopose exact shetrsion interaction equations that can directly be

compared to the experimental results by considering dfictors as one. In this comprehensive
study, different overeinforced, moderatelyeinforced, and undeeinforced sectionwith high-

strength and normadtrength concrete for both solid and hollow sections were analyzed. The

main objectives of this study were to:

1 Evaluate the shear and the shimsion procedures proposed by AASHTO LRFD (2008) and
ACI 318-08

1 Validate the code procedures against the experimental results by mapping the experimental
points on the codbased exact interaction diagrams

1 Develop a MathCAD program as a design tool for sections subjected to shear or combined

shear and torsion
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Chapterl-l nt roducti on

Overview
In this study the shear or combined shear and torsion provisions of AASHTO LRFD (2008)
Bridge Design Specifications, simplified AASHTO procedure for prestressed and non
prestressed, and ACI 318 for reinforced concrete muers are comparatively studied. Shear
critical beams were selected to evaluate the shear provisions for the mentioned codes. Because of
the absence of experimental data for various beams considered for the analysis and loaded with
shear, Respons#00 whch is an analytical tool and is based on Modified Compression Field
Theory (MCFT) was checked against the experimental data for cases where experimental data
existed. Consequently, the shear capacity of simply supported beams was slightly under
estimated § Respons€000, while continuous beams were accurately quantified. To evaluate
the corresponding shear provisions for AASHTO LRFD and ACI Code; a simply supported
doubleT beam with harped prestressed strands, continuousTbbkam with straight and
harped prestressed strands, simply supported and continuous rectangular deep beams with and
without longitudinal crack control reinforcement were selected for the analysis. The shear
capacity using the aforementioned shear provisions has been calculatedust sections along
the beam span and the results are plotted in chapter five of this document

In addition, the AASHTO LRFD provisions for combined shear and torsion have been
investigated and their accuracy has been validated against available ex{zrida¢a. The
provisions on combined shear and torsion have also been compared to the pertinent ACI code
requirements for the behavior of reinforced concrete beams subjected to combined shear and
torsion. The latest design procedures in both codes lentséhees to the development of exact
sheartorsion interaction equations that can be directly compared to experimental results by
considering albsfactors to be equal to one. In this comprehensive comparison, different sections
with high-strength and noratstrength concrete as well as oveinforced, moderately
reinforced, and undeeinforced sections for both solid and hollow sections were analyzed. The

exact interaction diagrams drawn are also included in chapter five of this document.



1.1 Objectives

The objectives of the research are:

1 Evaluate shear and sheaarsion procedures proposed by AASHTO LRFD (2008) and ACI
318-08.

1 Develop a MathCAD program to design sections subjected to shear or shear and torsion.

1 Validate the procedure with experimentasults by drawing exact interaction diagrams and

mapping experimental points on them

1.2 Scope

Chapter Two presents the experimental studies on shear or shear and torsion. In addition, design
procedure for shear and combined shear and torsion using the AASHTO LRFD (2008) Bridge

Design Specifications, and ACI 318 are also discussed in detalil.

Chapter Three addresses the validity of RespoiZ¥0 for shear against available
experimental data. Furthermore, the procedure to draw exact interaction diagrams using the
AASHTO LRFD and ACI Code for beams under combined shear and torsion is discussed.

Chapter Four presents the flow chart for the developed MathCAD design tool for shear or shear

and torsion

Chapter Five presents the results and discussion with all the necessary plots for shear or shear

and torsion.

Chapter Six presents the conclusions reached andiges suggestions or recommendations for

future research



Chapter2-Li t erature Review

Beams subjected to combined shear and bending, or combined shear, bending, and torsion
frequently happens in practice. Often times one or two of the cases may control gre desi
process while the other considered as secondary. In this study, structural concrete beams
subjected to shear or combined shear and torsion are considered while the effects of bending
moment are neglected. This chapter is devoted to the experimentakssand explaining the
design procedures for the structural reinforced concrete beams with no controlling bending

effects.

2.1 Experimental studies on reinforced concrete beams subjected to shear only

Even though the behavior of structural concrete besubgected to shear has been studied for

more than 100 vyears, there isnbét enough agr et
contributes into shear resistance of a concrete beam. This is mainly because of the many different
mechanisms involved in shetransfer process of structural concrete members such as aggregate
interlock or interface shear transfer across cracks, shear transfer in compressicackad)

zone, dowel action, and residual tensile stresses normal to cracks. However, thereeigla gen
agreement among researchers that aggregate interlock and compression zone are the key

components of concrete contribution to shear resistance.

T———Sheor spon

—
T L

Figure2.1 Traditional shear test sap for concrete beams

Shegr =span

Figure 2.1 shows the traditional shear test-aspt for concrete beams. From the figure it is
corcluded that the region between the concentrated loads applied at the top of the beam is
subjected to pure flexure whereas the shear spans are subjected to constant shear and linearly
varying bending moment. It is very obvious that the results from sutkdekl not be used to

develop a general theory for shear behavior. Since it is almost impossible to design an
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experimental program where the beam is only subjected to pure shear, this in turn is one of the
main reasons where the true shear behavior ahbdaas not been understood throughout the
decades.

After conducting tests on reinforced concrete panels subjected to pure shear, pure axial
load, and a combination of shear and axial load, a complex theory called Modified Compression
Filed Theory (MCFT) wa developed in 1980s from the Compression Field Theory (Vecchio and
Collins, 1986). The MCFT was able to accurately predict the shear behavior of concrete
members subjected to shear and axial loads. This theory was based on the fact that significant
tensike stresses could exist in the concrete between the cracks even at very high values of average
tensile strains. In addition, the value for angle of diagonal compressive stresses was
considered as variable compared to the fixed value @dstumed by ACCode.

To simplify the process of predicting the shear strength of a section using the MCFT, the
shear stress is assumed to remain constant over the depth of theectmss and the section is
considered as a biaxial element in case any axial stresseseaent. This in turn produces the
basis of the sectional design model for shear where the AASERKD Bridge Design
Specifications have been based on (Bentz et,al 2006).

Even though the AASHTO LRFD procedure to predict the shear strength of a seasion w
straight forward, yet the contribution of concrete to shear strength of a section was a function of
I and varying angle—for which their values were determined using the tables provided by
AASHTO. The factof indicated the ability of diagonally cracked concrete to transmit tension
and shear. The modified compression field theory was even more simplified when simple
equations were developég Bentz et, al (2006pri and— These equations were then used t
predict the shear strengths of different concrete sections and the results compared to that
obtained from MCFT. Consequently the shear strengths predicted by the simplified modified
compression field theory and MCFT were compared with the experimesii#tsre

It was found that the results for both simplified modified compression field theory and
MCFT were almost exactly similar and both matched properly to the experimental results. In
addition, the results were also compared with the ACI Code whessipretty much

inconsistent in particular for panels with no transverse reinforcament
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Figure2.2 The ratio of experimental to predicted shear strengths Vs transverse reirgotéem
the panels

The above figureshows that the ACI method to predict thigear strength afoncrete sectian
subjected to pure shear or a combination of shear and axial load-agates the shear
capacity ofsectiors. However, the simplifiednodified compression field theory and MCFT give
relatively accurate results. Note that the horizontal line where the ratio of experimental to
predicted shear strength ecgial one represent a case where the predicted and the experimental
results are exalgt equal to each other. On the other hand, points above and below that line
simply means that the shear strength of a particular section is either under-estoveated.
Because the points corresponding to the shear strength predicted by simplifiedednodif
compression filed theory and MCFT are closer to the horizontal line with unit value, it is
concluded that the MCFT can accurately predict the shear behavior of a section.

The details of the specimens correspondingigure 2.2 are tabulated below. The data
provided below is taken from ref (2).



Table 2.1 Details of the crossection and summary of the experimengdults for the selected

panels
Reinforcement Axial load Vexd V predicted
fo o | *fyo | ¥Sx Simplified
Panel| MPa % Mpa mm | rf /| v | Ve f'c| MCFT| MCFT ACI
Yamaguchi et al, #20mm

S-21 19.0 | 4.28 | 378 150 | 0.849 0 0.34 | 0.89 1.37 1.50
S-31 30.2 | 4.28| 378 150 | 0.535 0 0.28 | 0.80 1.10 1.52
S-32 30.8 | 3.38| 381 150 | 0.418 0 0.28 | 0.87 1.14 1.58
S-33 31.4 | 258 | 392 150 | 0.323 0 0.26 | 0.86 1.04 1.46
S-34 346 | 1.91| 418 150 | 0.230 0 0.21 | 0.91 0.92 1.25
S-35 346 | 1.33| 370 150 | 0.142 0 0.163 | 1.15 1.15 0.97
S-41 38.7 4.28 | 409 150 | 0.452 0 0.31 0.95 1.23 1.91
S-42 38.7 | 4.28| 409 150 | 0.452 0 0.33 [ 1.02 1.32 2.06
S-43 41.0 | 4.28 | 409 150 | 0.427 0 0.29 [ 0.91 1.16 1.86
S-44 41.0 | 4.28 | 409 150 | 0.427 0 0.30 [ 0.94 1.19 1.91
S-61 60.7 | 4.28 | 409 150 | 0.288 0 0.25 [ 0.90 1.01 1.98
S-62 60.7 | 4.28 | 409 150 | 0.288 0 0.26 | 0.91 1.03 2.01
S-81 79.7 | 4.28 | 409 150 | 0.220 0 0.20 [ 0.92 0.92 1.82
S-82 79.7 | 4.28 | 409 150 | 0.220 0 0.20 [ 0.92 0.93 1.83
Andre 3=9mm; KP g=20mm
TP1 22.1 | 2.04| 450 45 0.208 0 0.26 | 0.92 1.02 1.21
TP1A 25.6 2.04 | 450 45 0.179 0 0.22 0.89 0.90 1.14
KP1 25.2 | 2.04| 430 89 0.174 0 0.22 | 0.89 0.90 1.12
TP2 23.1 | 2.04| 450 45 0.199 3 0.114 | 1.01 1.02 0.72
KP2 24.3 | 2.04 | 430 89 0.18 3 0.106 | 1.03 1.06 0.68
TP3 20.8 2.04 | 450 45 0 3 0.061| 1.27 1.34 2.75
KP3 21 2.04 | 430 89 0 3 0.054 | 1.15 1.22 2.47
TP4 23.2 | 2.04| 450 45 0.396 0 0.35 [ 1.09 1.39 1.68
TP4A 24.9 2.04 | 450 45 0.369 0 0.35 1.14 1.41 1.77
KP4 23 2.04 | 430 89 0.381 0 0.30 [ 0.94 1.20 1.44
TP5 20.9 | 2.04 | 450 45 0 0 0.093 | 1.49 1.42 1.28
KP5 20.9 | 2.04| 430 89 0 0 0.063| 1.01 0.98 0.87

*fyx Yield stress of longitudinal reinforcement
**S« Vertical spacing between the bars aligned in tkairection
***f Jv Ratio of axial stress to shear stress




As stated eantir, the AASHTO LRFD Bridge Design Specifications for shear design are based
on the sectional design model which in turn is based on MCFT. The current AASHTO LRFD
(2008) bridge design specifications uses the simple equatioris &rd— These equations
removed the need to use the table provided by AASHTO LRFD to find the valiesufiok— In
addition, the equations enable the engineers to set up a spread sheet for the shear design
calculations.

To evaluate the AASHTO LRFD (2008) shear design procedoresheascritical
sections, six prestressed and {poastressed reinforced concrete beams were selected for the
analysis. Among the total six beams considered, four of them were rectangujarestrassed
reinforced concrete beams which were tested bifirS and Kuchma (1999) and shown in
Figure 2.3 and Figure 2.4. The remaining two beams were prestressed Dell{gDT18) and
Bulb-T (BT-72) with harped or a combination of harped and straight tendons shown in
Figure 2.5 and Figure 2.6 respectively Because the AASTHO LRFD shear design procedure
takes into account the crack control characteristics of a section, two of Hpeastressed beams
were selected to have crack control (skin) reinforcement. Furthermore, to check the AASHTO
LRFD shear design provisions for different support conditionsgetiof the beams were
purposefully selected as simply supported and the remaining three as continuous beams.

It is important to note that the experimental data existed for only four of the non
prestressed reinforced concrete bedBi¢100, BM100D, SE100AVI-69, and SE1008/-69)
failed in shear at a certain location. Further, the shear strength of the beams at that particular
location was also determined using the analytical tool called Res@608ewhich § in turn
based on MCFT Since the intention was tovauate the AASHTO LRFD shear design
provisions for different combinations of moment and shear, the predicted shear strengths at
different sections throughout the beam was calculated using AASHTO LRFD (2008) and
compared to the results obtained from Resp@®00. The validity of the results from Response
2000is discussed in chapter three of this document. Note that Resp0fB8ewas also used to
verify the predicted shear strength for the prestressed @2, 8DT18) In addition to the
AASHTO LRFD (208), the shear design provisions for the simplified AASHTO and ACI Code

were also evaluated.
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2.2 Experimental studies on reinforced concrete beams subjected to

combined shear and torsion
The behavior of reinforced concrete beams subjected to any combination of torsional, bending,
and shear stresses have been studied by many researchers and various formulas have been
proposed to predict the behavior of these beams. Structural membergeslibpecombined
shear force, bending moment, and torsion are fairly common. However, in some cases one of
these actions (shear, bending, or torsion) may be considered as to have a secondary effect and
may not be included in the design calculations.

Significant research has been conducted by different researchers to determine the
behavior of reinforced concrete beams subjected to any combination of flexural shear, bending,
and torsional stresses. Tests performed by Gesund et.al (1964) shown that berstiag ctie
increase the torsional capacity of reinforced concrete sections. Useful interaction equations for
concrete beams subjected to combined shear and torsion have been proposed by Klus (1968).

Moreover, an interesting experimental program was develdyyeRahal and Collins
(1993) to determine the behavior of reinforced concrete beams under combined shear and
torsion. Using similar experimental program, Fouad, et.al (2000) tested a wide range of beams
covering normal strength and high strength unrd@rforced and overeinforced concrete beams
subjected to pure torsion or combined shear and torsion. Consequently, interesting findings were
reported about the contribution of concrete cover to the nominal strength of the beams, modes of
failure, and crackig torsion for Normal Strength Concrete (NSC) and High Strength Concrete
(HSC).

It is obvious that most of the construction codes practiced today consider in many
different ways the effects of any of the combinations of flexural shear, bending, andalorsion
stresses. In other words, there are a variety of equations proposed by each code to predict the
behavior of beams subjected to any possible combination of the stresses mentioned above.

In this study, the current AASHTO LRFD (2008) and ACI 3IB shearand tosion
provisions are evaluated against the available experimental data for beams under combined shear
and torsion. In addition, Torsie®hear (FV) interaction diagrams are presented for AASTHO

LRFD (2008) and ACI and the corresponding experimental p@ints shown on the plots.
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Even though efforts have been made in the past to check the AASHTO LRFD and ACI shear and
torsion provisions; in most of those cases it is limited to a certain range of concrete strengths or
longitudinal reinforcement ratids As an example; Rahal and Collins (2003) have drawn the
interaction diagrams using the AASHTO LRFD and ACI shear and torsion provisions for beam
series RC2. This series was composed of four beams and subjected to pure shear or combined
shear and torsionThe properties for the reinforcing bars and cismgions for RC2 and other
beams studied by the other are tabulateThinle2.2 andTable2.3.

The TorsiorShear (TV) interaction diagrams for AASHTO LRFD provided by Rahal
and Collins have been drawn as linear. In fact, this is because of the absence of equations at that
time for the factof and—which were calculated using discrete data from the Tables proposed
by AASHTO. The factors as defined earlier indicate the ability of diagonally cracked concrete

to transmit tension and shear, whilés the angle of diagonal compressive stresses.

Table2.2 Properties of reinforcing bars

. Actual | vyield Yield Yield
Nominal A
. rea | stress stress| | stresq
— Dia(mm) c
< (mn?) | (Mpa) (Mpa) | = [(Mpa)
@ 8 50 275 265 | O -
= 10 77 380 | 9 - 2 | 466
= ©
3 12 108 399 | X - = -
LL
i 16 193 379 - o -
18 245 386 429 o -
22 380 - 429 -
25 468 370 - 480
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Table2.3 Crosssectional properties of the beam studied

Concrete Dimensions Longitudinal Reinforce ment .
Specimeny{ Width |Height|Cover fe Top Bottom Stirrups
b,, (Mm){h (mm)| (mm) |(Mpa) [Type-1**[Type-2Type-1**Type-2Dia (mm)Spacing,s,(mmn
NU1 200 400 20 27.5 2d12 - 2d12 - 8 66.7
NU2 220 420 30 26.5 2d12 - 2d12 - 8 66.7
NU3 (Box)| 100 400 20 26 2d12 - 2d12 - 8 66.7
< [NU4 200 400 20 28 2d16 | 3d16| 2di16 | 3di16 8 66.7
@ [NU5 200 400 20 27 2d16 | 3d16| 2di16 | 3d16 8 66.7
-8: NU6 200 400 20 26.9 2d16 | 3d16| 2di16 | 3di6 8 66.7
3 NO1 200 400 20 27.2 2d18 | 3d18| 2d18 | 3di8 12 91
E NO2 200 400 20 26.7 2d18 | 3d18| 2d18 | 3di18 12 91
HU1 200 400 20 75.6 2d16 - 2d16 - 10 91
HU2 220 420 30 74.9 2d16 - 2d16 - 10 91
HU3 (Box)| 100 400 20 73.5 2d16 - 2d16 - 10 91
HU4 200 400 20 75.1 3d18 | 3d18| 3d18 | 3di8 10 91
HU5 200 400 20 76.4 3d18 | 3d18| 3di18 | 3di18 10 91
HU6 200 400 20 75 3d18 | 3d18| 3di18 | 3di8 10 91
HO1 200 400 20 74.6 2d25 | 2d25| 2d25 | 2d25 12 77
HO2 200 400 20 74 2d25 | 2d25| 2d25 | 2d25 12 77
1 200 300 |20 | 21.5|2d18,1d22 - |2d18,1d22 - 8 100
2 200 300 20 21.5|2d18,1d2? - |2d18,1d22 - 8 100
3 200 300 20 21.5|2d18,1d2? - |2d18,1d22 - 8 100
4 200 300 20 21.5|2d18,1d22 - |2d18,1d22 - 8 100
=2 5 200 300 20 21.5|2d18,1d22 - |2d18,1d22 - 8 100
X 6 200 300 20 21.5|2d18,1d2? - |2d18,1d22 - 8 100
7 200 300 20 21.5|2d18,1d22 - |2d18,1d22 - 8 100
8 200 300 20 21.5|2d18,1d22 - |2d18,1d22 - 8 100
9 200 300 20 21.5|2d18,1d2?2 - |2d18,1d22 - 8 100
10 200 300 20 21.5|2d18,1d22 - |2d18,1d22 - 8 100
c‘és » |[RC2-1 340 640 42,5 53.9 5d25 - 5d25 | 5d25 10 125
= £|RC2-2 340 640 42,5 38.2 5d26 - 5d25 | 5d25 10 125
< 8 RC2-3 340 640 425 42 5d27 - 5d25 | 5d25 10 125
o RC2-4 340 640 42,5 48.7 5d28 - 5d25 | 5d25 10 125

* HU=High strength Undereinforced, HO=High strength Over reinforced, NU= Normal

strength Under reinforced, NO= Normal strength over reinforced

** Top layer of reinforcement at the top and lower layer of the bottom reinforcement

*** The cover was not given, it was assumedatg 200 mm.
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During this study, exact TorsieBhear (FV) interaction diagrams were drawn using the
AASHTO LRFD (2008) shear and torsion provisions. The word exact is used to indicate that the
shear and torsion relationships are not assumed as linéairs ue to the fact that the proposed
tables fof and—have been replaced by the simple equations provided in the current AASHTO
LRFD Bridge Design Specifications for shear and torsion.

For comprehensive evaluation of the AASHTO LRFD and ACIB388hear and torsion
equations for design, a wide range of specimens made ofstigigth and normal strength
concrete loaded with shear, torsion, or a combination of both were investigated in this study. The
cases studied included undeinforced, moderaty-reinforced, and overeinforced sections.
Among the total 30 specimens studied, 22 were made of normal strength concrete while the
remaining eight were specimens with higthength concrete. Two hollow und&inforced
specimens, one made of higtrergth and the other made of normal strength concrete were
considered as well. The procedure for drawing the exact interaction diagrams are described in
detail in chapter three of this documdfigures given below show some of the cresstions for

the speitnens considered

o s
i = ,1

| Brm o«
-..':. //_ -I':,,| ~ 1] ~ _-"'t'

A

m

-
-t

Pe— [ |
1t

s

-

f18mm} Both iop

i T | 1W22mm)  and boliom

Figure2.8 Typical beam section for Figure2.7 Typical beam section tested b
RC2 series tested by Rafeaid Collins(2003)  Klus (1968)
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(a) (b)
Typel
oo
22 hoops d@S
Typel

¢—200—4
(c)
Figure2.9 (a) NU2 & HUZ2 (b) For all other specimens (c) Hollow section NU3 & HU3

(Ref:-13)

2.3 Procedure for Shear Design of a Concrete Section
The AASHTO LRFD Bridge Design Specifications (2008) proposes three methods to design a
prestressed or ngprestressed concrete section for sh#ais important to understand that all
requirements set by AASHTO to qualify a particular method have to pnieetto application of
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that method. In this document only two methods to design a section for shear i.e., the general
procedure and the simplified procedure for prestressed aneprastiessed members are
discussed in detail. In addition, the current A@dvisions for shear design of a concrete section

are described briefly.

2.3.1 AASHTO LRFD General Procedure for Shear Design
The AASHTO LRFD general procedure to design or determine the shear strength of a section is
based on the Modified Compression Bidlheory (MCFT). As stated earlier, this theory has
proved to be very accurate in predicting the shear capacity of a prestressedpoesti@ssed
concrete sectionlt is important to note that the current AASTHO LRFD provisions for the
general method ateased on the simplified MCFT.

The nominal shear strength of a section for all three methods is equal to

W 0 0w W on ¢
where:
nominal shear strength
nominal shear strength provided by coneret

nominal shear strength provided by shear reinforcement

e e & &

component in the direction of the applied shear of the effective prestressing force

w is a function of a factdr which shows the ability of diagonally cracked concrete to
transmit tension and shear. The fadtors inversely proportional to the strain in longitudinal
tension reinforcement, , of the section. For sections containing at least the minimum amount of

transverse reinforcement , the valu¢ aé determined as

8 o
I L] on &%

When sections do not contain at least the minimum amount of shear reinforcement, the value of

T is determined as follow
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& up
P X U-TT 0w

f on &®

The above equations are valid only if the concrete strégtis in psi and in inches. If the
concrete strengtf@eis in MPa and in mm, then 4.8 in EQ.3 becomes 0.4 while 51 and 39
in Eq2.3.3 become 1300 and 1000 respectively.

i is called the crack spacing parameter which can be estimated as

pY Y
W TEO

[ OnR c@8

i is the vertical distance between horizontal layers of longitudinal cracitrot (skin)
reinforcement) ando is the maximum aggregate size in inches and has to equal zero when
"@ p 1ksi. Note that if the concrete strength is in MPa andn mm, the 1.38 and 0.63 in Eq
2.3.4 should be replaced by 35 and 16 respectively

The nominal shear strength provided by the conaieter the general procedure is equal to
I "Qe®Q when the concrete strength is in MPa. However, T8t o p @'Qan'Q in case
"Qeis in ksi. The coefficient 0.0316 is— and is usé to convert theo from psi to ksi.

The nominal shear strength provided by the shear reinforcement can be estimated as

b AQGDE O —
i

@ on ca&®

where:
®  area of shear reinforcement within a distan¢e.?)

"Q vyield stress ofshear (transverse) reinforcement in ksi or psi depending on the case.
Q  effective shear depth (in.) and is equal@® ( ——— ). Note thatd,

- A@ A ¢ E
@ effectiveweb width (in.)

i spacing of stirrups (in.)

— angle of inclination of diagonal compr es:
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The above equation is independent of which units are used®@ori . The strain in

longitudinal tension reinforcement is calculated using the following equation

_3.)95 mi © o & 0
) 006 00 on ca%

where:
0 factored moment, not to be taken lesmtio @ ‘Q (kip-in.)
0 factored axial force, taken as positive if tensile and negative if compressive (kip)
w factored shear force (kip)
0 area of prestressing steel on the flexural tension side of the mem®er (in.
"Q 0.7 times tle specified tensile strength of pFessing steelQ (ksi)
‘O modulus of elaticity of nonrprestressed steel dlexural tension side of the section
‘O  modulus of elasticity ofpre-stressing steel on the flexural tension side of the

section
®  area of norprestressed steel on the flexural tension side of the sectifn (in.

To make sure that the concrete section is large enough to support the applied shear, it is required

thate ® should not exceer® (Ran Q . Otherwise, enlarge the section.

2.3.1.1 Minimum Transverse Reinforcement
If the applied factored shear is greater than the value i®%0w w ; shear reinforcement is

required.The amount of minimum transverse reinforcement can be estimated as

~

0 T8O p @ <o on cay

2.3.1.2 Maximum Spacing of Transverse Reinforcement

According to the AASHTO LRFD Bridge Design Specifications, the spacing of the transverse
reinforcement shall not exceed the maximum permittedrspdc  determined as
T If0 Qi Qm ¢ @dtheni Q¢ Tin.
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T 1fo Qi Qmp ¢ '@dthen i ™Q p &rin.

WhereU is calculated as

W %6
wQ

on c&so

2.3.2 Simplified Procedw for Shear Design of Pratressed and Noiprestressed
Concrete Beams
The nominal shear strength provided by the concsetéor perstressed and ngmestressed
beams not subject to significant axial tension and containing at least the minimum amount of

transverse reinforcement (specified in section 2.3.1.1 of this document) can be determined as the
minimum of® orw .

- wL —
W T8¢ R W 5 T8 @ "Raw Q Oonf ¢ 1
where:
@ nominal shear resistance provided by concrete when inclined cracking results from
combined shear and moment (kip)

®w shear force at section dteeunfactored dead load and include both concentrated

and distributed dead loads
w factored shear force at section due to externally applied loads occurring
simultaneously with) (kip)

0 moment causing flexural cracking at section duexternally applied loads (kip
in)
0 maximum factored moment at section due to externally applied loadmkip
0 Y 'Q Q ~ Oon cad p
where:

Y sectionmodulus for the extreme fiber of the composite section where tensile stress
is caused by externally applied loadsjin.

"Q  rupture modulus (ksi)
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Q compressive stress in concrete due to effective prestnessfonly (after
allowance forall pre-stress losses) at extreme fiber of section where tensile stress is
caused by externally applied loads (ksi)

0 total unfactored dead load moment acting on the monolithic or noncomposite

section (kipin.)

The web shear cracking capacity of thetiseccan be estimated as
o WeQ ™WMH O0Q 0n &P ¢

where:
@ ¢ ominal shear resistance provided by concrete when inclined cracking results
from excessive principal tensions in web (kip)
"Q  compressive stress concrete (after allowance for all prestress losses) at centroid
of crosssection resisting externally applied loads or at junction of web and flange when
the centroid lies within the flange (ksi). In a composite memBers the resultant

compressie stress at the centroid of the composite section, or at junction of web and

flange, due to both pretress and moments resisted by precast member acting alone.

After calculating the flexural shear cracking and web shear cracking capacities of the, section
i.e., ® and w ; the minimum of the two values is selected as the nominal stesargth
provided by concreteThe nominal shear strength provided by the shear reinforcement is
calculated exactly the same as in-E8.5 with the only difference thab ¢ ds-ealculated as
following

T 1f @ o ;Q&o0-p
T 1f o0 o Méo-pdt 0 —  p& (Eq-2.3.13)

To make sure that the concrete section is large enough to support the applied shear, it is required

thate ® should not exceerd® (Ran Q . Otherwise, enlarge the section. This is condition is

exactly similar © the AASHTO general procedure explained abbdiae that the amount of

minimum transverse reinforcement and the maximum spacing for stirrups is calculated the same
20



as in sections 2.3.1.1 and 2.3.1.2 of this docunMarte importantly, the amount of longdinal
reinforcement should also be checked at all sections considered. This is true for both general and
simplified procedures described abo&SHTO LRFD (2008) proposes the following equation

to check the capacity of longitudinal reinforcement

D s 0 @

0% m% % W TWW WweEo0—0n ¢cddt

where:
%0%0%0  resistance factors taken from Article 5.5.4.2 of AASHTO LRFD (2008) as
appropriate for moment, shear and axial resistance.
For the general predure, the value forHn degree is calculated using 2@.4. However, the
value fore ¢ ds-directly calculated from Eg.3.13 for the simplified procedure for prestressed

and norprestressed beams.

2.3.3 ACI Code Procedure for Shear Design of Fateessed and Nofprestressed
Reinforced Concrete Beams
ACI Code 31808 presents a set of equations to predict the nominal shear strength of a reinforced
concrete sectiorExperiments have shown that the ACI provisions for shear underestimate the
shear capacity of a given section and are uneconomical. However, it was recognized that ACI
equations for shear ovestimates the shear capacity for large lightly reinforced ctenbesams
without transverse reinforcement Shioya, et.al (1989).
As stated earlier, the nominal shear strength of a concrete section is the summation of the
nominal shear strengths provided by the conceetand the transverse reinforcement The
value of w for a nonprestressed concrete section subjected only to shear and flexure can be
estimated as
W R Q on cad v

In addition to the equation above, ACI 328 proposes a detailed equation in which theasf

of bending moment present at the section is also considered.
, o~ d)'Q 5 . ’
W pBy. Qe quftnﬁ— w Q on cad o
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Whereas the shear strength provided by the concrete fatnessed members can be estimated
using the following equations

. AL —.
w0 T RQ  ® SR pX 1 £&Q 0n &P X
or
& od_ Q ™WMQ 0 Q onR &P Y

where’Q need not be taken less tha@ 1t fQr both equations. The value of momecausing
flexural cracking due to externally applied loads, at a certain section in (lb.in) is
. o L. o~
0 o @ Q Q Q on ca% w
where:
"Q  compressive stress in concrete due to effectivesipesgorces only (after
allowance for all prestress losses) at extreme fiber of section where tensile stress is

caused by externally applied loads (psi).

After calculating the values fab andw , the nominal shear strength provided by the concrete
w is assumed as the minimumcf or w . It is important to note that the inclination angior

the diagonal compressive stress is assumed @i 4be shear provisions of the ACI Code.
Hence to determine which is the nominal shear stigth provided by the shear reinforcement,
Eq2.3.5 is modified to

0 "QQ

On ¢®] 1

2.3.3.1 Minimum Transverse Reinforcement

According to section 11.4.6.1 of the ACI Code, a minimum area of shear reinforagment
shall be provided in all reinforced concrete flexural members (prestressed apcesimassed)
wherew exceeds@®%en, except in members satisfying tb@ses specified by the code.

) =0 o~
6f TR L Recs On c&8§ p

but shall not be less thar—. Also the concrete strengi®ljshould be in psi.
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According to section 11.4.6.4 of ACI Code, forjsteessed members with an effective-phess force
not less than 40 percent of the tensile strength of the flexural reinforc&émgent,shall not be less than
the smaller value of (EQ.3.21) and (E€.3.22.

0 Qi Q
PR o

On &% ¢
The above explanation can be written explicitly as

5 0D &6 ,‘—oolﬁuﬁ)iﬁb“Qi Q
0 j v suwwn&j(uiée—.,Q 0 {TEsYe) &

On ¢&] o

2.3.3.2 Maximum Spacing of Transverse Reinforcement
According to section 11.4.5.1 of the ACI Code, spacing of shear reinforcement placed
perpendicular to axis of member shall not exc@&d for nonprestressed membersm v fOr

prestressed members, nor B4 The maximum spacing shall be reduced by-bak if @

exceeds "Qab Q Furthermore, if the value fof exceedp "@ab Q the concrete at the

section may crush. To avoid crushing of the concrete, a larger section should be selected.

2.4 Design Procedure for Sections under Combined Shear and Torsion
Section 5.8.3.6 of the AASTHO LRFD Bridge Design Specifications (2008) provides pertinent
equations to design a concrete section under combined shear and torsion. The procedure is
mainly basean the general method for shear discussed ead@details have been provided in
the code about how to design a section for combined shear and torsion if the simplified approach
is used for the shear part. Hence, only the design procedure which & d¢odé is discussed
here. At the end, the ACI procedure to design a section under combined shear and torsion is

explained.

2.4.1 AASHTO LRFD Design Procedure for Sections Subjected to Combined Shear
and Torsion
As stated earlier, the AASHTO LRFD generabgedure is used to design a section under

combined shear and torsion. The section is primarily designed for bending. The geometry and the
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external loads applied on the section are then used to check theoshigar strength of the

section. Since desigs an iterative process, the craectional properties and the reinforcement

both longitudinal and transverse are provided different values until the desireetcsbmar
strength is achieved.

Below are the necessary steps to design a section for slae@arsion:

1. Determine the external loads applied on the section considered. To do this, the beam has to
be analyzed for the external loads using the load combination that provide the maximum
load effects. The section is then designed for bending and thesertional dimensions
and the amount of longitudinal reinforcement are roughly determined.

2. Having the external load effects (axial force, shear, and bending moment) at the section, the

strain in the longitudinal tension reinforcementis calculated sing Eg2.3.7 provided
above. It is required to substitutein Eq-2.3.7 with the equivalent sheay; .

For solid sections:

o Ten Y OR c&
WHp b n c&8s
For box sections:
W YQ Oon c84

3. To determine the nominal shear strength of a section provided by congribte value of
from step 2 is substituted into £93.2 to determine the value for If the concrete stragth
"Qeis provided in ksithenoy T8O p @RIH'Q. Otherwise & | "@avQ if "Qeis
given in MPa units.

4. Substitute the value of obtained from step 2 into E2}3.6 to determine the modified angle
of inclination of diagonal compssive stresses(in degrees).

5. Is shear reinforcement required? no shear reinforcement is requived @%ow ®
6. If @ Tm®%w  hsolve Eq2.3.5 for— after substituting the value fer-obtained in

step4.Notethab — w
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7. Calculate the torsional cracking moment for the section considered using the given

C . w058 Qo o~ s
equation’y,; U'Qe= — (@) 8%
q i T G %U—m p - n ¢
where:

“Y factored torsional moment (kip.)

“Y  torsionalcracking moment (kin.)

0 total area enclosed by outside perimeter of concrete-sems®n (ir?)

0 length of the outside perimeter of the concrete section (in.)

"Q  compressive stress in concrete after prestress losses have occheredtehe
centroid of the crossection resisting transient loads or at the junction of the web and
flange where the centroid lies in the flange (ksi).

%0 0.9 (specified in Article 5.5.4.3 of the AASHTO LRFD (2008)

8. Should torsion be considered? If tegternal factored torsional moment applied on the
section is such thdY 1@ QoY , torsion must be considered. Otherwise, ignore the
torsion.

OO QwE 6o — ,
— Oon ¢88

where:
®  area enclosed by the shear flow path, including any area of holes thefirit (.
permitted to tak® as 85% of the area enclosed by the centerline of stirrups.
®  areaof one leg of closed transverse torsion reinforcement in solid membéys (in.
— angle of crack as determined in accordance wit2 B using the modified strain

- calculated in step 2.

9. Solve Eg2.4.4 for— and sum it with the output of step 5.

0 0 «¢cO
i i

— OR c88d

10. The amount of transverse reinforcement obtained from step 8 should be equal to or greater

than the amount given by the equation below

O h T8 0 p e~ on ¢&8®
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11.According to the AASHTO LRFD, the spacing of transverse reinforcement shall not exceed

the maximum permitted spacirig, , determined as:

T Ifo Qi Qm ¢ @dtheni ™]IQ ¢ Tin.

T Ifo Qi Qmp ¢ @dtheni m'Q p &tin.
Note thath given in Eg2.3.9 is modified for torsionusing;, pr ovi de®4by Eqds
and 2.4.2

12.1s the crossection large enough? df ® & (Rad'Q , the sectionis large enough,
otherwise enlarge the section.

13.As a last step, the longitudinal reinforcement in solid sections shall be proportioned to satisfy

s b ., . o0 ™ o Y i~
wWEeE O W £w —_— on ¢8¥

0 Q 07 =
%0Q %o %o CO %o

while for box sections the longitudinal reinforcement for torsion, in addition to that
required for flexure, shall not be less than

"YO

0 B0 Oon 8y

2.4.2 ACI 31808 Design Pocedure for Sections Subjected to Combined Shear and
Torsion

To design a prstressed or neprestressed member under combined shear and torsion loading

using the ACI 3188 provisions, the following steps can be followed:

1. Should torsion be considered? ttie applied torsion on a section (fateessed or noen
prestressed) is greater than the corresponding value given-bylBgthe section has to be
designed accordinglyOtherwise, torsion is not a concern and could be ignored.
For nonprestressed members:

Y %o Qe OU— OnR ¢88wd

For prestressed members:

Y % Qe 0 p © Oon c88m
bo__ —- —
B v T_ Qe

0 is the outside perimeter of concrete cresstion and is equal to defined earlier.
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%is the resistance factor which is equal to 0.75. Note thas the threshold torsion.

2. Equilibrium or compatibility torsion? According to section 11.5.2.1 of ACI Code, if the
applied factored torsioriy in a member is required to maintain equilibrium and is greater
than the value given by E84.9 depending on wheththe member is prestressed or ©ion
prestressed, the member shall be designed to ‘carkHowever, in a statically indeterminate
structure where significant reduction ™ may occur upon cracking, the maximum is
permitted to be reduced to the wes given by EQ.4.10.

For nonprestressed members:

— 0
Yo% R —— on 88

For prestressed members:

Y %i_ Qe 0 P © OnR ¢8am
od __ —- —
- v T_ Qe

3. Is the section large enough to resist the applied torsion? To avoid crushing of the surface
concrete due to inclined compressive stresses, the section shall have enougactiass
area. The surface concretehiollow members may crush soon on the side where the flexural
shear and torsional shear stresses are added.

For solid sections:

@ v o 2 Q. 0n c8® 1
50 p&d oma ¥ N ca®

For hollow sections:

W “Yo
wQ pP&O
Note that the above equations can be used both fostesed and neprestressed

w — .
(%)o?j:)—,Q P Qe Or] C8$)ID

members. For prstressed members, the defin the above equations is taken as the
distance from extreme compression fiber to centroid of the prestresses apickstoessed
longitudinal tension reinforcement but need not be taken lessu@an3Q

4. The stirrups area required for the torsion is dated using E€2.4.4. This area is then
added to the stirrups area required byashmlculated based on £03.20 The angle—in
Eq2 . 4. 4 i s assumreastasedtded foamd ndh. 5¢e for pre
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. The minimum area of transverse reinforcatmequired for both torsion and shear shall not
be less than

o ¢o — i o
1 H&U% on ¢8% p

note that the spacing for transverse torsion reinforcement shakoeéd the smaller of
v por 12 in.

. he longitudinalreinforcement required for torsion can be calculated using the following
equation

I3 \

0 wEé o 0on 8P ¢

. 0
0o —
l

0
The required longitudinal reinforcement for torsion should not be less than the minimum
reinforcement proposed by ACI and given below

. L RD )
(O] _— l_

5 2 on c8
V5 n 8¢ o
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Chapter3-For mul ati on for Evaluating

The purpose of this chapter is to eakithe analytical tool used to determine the shear capacity

of a concrete section and develop exact interaction diagrams for concrete members subjected to
combined shear and torsion. In chapter two of this docynmetessary information about
Modified Canpression Field Theory (MCFT) and its application to determine the shear or
combined shear and torsion capacity of a section were provided. Research performed by Bentz
et.al (2006) shoed that the MCFT and its simplified version give almost exactly theesam
results and conforms well to the experimental results. In this chapter, output from an analytical
tool called Respons2000 which is based on modified compression field theory is evaluated. In

addition, exact interaction diagram for the general procetf B ASHOT LRFD are drawn.

3.1 Evaluation of Respons€000

Respons€000 was developed by Bentz and Collins (2000). This windows program is based on
MCFT which can analyze momeslear, sheaaxial load, and momesaxial load responses of a
concrete se@in. Respons2000 is designed to obtamesponse of a section using the initial
input data. The input data depends on the desired response of a section i.e.;sheareshear
axial load, momenaxial load.

Knowing the fact that Responr2€00 is baseddn MCFT, the output values may shift
slightly compared to AASHTEL.RFD (2008) general procedure for shear which is based on
simplified MCFT.

29



1 Response 2000 - 120ft.cont-beam {7

Fle Defre Losds Sove View Options Heb

B Y el o]  Slml 7

Geometric Properties
Gross Conc Trans (n=6.67) | Concrete 1 100.0 .
, Types | |
Area (in?) 1404 9 1533.9 4000 <>—I ooooooo | — As = 16,000
Inertia (in?) 1001625 5 1205956 3 i jm—|
2
¥, (in) 255 251 l“; ool
to =
y,, (in} 545 5449 slope= 0.13%
= 7000 §
§, (in) 428496 480312 base
=0 type #@1100in
Sy (%) 200209 219695
Crack Spacing }—{ﬁo x 06‘23 in”
2xdist+ 0.1dg/p - 5 an
Loading (N.M.V + dN.dM.dV)
00,-317,0445 + 00 ,-2888, 405
All dimensions in inches
Concrete Rebar P-Steel Clear cover to transverse reinforcement = 0.69 in
f¢' = 7000 psi fu= 90 isx/_,/_’_,__.— fou = 270 ksi =
//;_\0‘7\5 . r/\ » T @ 120ft-Cont-Beam/Design Sec
m@ psi (auto) = 60 ow Relax ”
# &' =222ms e, =100.0 ms 6, = 43.0ms 2010/7/120

Cross Secion

—
74 start T Halen_Rapee. doce - ., - Sae5olt, com B9 Bown sohROOIe20,., | Response-2000 - 12

Figure3.1 Typical Respons€000 interface

3.1.1 Revievof Experimental Data Examined and Validity of Respor2e00 to

Determine the Shear Strength of a Concrete Section

The purpose of this section is to show how close ResgOG@ can approximate the shear
capacity of a member at a particular section. Tdysthe shear behavior of concrete members,
often times simply supported rectangular reinforced concrete beams without shear reinforcement
are tested in research laboratories. These beams often have a depth of 15 in. drltestedn

with point loads overshort shear spans (NCHF329). Unfortunately these tests can not
represent real cases suctdaspcontinuous bridge girders supporting distributed loads and have
shear reinforcement. To address this deficiency in available experimental data and generate
experimental data for cases similar to +eakld situations for which no experimental data exists,
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the output from Respons2000 was evaluated for 34 beams. The experimental shear strengths
for these beams were taken from ref (1).

Among the 34 beams seted, 22 beams were simply supporté&dg(re 2.3) with an
overall depth,Q ranging between 125mm to 1000mm. These beams had a constant cross
sectional width,cd , of 300mm, longitudinal reinforcement ratid, of 0.5% t01.31%, and
varying compressive strengtf@eof 36 MPa to 98.8 MPa. The yield strength of longitudinal and
shear reinforcement varied from 475 MPa to 550 MPa. In addition, two beams had shear
reinforcement of #3 bars spaced 660 mm apart while the remaining twentg beahi d n 6 t ha:
any shear reinforcement.

Twelve beams from the total 34 beams selected for the analysis were continuous
(Figure 2.4) with an overall dpth,Q and crossectional widthp each ranging between 500
mm to 1000 mm and 169mm to 295 mm respectively. The longitudinal reinforcement ratio,
varied between 1.03 to 1.36% while the concrete compressive stré@gtiaried between 50
MPa and 91 MPa. The yield strength for the longitudinal and shear reinforcements varied
between 475 MPa and 593 MPa. Four beams from the total twelve beams studied had shear
reinforcement o0t with spacing ranging between 276 mm to 440 mm.

All of the beamswere shear critical in the sense that the member had enough capacity to
support the associated bending moment. The longitudinal reinforcements for the simply
supported beams were continued up to the ends. However, the longitudinal reinforcements for
continuous beams were coff where bending moment had lower values. The critical section for
the simply supported beam was assumed to be at the middle of the beam. This is due to the fact
that the bending moment is a maximum at the middle and reduces frouil gteehr capacity of
the section while the critical section for the continuous beam was located 1.2 m from the right
support. The critical section is noecessarilywhere shear is a maximum; rather it is a section
along the beam where the beam tendsailari shear. For continuous beams, the critical section
was located where some of the longitudinal bars on the flexural tension side of the section were
not continued further. This in turn helped the stiayto increase. Because the provided shear
reinforcement was not enough, the cresstion was assumed to fail at that location.

To make sure that the beam exactly fails at this location, the-steeaent capacity

along the length of the beam was determined using Re@@f@sand the location so calléhe
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critical-section provided the lowest momestitear capacity. The experimental shear and moment
capacity and the capacity determined using Respp08@ at sheacritical sectionss tabulated
in Table3.1.

Table3.1 Experimental and Responr2800 shear and moment results at stoeigical

section of the beams considered

Simply Supported and Continuous* Beams
Beam Type [?eestnljl Exp.Shean Exp.Momen{ Response Rlvlec?ra-:r?to VoV
Force(KN)[  (KN.m) | 2000 (KN exp 7 resp200
(mm) (KN.m)
B100 925 225 633.26 176 495.80 1.28
.. |BN100 925 192 544.16 175.3 496.90 1.10
§ BN50 450 132 181.42 100.5 137.90 1.31
S [BN25 225 73 49.68 57.6 39.50 1.27
% § BN12 110 40 13.01 32.3 10.50 1.24
E <% (B10OOL 925 223 627.86 158.9 447.70 1.40
3 | £ |B1ooB 925 204 576.56 165.3 465.80 1.23
E@ g BM100(w/stirrups) 925 342 949.16 3175 874.90 1.08
S SE100A-45 920 201 274.49 221.06 299.20 0.909
@ SE50A-45 459 69 43.78 79.91 51.00 0.863
g = B100D 925 320 889.76 213.9 595.20 1.50
S |£ [BND100 925 258 722.36 201.1 570.30 1.28
< |8 .[BND50 450 163 223.27 108 147.90 151
_§ $|BND25 225 112 76.00 64.2 43.60 1.74
E “|BM100D (w/stirrups) 925 461 1270.46 308.8 851.20 1.49
'§ SE100B-45 920 281 370.46 261.56 346.30 1.074
SE50B-45 459 87 54.57 88.82 56.40 0.980
B100H 925 193 546.86 222.7 627.20 0.87
.. |B1OOHE 925 217 611.66 222.7 627.20 0.97
5 BH100 925 193 546.86 2155 610.90 0.90
S |BH50 450 132 181.42 123.5 169.30 1.07
@ § BH25 225 85 57.78 68.6 46.80 1.24
g % [BRL100 925 163 465.86 167.6 479.40 0.97
S g SE100A-83 920 303 396.86 256.36 340.40 1.182
;’ % SE100A-M-69 (w/stirrupg) 920 516 652.39 521.56 658.50 0.989
@ SES50A-83 459 93 58.17 92.31 57.90 1.007
%'; SES50A-M-69 (w/stirrups) 459 139 85.77 142.31 88.20 0.977
< |— |BHD100 925 278 776.36 252.8 706.00 1.10
% % BHD50 450 193 263.77 134.4 184.70 1.44
é .-|BHD25 225 111 75.33 81.9 55.30 1.36
S -5|SE100B-83 920 365 471.24 297.16 388.60 1.228
E’ "|SE100B-M-69 (w/stirrups 920 583 732.77 637.57 797.90 0.914
= |SE50B-83 459 101 62.97 101.32 63.50 0.997
SES50B-M-6@w/stirrups) 459 152 93.56 154.21 95.40 0.986

* Data for continuous beams are shown shaded.
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To generate data using Respo@6€0, the experimental shear and moment at shear
critical sections and the necessary properties of the section sug&i@$m ,"Q and
reinforcement configuration were used as the initial input values. Hfagure 2.3 and
Figure2.4, it is known that the shear is constant along the beams and is equabtiech is the
external applied load. To find the exact shear and moment applied at the critical section, the
shear ad moment from seliveight of the beams were also added. Refer to ref (1) for further
details about the cros®ctional properties of the bearfsom the data generated by Respoense
2000 and the experimentasults tabulateoh Table3.1, it is concluded:

1. For normal strength concrete, simply supported beams w/o crack control reinforcement;
Respons€000 underestimated the shear capacity by 24% (average) for the eight beams
studied. However, for the two continuous beams, it overestimated the shear capacity by
11%.

2. For the five normal strength concrete, simply supported beams with crack control
reinforcement, Respong®00 significantly undeestimated the shear capacity (51%)
while for the two continuous beams, it underestimated the shear capacity by 2.7%.

3. For highstrength concrete, simply supported beams w/o crack control reinforcement,
Respons€000 overestimated the shear capacity by 7.3% for the four beams out of six
beans considered while it underestimated the shear strength by 15% for the remaining
two beams. Nevertheless, on average, it can reasonably predict the shear capacity for all
six beams. Meanwhile, Respor2@00 underestimated the shear capacity by 3.9% éor th
four continuous beams.

4. For high strength concrete, simply supported beams with crack control reinforcement,
Respons€000 considerably underestimated the shear capacity by 30% average for the
three beams studied, while for the four continuous beams hbar scapacity is
underestimated roughly by 3.1%.

Based on the above explanation diathle 3.1, it is concluded that Respor2800 can accurately
predct the shear strength for normal and high strength concrete continuous beams with and w/o
crack control reinforcement. However, for the simply supported beams the shear strength
predicted by Respons2000 differs from case to case as explained above. riieless,
according to NCHRP Webnly-Document (78), the statistical data for the shear strength of 64

reinforced concrete members proved that Resp2B86 gives the best shear strength
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predictions for the memberSigure3.2 is provided to graphically present the above conclssion
for the two general categories of beams (simply supported, and continuous).
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Figure3.2 (Vexp/VResp2000Depth) Relationship for 34 reinforced concrete sections

The above figurshows thaatio of experimental shear astlear obtained from Respor@00

for all 34 beams considereds stated earliertiis ob®rved that the ratio i——is close to

1.0 for continuous beams while the values are considerably higher for simply supported beams.
The line drawn at the middle shows the boundary where the experimental shear strength is equal
to that olained from Respons2000. The data points lower than the line show cases where

Respons€000 overestimates the shear capacity at the critical sextighile the values above
the line show cases where Respe?@80 undefestimate the shear strength loé sections

3.2 Plotting Exact AASHTO LRFD Interaction Diagrams for Combined

Shear and Torsion
Sheattorsion interaction diagram for a section provides the ultimate capacity of a section under

various combinations of shear and torsion. Depending oedbations used for the combined
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shear and torsion response of a section, the interaction diagram could either be linear, a quarter
of a circle, an ellipse, or composed of several broken lines. In the following section, the
procedure to plot exact shearsion interaction diagrams using the corresponding provisions of
AASHTO LRFD (2008) is presented.

To determine the nominal torsional capacity of a section2(Edt), section 11.5.3.6 of
the ACI Code permitstogivev al ues from 3 0evatyes 4AaSe uwleidl e Siet f
For the purpose of comparison, the ACI skieasion interaction diagrams ferequal to 30and

45¢e are also plotted.

3.2.1 Exact SheaiTorsion Interaction Diagrams Based on AASHTO LRFD (2008)
Provisions
Knowing that the transverse reinforcement required for shear and torsion for a section shall be
added together, this fact provides the basic equation td"lot interaction diagrams-rom
E q @.8.5 and 2.4.4, the amount of transverse reinforcementeddo resist shear and torsion
can be found as
0"Q Y ®w
i CO wéE 0 €QWe 0 —

on ogd
The nominal shear strength provided by the concrete can be substituted with

Tt o p @RAEH'Q when "Qe is given in ksi. Howevers is equal tof "@a'Q when the
concrete strength is given in MPa. The fa¢tom Eq-2.3.2 is given in terms of longitudinal
strain- . Depending on the case, the value foin E¢2.3.7 shall be modified. Furthermore,
assuming the section is subjected to combined shear and torsion, the value for sheaBin Eq
should also be modified using the equivalent shear given-a.£f and 2.4.2 for solid and box
sections respectively. The modified expression fds then substituted into E8.3.2 as a result
of which an expression fér would be obtained in terms af and”Y In addition, the modified
expression for strain is also substituted into E2,3.6 to determine an expression feif the
section is sulgcted to combined shear, torsion, and bending moment; the bending moment could
either be written in terms of shear or a fixed value shall be provided. Consequearty—are
substituted into above E8}2.1. Knowing the reinforcement and crsgestioral properties of the
section, E€3.2.1 would yield an equation containiagand”Yas the only variables. For a certain

range of values fow provided it does not exceed the pure shear capacity of the section, the
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corresponding torsion is easily detersiid usi ng fAExcel Goal Seeko
computer program.

To determine the maximum torsion that a section can resist corresponding to the shear
values provided, the shear stress inZE$}9 is set equal to the maximum allowable value of
@ (Reand the sheab modified using EeR.4.1 or 2.4.2. For a given value of shear, the related
value for torsion is then determined by solvingZ8.9.

On the other hand, E24.7 is used to determine torsion that causes the longitudinal
reinforcement to yield. To solve Efj4.7, the same shear values as in the previous stages are
substituted into the equation. Meanwhile the expression given &&3Ex br w is also
substituted. Note that the equation may further be modified depending on the case considered
i.e.,06 h'Q andw for nonprestressed members and other terms not satisfying for a certain case
shall be set to zero. It is extremahyportant to remember thaishall not be modified because it
is already modified in EQ.4.7. Finally the equation is solved fofu si ng A EXxc el Goa
function.

For a particular value of shear, the corresponding minimum value for torsion is selected
from the three analyses explained. Note that all resistance factors are assumed as 1.0 because the
strength of a section that has already been designed is evaluatéd. &interaction diagrams

representing 20 beams are included in chapter five oflttugment.

3.2.2 Exact SheaiTorsion Interaction Diagrams Based on ACI 3183 Provisions
The procedure to dra@lY w interaction diagrams using the corresponding ACI provisions is
simple compared to AASHTO LRFD (2008). The main equations used to plot the interaction
diagrams are the equations based on the fact that the shear and torsion transverse reinforcement
are addd together and that the shear stress in concrete should not exceed beyond the maximum

allowable limit op Qe
0Q Y W W
i O wé 0 —¢Q

Oon o8y

Having o ¢ "@ab ‘Qwhen the concrete strength isvgn in psi and—equalto 3dand 45¢;
the above equation is solved fofby providing different values fab. Making sure thatw does
not exceed the pure shear capacity of the section.
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Eq2.4.10a or 2.4.10b is solved fof depending on whether tlsection is solid or hollow
to determine the maximum torsion that a section can support corresponding to a certain value of
shear. The maximum torsion means that the concrete at section may crush if slightly larger
torsion is applied on the section. Notattthe resistance factor is set equal to 1.0.

The smaller values foivis selected for a particular value of shear and the same process is
followed for other points oY w interaction diagramsThe ACI interaction diagrams both for

——equal t®e3@geandchcduded in chapter five of
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Chapter4-Devel opment of AAJIBTOI BasBdst
Tool ( Mat hCAD)

A MathCAD design tool was developed to design sections subjected to combined shear and
torsion using the corresponding AASHTO LRFD provisions. However, sections under shear and
torsion where torsion is negligible can also be designed using the developed desighhol
program is developed for kip units and the initial input values shall be entered in the
highlighted yellow fields. In addition, the address of each equation used is also provided in the
AASHTO LRFD (2008) code. This may help to locate the eqnatighe code.

Brief description where ever needed has been provided in the program to help understand
different variables used. It is essential to enter the required initial input with proper units as
written in the program. Below is the flow ch#or the MathCAD design tool to show how the
program functions. Furthermore, an example solved using the developed file has been added in
AppendixC.
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4.1Flow Chart for MathCAD File
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Chapter5-Resul t s and Discussi or

5.1 Analysis for Shear Only.

In Figure5.1 the predicted shear strength at different sections along the @pBiVfL00 using
AASHTO LRFD general procedure, simplified ANSO procedure for prestressed and -non
prestressed concrete members, ACI-883and Respons2000 are plotted. For ACI 31@8, the
nominal shear strength provided by concrete was calculated both using ACI-Bggid ACI

Eq (115). Knowing that Respons2000 underestimated the shear strength by 24% for normal
strength concrete simply supported beams without crack control reinforcement, it can be

concluded that the results obtained using the general AASHTO procedure are reasonably
accurate.
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500 ———
h‘ - ——— '-""ﬂ?‘—- - e =, @
5 400 —
‘o u
S
8 300
3
2 Simplified-AASHTO
o 200
—&— General AASHTO
- A= ACI-08 (Eq 11-
100 (Eq 11-3)
Resp-2000
0 —# - ACI-08 Detailed (Eq 1115)
0 0.5 1 15 2 2.5 3

Length, m

Figure5.1 Predicted shear strength along the length of BMho@mal strengthnonprestressed
simply supported reinforced concrete beam
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On the other hand, both simplified AASHTO and ACI 3i8Bseem to slightly ovestimate the
shear capacity. As shown in the figure, both ACI Egq3)Land (115) used to prediab led to
almost the same overall shear capacity of sections. However, using ACI B8Y i shear
strength at different sections along the beam istaoh$®ecause the beam is prismatic and has
the same spacing 16 in. (406 mm) for transverse reinforcement throughout the span while the
shear strength using ACI Eq ¢5) follows decreasing trend because of the increasing moment
towards center of the beaMote that ACI Eq (143) and (115) are numbered here as-E@.15
and2.3.16

The shear strength for the general AASHTO procedure and Respob@evaries along
the beam span because of the varying longitudinal straimhich is onehalf of the strainn

non-prestressed longitudinal tension reinforcement given 12 Bd.
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Figure5.2 Predicted shear strength along the length of SEA@EA0, high strength continuous
non-prestresseceinforced concrete beam

The above figureshows the shear strength predictions for SE1a@A69. From the
previous evaluation of Respor2600, it was obtained that Respo2890 underestimates the
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shear strength by 3.9% (average) for high stremgticrete continuous beams without crack
control reinforcement. Ithe above figureit is seen that the shear strength predictions using the
general AASHTO procedure closely follow Resp28€0 predictions for most of the sections
along the span. Note th®espons€000 highly underestimates the shear strength for sections
subjected to large moment and relatively less longitudinal reinforcement. Such locations happen
to be at 1m and 8 m from the left. Accordingly, Respe23@0 highly overestimates the shea
strength for locations with approximately zero moment and enough longitudinal reinforcement.
An example for suclocation would be a section at 9 m from left along the b@aigure 2.4).

As shown in the figure, the simplified AASHTO and ACI 208 wherew is calculated using

ACI Eq (113) give conservative results while ACI Eq {&}Lis better in this regard. Overall, the
general AASHTO procedureivgs convincing results for this case. Meanwhile, the shear
strength is influenced by the variations in moment and longitudinal tensile reinforcement both

for simplified AASHTO and a case whegeis calculated using ACI Eq (19).

Figure 5.3 shows the shear strength predictions using the aforementioned procedures for
continuous prestressed high strength concrete girde7@.TThe beam as depictéa Figure2.6
has a span of 120 ft (36.6 m) and a total number of 44jrief(12.7 mm) diameter, seven wire,
270 ksi (1861 MPa) low relaxation prestress strands. The beam had a combination of dtaped an
straight strands such that twelve of the strands were draped and the remaining 32 were straight.
Noting the fact thaiRespons€000 was not validated for prestressed concrete beams, the shear
strength results for all the methods are reasonably closkoather. In contrast to the previous

cases, the shear strength for the entire methods follow decreasing trend as it goes far from the

support. This is due to t-HA0anl @12 takeshirdotaccouhte de't

the bending momenftfects present at the section.
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Figure 5.3 Predicted shear strength for Bulb(BT-72), high strengthcontinuous prestressed

concrete member

In Figure 5.4 the results for (8DT18) simply supported doubl@restressed beam with harped
strands are plotted. The beam did not have any transverse reinforcement and the whole nominal
shear strength fahe section was provided by the concrete #redP/Seffects. In other words,

the results plotted show the nominal shear strength provided by the canciststated earlier,
Respons€000 gves higher shear strength at section 1.5 ft (458 mm) fhensupport because

of small lending moment and underestimatbge shear strength at 16 ft (4.88 m) frahe

support where the momentasmostreaching its peak valu&or cases other than this, both ACI
31808 and simplified AASHTO ge consistent resultshowever the general AASHTO
procedure highly overestimatéise shear strength ab in this case. To verify which method

gives reliable results, more experimental work has to be done.
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Figure5.4 Predicted shear strength along the length of Detlil{®DT18) normal strength
simply supported prstressed reinforced concrete beam

The results for BM100D are plotted iRigure 5.5. From the previous knowledge about
Respons€000, it was found that Respor2@00 underestimated the shear strength by 51%
(average) for normal strength concrete simply supported beamsradthaontrol reinforcement.

As shown in the figure, the simplified AASHT@rocedurehighly underestimates the shear
strength while the general AASHTO procedure gives reasonable results. The results for ACI are
almost exactly the same as for BM100 (withawack control reinforcement). The only
difference is that the predicted shear strength by the general AASHTO procedure increases and
makes ACI results relatively accurate for BM100D.
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Figure5.5 Predicted Bear strength along the length of BMiD0Onormal strengtsimply
supported notprestressed reinforced concrete beam with longitudinal crack control
reinforcement

Figure 5.6 presents results for SE1008-69. Both Respons2000 and the general AASHTO
procedure give very close results except for the critical locations as mentioned earlier. This is in
total conformance with the results showing 3.1% i@ge) difference obtained from qualifying
Respons€000 against experimental results tabulatedable 3.1. The shear strength predicted
using thegeneral AASHTO procedure and RespeB880 show considerable increase, while it
remains unchanged for ACI and simplified AASHTO. In other words, ACI and simplified
AASHTO fail to encounter the effect of crack control reinforcement on the nominal shear

strength of a section.
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Figure5.6 Predicted shear strength along the length of SEAAEED, high strengtltontinuous

nonprestressed reinforced concrete member with longitudinal crack control reinforcement

5.2 Analysis for Shear and Torsion
Figure 5.7 shows the 1V interaction diagrams for AASHTO LRFD (2008) and ACI Code.
Details of the reinforcementfohese beams tested by (Klus 1968) are tabulatédbfe2.2 and
Table 2.3. Having the related properties of the section, the torsion obtained fref2Hq
controlled. This means that the section will neither fail due to yielding of the longitudinal tension
reinforcement nor the concrete crushing. For the pure shear case, the predicted shear capacity is
the same forAClwhenr4 s equal to 45e¢e and 30e. —hEG3b i s di
is only used in the term that includes torsion which in turraksqeero for the pure shear case.
The equation for nominal shear capacity provided by shear reinforcebfeft,a section is

independent offor ACI. Thevaluefo s i nherently assumed as 45e¢
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Figure5.7 Sheartorsion interaction diagrams along with experimental data for specimens tested
by Klus (1968)

The flat plateau at the top of the graphs is due to the fact that the applied shear force is less than
the nominal shear strength provided by cet&,w. Hence, the total transverse reinforcement is
used to resist the applied torsion. In other words, the applied shear does not alleviate from the
full nominal torsional capacity of the section. This is because of the fact that fow , the

applied shea is resisted by the concrete and not the shear reinforcement. This situation will
continue until the applied sheas, is greater tham8

In Figure 5.8, the AASHTO LRFD sheatorsion interaction curve for (RC2 series) is flat
approximately up to a shear force of 269 kN; while for the curve based on the ACI it is
horizontal up to a shear fa®of 222 kN. This is due to the fact that the valuéedbr AASHTO

LRFD is calculated to be 279 kN while it is equal to 218 kN for ACI. After the section is
subjected to greater shear force and torsion, the curve follows a decreasing trend as #fe@wn in

figure.

53



—e— AASHTO LRFD (2008)

= % = ACI (45 Degree)

ACI (30 Degree)

P ® Experimental Data Points
= : : : : H i
= FEXXXHKHK K K XXX / : : : : :
< 80 : e ST : : : : : : :
= : : X : : : : : : :
: : T : : : H
60 H H H x H H H H
s NS
| | | X | E

40

3
0 ; ; ; : ; Dy o : i

0 100 200 300 400 500 600 700 800 900 1000
V (kN)

Figure5.8 Sheartorsion interaction diagrams for RC2 series

From Figure 5.7 and Figure 5.8, it is evident that the experimental data is perfectly
matching the AASHTO LRFD curve. On the other
and 45e are consistent in both figures. Il n a
torsion are very awservative and uneconomical wheri s e qu al to 45e. Ho
provisions seem to be slightly wwonservative wherH s equal to 30e and t he

thanw.
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Figure5.9 Sheartorsion irteraction diagrams for HigBtrength overeinforced specimens HO

1, and HG2

The figure shown above shows th&/Tinteraction diagram for HQ and HG2 specimens based
on AASHTO LRFD and ACI 3188. As stated earlier, the AASHTO LRFD provisions closely

approximate the torsieshear strength of HQ@ and HQG2 sections. The ACI procedure over

estimates the shetwrsion strengthfoe qual t o 30e up to a shear
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= -ACI (45 Degree)
ACI (30 Degree)

® Experimental Data Points

0 100 200 300 400 500
V(kN)

Figure5.10 Sheartorsion interaction diagram for ND and NG2

As shown inFigure 5.10, again the AASHTO LRFD provisions closely approximate the
combined shear and torsion capacity for -llGand NQG2 specimens. However, when the
combined shear force and torsion reaches 400 ki#N ArkN.m respectively, the equation
produced from substituting the shear stiessvith & (@ein Eq-2.3.9 and substituting with

® yields negative number under the square root. This means that the concrete crushes and no
torsion would beobtained from the corresponding equatfon appliedshear force greater than

400 kN. To obtain the pure shear capacity of the sectvvas set equal to zero and the pure
shear capacity of the section was found to®e(Qao’Q . The estimated cagity of the
specimens where the equation yields negative number under the square root is shown as dotted
line on the AASHTO LRFD curve.
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Figure5.11 Sheartorsion Interaction diagram for Higtrength boxsection HU3

In the above figure, the predicted sh&@asion capacity for the box section F8Jsubjected only

to combined shear force and torsion is shown. According to ref (13) the section is slightly under
reinforced. Using the ACI provisions, the torsis controlled by E€.4.10b when the angleis

equal to 30¢. Thi s 1 mpl y-totsibnagreater than thatshowrriert e ¢
Figure5.11 are applied on the section. However, the torsion is controlled /ZE8 when—is

equal to 45e¢e and the shear force is | ower th
maximum torsion that the section can resist is controlled b2.£G0b. This simply means that

the concrete may crush before the reinforcement yields if a larger torsion is aSpiies Eq

2.4.10b is independent of the angle bot h curves for ACI (30e an
results after the curve ferequalt o 45e¢ bi furcates. The experi me
exactly the same as predicted by AClwhens 3 0e. T h e3whiehsisunbtinsludddor NU
here were also consistent with that shownFigure 5.11. The only difference was that the
experimental pure torsion strength was slightly greater compared to the strength predicted by
ACI using 30
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Figure5.12 Sheartorsion interaction diagram for NP

From the above figure, it is obvious that the ACI provisionsferqu al t o 3 0e- ar e
conservative for Nt2 which is an undereinforced specimen made of normal stiténgpncrete.

The AASHTO LRFD curve seems to be conservative for most of the cases studied. However,
when the shear and torsion reaches 111 kN and 3.85 kN.m respectively; the longitudinal
reinforcement starts yielding. As a value for shear force greaterdtttakN is substituted in Eq

2.4.7 knowing thabof) 6 PAT (A are zero, a negative number under the square root is
produced and the equation remains unsolviea.determine the pure shear capacity of the
section,”Y in E¢+2.4.7 was set el to zero and the equation was solvedofoThe portion of

the curve where the reinforcement yields is shown by hidden linEgyure 5.12. The same

responses were observed for MUHU-1, and HU2 where ACI Code fore g u a | to 30e

extremely uaconservative results.
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Chapter6-Concl usi ons and Recommen

Summary:

In this study, shear and combined shear and torsion provisiotisefgeneral AASHTO
LRFD procedure, simplified AASHTO LRFD procedure for prestressed anepmestressed
concrete members, and ACI 308 were comparatively studied. The results from the
aforementioned procedures were compared with those obtained fronfieddodbompressions
Field Theory (MCFT) using Respor26800. Note that the AASHTO LRFD provisions for shear
and combined shear and torsion are based on simplified MCFT. In addition, exadbstiear
interaction curves were drawn for the three methodsdotions subjected to combined shear

and torsion.
6.1 Conclusions:

6.1.1 Members Subjected to Shear Only
The general AASHTO procedure proved to behave more realigtiand in some cases
economicdl. This was in particularly true for transversely reictd simply supported and
continuous beams with crack control reinforcement, while ACHE.&nd simplified AASHTO
were inaccurate in this regard. In addition, ACI ®BBEq (115) used to predicto has led to
convincing results compared to ACI Eq {3)L This was due to the fact that ACI Eq {3)Ltakes
into account the existing bending moment effects at section.

The simplified AASHTO procedure for prestressed and -prastressed concrete
members almost underestimated the shear strength for all lvé&nes considered in particularly
for SEL00AM-69, SE100BM-69, and BM100D.

The analytical program used in this study (Resp@®) which is based on Modified
Compression Field Theory (MCFT) highly overestimated the moment effects on the overall
nominalshear strengthy, of a section. This has causedo be highly overestimated at sections
with small bending moment and significantly underestimated at sections with large moment.

To analyze the shear strength of a concrete beam, it is extremelgtamtto know that a

shearcritical section may not be limited to locations where the section is subjected to maximum
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shear; rather a section with less flexural reinforcement and relatively smaller shear could fail in

shear. Because the higher the londjital straing, the lesser the overall nominal shear capacity

of the section. However, ACI3188 doesnodot take this phenomenon
The reason why Respon2600 and the general AASHTO procedure do not match well

is because Respon2600 is basedn MCFT while the general AASHTO procedure for shear is

based on simplified MCFT. Furthermore, the limitations imposed by the AASHTO in regards to

the effective depthQ) andb also has their rule to play.

6.1.2 Members Subjected to Combined Shear draision
A research program was conducted to explore the accuracy and validity of the AASHTO LRFD
2008 provisions for combined shear and torsion design, validating against 30 experimental data
from different sections. These sections covered a wide rang@eoimens from oveeinforced
to undefreinforced and made from normal tor high strength concrete. Solid or hollow sections
were among the specimens for which the experimental data was used for comparison.AASHTO
LRFD (2008) provisions were also compatedhe ACI 31808 provisions for combined shear
and torsion design. AASHTO LRFD 2008 provisions consistently were more accurate and the
predictions, while conservative in majority of the cases, were much closer to the experimental
data for close to all othe specimens. This included oweinforced and undeeinforced
sections made of high strength and normal strength concrete.

During this study it was found that the AASHTO LRFD (2008) provisions to analyze a
section under combined shear and torsion may be able to predict the completeVT
interaction curve for cases leading to negative terms under the square root in the derivation
process. This particularly happens for ex&nforced or undereinforced sections made of high
strength or normal stretig concrete. Theanalytical reason is the limitation dictated by the
AASHTO LRFD Equation 5.8.3.6-3 related to the amount of longitudinal steel and equations
5.8.3.32 and 5.8.2.56 or 5.8.2.17 related to the maximum sustainable shear stress by concrete
which implicitly affects the level of the combined shear tordion. Howeverit should be noted
t hat the maxi mum shear stress | imit of 0. 25f
accurate in prediction of the behavior of sections experiencing réjatigh levels of shear

stress. This was especially true for eweinforced sections.
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On the other hand, the results by the ACI are frequentigomservative when the angle
—is equal to 30 degrees. This is especially true for the tnettgforced se@bns. However, when
the angle—is considered to be 45 degrees, the results are conservative for close to all of the
specimens. An important point for the ACI code is that the anggealways considered as 45
degrees for shear even if the angle for torsion is used as 30 degrees. This is a discrepancy in the
ACI code, while AASHTO is consistent from this perspective.

Compared to the ACI code, AASHTO LRFZD08 provides a more detailgatocess to
assess the shear/torsion capacity of a section. As a result, the capacities evaluated by the
AASHTO LRFD 2008 were found to be closer to the experimental data, compared to those
predicted by the ACI code. It should be noted that the strain d¢dmiipa is not directly
considered in the ACI code, while it plays a critical role in derivation of the AASHTO LRFD
2008 design equations. This in turn has added more value to the AASHTO process in accurate

assessment of the sheaarisonal capacity of aection.

6.2 Recommendationsand possible modifications to AASHTO LRFD Bridge
Design Specifications (2008)

The AASTHO LRFD BridgeDesign Specifications needs to address the following items:

1 The AASHTO LRFD is not clear where to substitdiewith w  for section subjected to
combined shear and torsion. C.5.8.2.1 on Pagé 6fthe ASHTO LRFD (2008) s
w in Egs. 5.8.3.424, 5.8.3.4.22, and 5.8.3.4:3 for - , and in Eq 5.8.2:9 for0 , are not
modified for torsion. In other wds, the values used to sele¢t—in Tables 5.8.3.4:2 and
583422 have not been modified for tor i on. o0
for the applied torsion or simply use without any modification to it. However, section
5.8.3.62 on page 84 of the AASHTO LRFDBridge Design Specifications (2008gfines
—as angle of crack with the modifications tbandw.

1 The strain- in the longitudinal tensile reinforcement can be determined &Sijn$.8.3.4.2
4 of theAASHTO LRFD (2008) or Eg2.3.7 of this document. In the code, it is not explicitly

stated whether the whole longitudinal reinforcentenshould be used for sections subjected
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to pure torsion or only the positive longitudinal reinforcement as defined on péd)ef 3he

code shall be usad thecorrespondingquatiors for - .

1 AASHTO LRFD (2008) proposes EQq.5.8.34.30 check the longitudinal reinforcement for

solid sections subjected to combined shear and torsion. The resistancédastat in this

equation is the same faxial load, shear force, and moment. However, the resistance factor

varies for axial load, shear force, and moment in Eq. 5-8.3Vbich is used to check the

longitudinal reinforcement for solid sections subjecteshtear not torsion.
1 Also the resistance factor in the denominator of Eq. 5-8.219all be removed

1 To check the AASHTO LRFD (2008)rovisions for sections subjected shearcombined
shear and torsigna wide range of beanmsuch aspre-stressed or neprestressedver
reinforced, moderately reinforced, and une@inforced concrete sections made of high
strength or normal strength concrete shall be te3tedjet even more realistic results, it is
highly recommended thathe test specimenshall be desigred using the applicable
provisions of the AASHTO LRFD (2008)

6.3 Suggestiondor Future Research
More experimental work is needdd investigatethe behavior of normal strength and high
strength,prestressed shearitical simply supported and continuousncretebeams designed
based orthe AASHTO LRFD general and simplified procedures.

In addition, the simplified AASHTOprovisions for shear haveo be modified to
accurately take into account the effects of cremktrol reinforcement on the overall noral
shear strength of a section.

As stated earlier, in this study only exact skHeasion interaction curves were drawn
neglecting the effects of bending moment. However, in nolzste to all of thereal world
situations, the effects of bending momentsgxience shedrending momenttorsion (o 0

“Y exact interaction curves are requitecbe developetbr design.
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AppendixA-AASHTO LRFD Simpli fShear Pofoc

Pr-&tressed-Pamsglt Nesnnsed Member s

Example-1:

Determine the shear strength of the middle girder at #rbrfi the left support or/ first
interior support from the left shown Kigure2.4Error! Reference source not found, using the
simplified AASHTO LRFD method for pretressed and neprestressed members, AASHTO
LRFD general procedure, and ACI 308. The girder is simply supported while the deck on the
top of it is continuous. This girder has a combinatidnd@ped (harped) and straight pre

stressing strands. This exams based on example 9.6 of the PCI Bridge Design Manual.

¢ pier | | ¢ pier
| |
- 110°-0" — 120'-0" —l—‘ 110'-0" _
6" k6" 6" M6 6" B 6 6" k6"
: 7

e,

ji: ' * Al

:_.(E bearing & |3C€ll'll1§._' i1 ¢ bearing G bCﬂl'lﬂEl' | I—-{E bearing G bearing

! i !
10" f44 10" 1-0" h—/ 10"

44'- 6"
1'-3" 42-0" 1'-3"

-] | [——
I |

| 2" FLLELU'C '\’r‘tﬂl’l‘]]g SLll'f”ilCC |
i 1 pd /
| — | —
3-0
et

T

[

4 3 spaces @ 12'- 0" = 36-0"

Figure A.1 profile and section of the bridge girder (BR)
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1).e.is calculated at the section anc
all reinforcement should be on the
tension side at that particular sectior
2)d, ?

3)f,e for composite section where the
moment is negative equals zero.
4).for calculating Mcr in negative
moment region, f'c for topping should
be considereddlso more importantly, i
the applied moment is positive,
substitute the correct values for/'or '
in flexure formula

5). The eccentricityg, used to calculat
fpc is the distance between the centrc
of P/S and centroid of NON-composit
section.

Legend:

Input Values

Final Answers for important parameter

Not used in this or/other files

Concrete Properties:

* Note: In case the topping and girder bot

fC'\girder 7|ksi have the same f'c, make sure that you er
fc‘sdeck/topping 4] ksi f|c, deck, toppingeqLIal to that of fl,Q;irder
n(modular ratio) 0.756
Groncrete 0.15 kcf
E siab, topping 3834.25351fsi
E. beam 5072.24062¢si
Prestressing Strands:

Aps 0.153in° (0.5in. dia., seven-wire, low-relaxation
fou 270 ksi
foy 243 ksi
fro 189ksi (foo= A parameter for P/S)
fse 152.9ksi (fs— Effective prestress after all loses)
E 2850Qksi

Reinforcing Bars
As 1553 |in°
fy 60 ksi
E 29500 |ksi
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Over All Geometry and Sectional Properties:

Non-Composite Section

Span Length, 120t
Over All Depth of Girddr, 72)in.
Width of Web, h 6|in.
Area of Cross-Section of Girdéy, 767/in°
Moment of Inertia,l, 545894in”
Dis. From centroid to ext. bottom fibeyy, 36.4in.
Dis. From centroid to ext. top fibey; 35.4in.
Sec.modulus, ext.bottom fibe§, 14915 in®
Sec.modulus, ext.top fibe§ 15421in°
Weigh of Beam 0.799k/ft
Composite Section
Over all depth of the composite sectidn, 80jin.
Slab thicknesg, 8lin.
Total Area (transformed)of composite seét,, 1412in°
Moment of Inertia of the composite sek;. 1097252in"
Dis. From centroid of composite section to extreme bottom fijagr, el in.
Dis. From centroid of composite section to extretop fiber of beamy,, 17.33 n.
Dis. From centroid of composite section to extretop fiber of slaby,. ZSiEE in.
Composite section modulus for the extrerhettom fiber of beam S, 20070.45912 in®
Composite section modulus for the extrenap fiber of beam S, 63315.176 in’
Composite section modulus Tor the extrertap fiber of slab 5. = s

1/n*(1 Jy ) Critical in case n=0

57304.69636

Total # of P/S strands

Area of P/S tension reinforcement

6.732

in?
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4 1/2"
6"

Figure A.2 Crosssection (BF72)

3
|
o

| |
SN N
%W

c.g. of composite

section

80"

S\

*Note: If modulus of Elasticity for topping, slab, is different than modulus ¢
elasticity for girder, determim=g g,/E; peamCalled modular ratio and multiply,
it by the area of slab(da x slab thickness). Add the given value to Area of
Girder for total area of composite section.

Figure A.3 Composite Section(BT2)
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Sectional Forces at Design Section

Axial Load
N, 0 kips
Shear Forces (D.L, L.L)

Unfactored shear force due to beam weighy girger 42.3kips

Unfactored shear force due to deck sla, qap 64.6kips

Unfactored shear force due to barrier weighy parrier 7.8 kips

Unfact. shear force due to future wearing surfa®g,earing 14.2kips

Unfactored shear force due tBOTALD.L,V,4 128.9kips

Unfactored shear forces due to live load, 137.9kips

FACTORED SHEAR FORCE, 404.95kips

Moments (D.L,L.L)

Unfactored moment due to beam weigh¥ly girger 272. 1 kips-ft
Unfactored moment due to deck slald gja 417.1Kips-ft
Unfactored moment due barrie Mgy parrier -139.Gkips-ft
Unfact. moment due to future wearing surfad@ wearing -244 . 4kips-ft
Unfactored moment due tGOTALD.L My 305.4kips-ft
Unfactored moment due to live load), | -1717.8Kips-ft
FACTORED MOMEINT, -2877.57kips-ft

*Note: The factored shear and moment is calculated using the followin

combinations:

Vu=0. 9(\é,girder+vd,slab+vd, bearing) +1. 50(\é,wearing)+l- 75(\&)

Vu=l- 25(\6,girder"'vd,slab"'vd, bearing) +1. 50(\é,wearing)+1- 75(\&)

Select the MAX shear from above

M u:0 -9(Nh,girder+Md,sIab+Md,bearing)+1 -SO(MLI,Wearing)"'l -75(M_I.)

M u:l- 25(Nlj,girder+Md,sIab+Md,bearing) +1. 50(%,Wearing)+1- 75(ML)

Select the MAX moment from above

It is conservative to select the Max moment rather than the moment
corresponding to Max sheaircheck the formula foM, for abs.valug
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SOLUTION:

Calculation of Effective Depth, d

de 76.25in.

a (depth of compression) 6.02in.
d,=d.-a/2 73.24in.
d,=0.9d 68.623in.
d,=0.72h 57.4in.

Max d, (controls) 73.24in.

*d.=Effective depth from extreme compression fiber to the centroid of the tensile fq
in the tensile reinforcement

*Note: the value of "a"depends on location of cross-section.
a=(Aor A»)*f,/(0.85*f'c*b) because in this particular case itis intended to determine

at critical section 7.1 ft from support for continuous beam, only non-prestrestressed
reinforcement at the deck is considered in the calculation.

a).Evaluation of Web-Shear Cracking Strength:
Veu=(0.06°0f'c+0.3f,) b,d,+V,
fpczF)se/ A g~ Pse*e*(y bc'yb)/ I g+(Mdg+Mds)*(ybc'yb)/ I g

pse= # of Strands*4,and*f se

Vo 35.2kips
€(eccentricity ) 18.79in.
P.e 1029.3228kips
fpc 0.97579533si
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b).Evaluation of Flexure-Shear Cracking Strength:

Ve=0.02°0f'c b,dy+VertViMo/M max >=0.08'c bid,

Vi=Vu'Vd

M max:Mu' Md

MC,=(Iclytc)*(0.2*(~)f'c+fpe-fd) where f'c for section with neg.moment is that for topping.

fi=Mawyid/l ¢
Vi 276.09kips *Make sure
1 that you put
Mmax -3183.37kips-ft ight fc, . and
f pe =An"NO.PISH,JA g+A,No.PISH, fe*c/l Olksi foo While
fy, put the righty (. 0.08471250fksi calculating Mc
M., 1138.142624kips-ft

c).Evaluation of Concrete Contribution:

V=Min(Vei, Vew)
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Explanation for Partgiad andfib":

*f .. = compressive stress in concrete (after allowance for all pretension losses) at

centroid of cross-section resisiting externally applied loadsf j7= compressive stress
concrete after all prestress losses have occurred either at the centroid of the cross-
section resisting live load or at the junction of the web and flange when the centroid
in the flange. In @omposite sectionf ; is the resultant compressive stress at the
centroid of the composite section, or at the junction of the web and flange when the
centroid lies within the flange, due to both prestress and to the bending moments
resisted by the precast member acting alone.  —--mmm o

*V, = vertical component of effective pretension force at sectistmads which are not
straight or draped or harped)

*e= eccentricity of P/S strands from tlgentroid of the non-compaosite sectiomf cross-
section.

*l,=moment of inertia ohon-compositesection.

*f,e= compressive stress in concrete due to effective pretension forces ONLY (afte
allowance for all pretension losses) at extreme fiber of section where tensile stress
caused by externally applied loads. In this particular case, where the beam at this s
is under net negative moment, hence the top portion of deck slab is in tension whej
prestressing doesn't affect because P/S is limited to non-composite section. fpe=0
(Always satisfy for composite section under negative momevithen calculating fpe using flexu
formula, consider Ic or comp.moment of inertia .

*fywas calculated using$M,,Yi/l .. Because this section is under net negative mome
Mdw was evaluated conservatively by considering the DL negative moment as that
resulting from the DL acting on a continuous span. V,;>0.08'cb,d,
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d).Evaluation of Required Transverse Reinforcement:

e).Checks:

A, mir2 0.031&X'cb, S/fy

V,¢0.25f'ch,d,+V,

OK
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V=Af,d,*cot’ k a
CHECK: Transverse Reinforcement Requirec
cot' 1
VS(Req'd) 216.34 klps
A mid S 0.0084in%in.
Assume:
s 12 in. c/c OK
Area#s stirrups) 0.30679615¢in’ OK
A/ls (Provided) 0.05113269§N°
V(Provided) 224.6975058ips
*cot 'm >M, AelBe a ORare T
*Note: the assumed spacing and selected bars
valid for CSA approach also.




AASHTO LRFD General Procedure (Modified Compression Field Theory)

a).Evaluation ofe,

e, =(MJdv+0.5Nb Vit potf (2 EAFE*A D)

Ifthereis no
# of Aps 1z tension
Aps 1.83din? reinforcement in
. conjunction with
ey 0.000484098n/in DS e Aect) in th

*Note: The parameters for caculatimx is quite dependent on the location of cross-
section for the support,such thax is the tensile stress at cross-sec caused by extern
and internal loads.

*As, A= P/IS and non-prestressed reinforcement respectively at tensile zone NOT
cross-section.
*M, = Absolute value of total factored moment at the cross-section.

*N, = Factored axial force, taken as positive if tensile and negative if compressive (

b).Evaluationof | y R °
‘T Hdbe,nnng

‘ 32.4Degrees

j 2.78

* For Calculating, it is assumed that at least minimum amount of shear reinforceme
provided.

c).Evaluation of Concrete Contribution

Vvc=0.03160f¢c b,d,

d).Evaluation of Required Transverse Reinforcement
V=A,d,*cot’ Kk a
Transverse Reinforcement Requir¢

Check

VS (Req'd)

Spacing, S 11.4din.
AJ/s (Porvided) 0.0557811fn7in.
V; (Provided) 386.423656¢Kips
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e).Checks:

A, mir2 0.031&X'cb, S/fy

V,¢0.25fchd,+V,
OK
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ACI 318-08 approach for shear design (B/R)

Concrete Properties:

1EC'vgirder

7000 psi

fc sdeck/topping

4000 psi

Prestressing Strands:

2

Aps 0.153in
fou 27000Qpsi
foy 24300Qksi
foo 189000Qksi
fee 152900Qpsi
E 28500000psi
Total # P/S 44
Total Area P/S 6.732in°
Slope of Draped P/S 7|Degree
Centroid of Straight P/S (Frm-Bottom) 3.875in.
Centroid of Draped P/S (From-Bottom) 54.54in.
No.of Straight P/S strands 32
No.of Draped P/S strands 12

Vo

34211.6988b

General centroid of P/S strands from Bottd

ml7.6927278n.

e (eccentricity)

18.9072727in.

Pse 1029322.8b
Reinforcing Bars
As 15.53 |in®
f, 60000 |psi
E 29500000 |psi

* Note: In case the topping and girdsg
both have the same f'c, make sure th

you enter f'Cyeck, woppingequal to that of

f C,girder

(0.5in. dia., seven-wire, low-relaxatid

(foo= A parameter for P/S)

(fo—~ Effective prestress after all loses
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Overall Geometry and Sectional Properties:

Over All Depth of Girddr, 72in.
Width of Web, b 6|in.
Area of Cross-Section of Girdéy, 767]in
Moment of Inertia,|, 545894in”
Dis. From centroid to ext. bottom fibey,, 36.9in.
Dis. From centroid to ext. top fibey; 35.4in

Sectional Forces at Design Section

H
c

Over all depth of the composite sectidn, 80|in.

Slab thicknesg, 8lin.

Total Area (transformed)of composite seét,, 1412in°

Moment of Inertia of the composite sel;. 1097252in*
. . . . . 54.67 |(in.

Dis. From centroid of composite section to extreme bottom fijagr,

Dis. From centroid of composite section to extretop fiber of beamy,, 17.33 n.
. . . . . 25.33 |[in.

Dis. From centroid of composite section to extretop fiber of slaby;.

Overall depth, d 76 in

distance from the top fiber to the centroid of P/S tendathg>= 0.8*h 64 in.

Unfactored shear force due to beam weighy girger 42300Q1b
Unfactored shear force due to deck sla¥ gqp 646001b
Unfactored shear force due to barrier weigh parrier 78001b
Unfact. shear force due to future wearing surfaMa,W(,:.a,ing 1420Q1b
Unfactored shear force due fBOTALD.L,V, 1289001b
Unfactored shear forces due to live load, 1373001b

FACTORED SHEAR FORCE, 4049501b

Unfactored moment due to beam weigh¥y girger 32724001b.in
Unfactored moment due to deck slaldly gjan 500520¢Ib.in
Unfactored moment due barrieMg parrier -167520¢Ib.in
Unfact. moment due to future wearing surfadéy wearing -293280¢|b.in
Unfactored moment due taOTALD.LMy 3669600Ib.in
Unfactored moment due to live loa®yj, | -20613600b.in
FACTORED MOMEINI, -34530840b.in

77




SOLUTION:

Detailed ACI Approach:

V=0.60f'C b, dy VM 1 /M 1a,>=1. 0 cb, d

if Vu>,

+ 0O

VMIn(Vg, Vew)

Vi=1.6"\ |
Mcrezlc/Y tension,Com;(Gf]lc +fpe'fd)

M max:1-6M_.L
V, 2196801b
Miax -3298176(Ib
foe O|psi
fy 84.712507Ppsi
Mcre ,put the rightf'c 12768531Ib.in
Vi 233223.3789b

Veu=(3.80'c+0.36,0 "0, AtV
fpc:Pse/ A g Pse*e*(y bc'yb)/ I g+(Mdg+Mds) *(ybc‘yb)/ I g

fpc 971.799582 psi
Vew 258610.118 b

OCNIYaOBSNES wSAYyT2NDOSYSy

. *B+ dzh. + Ok H

ot N2 OARS

aAyAYdzZY ¢NIy

AF zdzx . +OKkHOb2 ¢NIYyADPWSAYT2NDS
VeV, mer< Ofch,d
., + 0O 174917.534 Ib
Vs 305213.578 Ib

Trans. Reinforcement Req'd

AJS=Vsl{d
Assume:
S 9 in. c/c
Area(#5 stirrups) 0.30679614in?2
AJs (Provided) 0.06817694n°
V (Provided) 305213.578b

78



1 Am=50Rsff,
2 Ami=0.7%0Fcb,s/f, Select the larger
3 A=A puS/80f,d&(d/b,,)
A, miimMin(3,max(1,2)) , check the formula
A minS 0.004in%in.
A min/S 0.00627495n%/in.

A minS 0.0177330ﬁ'n2/in.

Max.Spacing= 0.75*h or 24in.

If Vs > &fcb,d Provide Max.Spacing/2
Max.Spacing 24]in.

Applicabe or Selected, s 12lin.

Capacity Predictions: {(V=VctVs}

Simplified ) Response 2000
ACI {Kips
Method (Kips) | AASHTO LRFD (Kips) (Kips)

{Kips)
458.2974935( 488.588401| 538.437 576.5555556

Control : V-Gxy . Control : M-Phi
5189 -36.9

116 -3700.7

_ M
Figure A.4 Respons@000 output (V, M)
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Development of Interaction Diagram forCombined Shear and Torsion using
AASHTO LRFD General Procedure and Corresponding ACI 31808

Provisions

AASHTO LRFD General Procedure:

Information required:
bv 8lin
h 12[in
dv 9.27in
f'c 3.12ksi
Aoh 59.4in”
Ph 31.8in
At 0.077in?
fyt 38.4ksi
S 4{in
Es 29000ksi
As 1.342in”
fy 62.3ksi
AASHTO-LRFD APPROACH:
Vo =VitVs Eg-1
T=2AJAM feot’ K & Eg-2
V=AM fd*cot’ Kk a Eg-3
V=0.0316 6 ¥H,40 Eq-4
A=0.85A Eq-5
A Is=TJ(2Akcot’ U ok 6 HRO2 G 0 Eg-6
e [VHO.9R*T/(1. 7An 1 TEAS Eq-7
iTnoywed) MbT pn Eg-8
‘T Hoteppnn Eg-9

Perform Goal Seek function such that the value in column "L,M,N" is equal to zero by changing the values in column "C". ,
columns with pink color also require Goal Seek such that the value of column "F" has to equal zero by changing the value
"E". Itis venyMPORTAN to note that the goal seek for the columns with yellow backgraound has to be performed first.
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T, kip.in |0.25fchd,=[\?+{0.9Ph T, safisfying ,
V, kip| (fom Eq-6,| T/ 7S | T, kip.in|  ‘ongreint. _[Controling, o 658 Ve A s T/RASCOY 0 G 6 H R
-Kp a0 AT A KRN AASHTO-LRFO T (kipin) s ] " o ¥
above) T, kip.in (5.8.3.63-1)
0 118.84 204.04 366.64 00d 11884 0.00 3209  29] 1205 0.00
2 118.87 203.97 365.8( 00od 11881 0.00 3209 29] 120 0.00
4 118.75 203.61 365.0( 004 11874 0.00 3209 290 1202 0.00
§ 118.64 202.99 364.2( 00d 11864 0.00 3201 28 119 0.00
g 118,40 202.13  363.44 00d 11849 0.00 322d 284 11.0 0.00
N[ o 118.3( 201.04 362.64 00q 11830 0.00 321 28] 1181 0.00
S5 4 117.21 199.6§ 361.54 00 11721 000 3214 284 118 0.00
_— Y 108.1 198.03 357.4 00d 10819 0.00 3209  290] 120 0.00
A’ 16 98.81 196.13 353.41 004  988] 0.0 3to] 294 1225 0.00
18 89.43 193.94 349,63 00d 8949 0.00 3.8] 30 1243 0.00
20 79.73 191.5] 346.0( 00d 7974 0.0 3.7] 304 125 0.00
22) 69.67 188.76 342.62 00d  69.67 0.00 3.6 304 1266 0.00
24| 59.14 185.70 339.51 00d 5916 0.00 3.6 300 1270 0.00
26 48.1] 182.3] 336.93 0od 4811 000 364 3070 12.69 0.00
28 36.63 178.59 334.8( 00d 3669 0.00 3.6 309 1261 0.00
30 24.57 17450 333.23 004 2451 0.0 317 30] 1247 0.00
32 12.06 170.04 332.21 00d 1204 0.00 3.8 294 1224 0.00
334 0.2 165.63 331.94 0.04 024 0.00 320 29] 1203 0.00
EXPERIMENTAL DATA FROM KHALDOUN. N. RAHAL, 2003:
Speci Experimental
men T (KN.m) T (Kip.in) V (kN) V (kip)
1 0 35.5
2 0 35.3
3 134.52 0
4 125.88 0
5 78.12 20.9
6 52.08 26.4
7 102.42 14.22
8 110.64 6.94
9 65.52 22.7
10 29.256 29.7
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—&— AASHTO LRFD (2008)

= > -ACI (45 Degree)
ACI (30 Degree)

e Experimental Data Point$

/O O SRS S QU NSRS ORI H: S SO S

0

0 20 40 60 80 100 120 140 160 180
V(kN)

Figure A.5 Sheartorsion interaction diagrams along with experimental data for specimens tested

by Klus (1968)

ACI 318-08 assuming® J

For Solid Sections:
bw 8lin
d 10.3in
f'c 3.12ksi
Aoh 59.4in”
Ph 31.8in
At 0.0767in”
fyt 38.4ksi
S 4lin
‘ 45 Degree
ATTN:
In Eg-4, the value for f'c has to be in psi.
Modify Eq-7 for hollow sections, ACI-08, Eq(11-
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ACI APPROACHA45 Deg

Vi=V+Vs

T=2*A A fcot' Kk &

V=AM d*cot’ Kk a

V=2(f'cf-*b,d

A,=0.85A,

A /s=T/(2A*cot’ U ¥ K O HRO2 G °

Note: The value of f'c for determining Vcis in (psi)

ve  |9.205227

kips

***According To ACI-08 Equation (11-18):

[(V/(b,,d))*+(T*Ph/(1.7A,2))?%° ¢ (10(f'c)’®

V (kips) T (kip.in) T (kip.in), ACI(11-18)
0 74.3535036 3331.746793
5 74.3535936 3331.727133
10 70.45766283 3331.668154
15 45.94795409 3331.569853
20 21.43824536 3331.432226
24.3 0.359895842 3331.282411

ACI AssumingP J
Solid Sections:

bw 8lin

d 10.3in

f'c 3.12ksi
Aoh 59.4in?

Ph 31.8in

At 0.0767in?

fyt 38.4ksi

S 4}in

‘ 30|Degree
ATTN:

In Eq-4, the value for f'c has to be in psi.

Modify Eqg-7 for hollow sections, ACI-08, Eq(1]
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AC| APPROACH:

V. =V+Vs Eg-1
T=2"A*Af cot’ Kk a Eqg-2
V=A*, d*cot’ Kk a Eg-3
V=2(f'cf-*b,,d Eqg-4
A,=0.85A, Eg-5

A IS=TJ(2A.*cot’ O BV H(2d) Eqg-6

Note: The value of f'c for determining Vcis in (psi)

Ve | 9.205227kips
***According To ACI-08 Equation (11-18):
[(V/(bud))*+(T*Ph/(1.7A4%))*]*° ¢(10(f c)®
V (kips) T (kip.in) T (kip.in), ACI(11-18)
0 128.7842018 3331.746793
5 128.7842018 3331.727133
10 122.0362518 3331.668154
15 79.584191 3331.569853
20 37.13213018 3331.432226
24.3 0.623357883 3331.282411
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Total Spans Length

width, w 0.3 m
height, h 1 m
aitical section from 27 m
right support, L
Y onrete 2356 KN/m®
Wik ur 7.063 KN/m
V pesimental 225 KN Note - Vexperimental is the shear where it causes shear failure at critical
T e o st e SR LS L »=on o the mermber
Vait,ol 1] KN
Vit LL 225 KN

B100 simpLY SUPPORTEDC CASE:

5.4

AppendixB-Ver i ficati och0®@0

(Simply SupportedBeamg

Respons

Control : V-Gxy

KN

25.76286 KN.m
607.5 KN.m

633.26286 KN.m

B100D simMpLY SUPPORTEDC CASE:
Total Spans Length 5.4 m
width, w 0.3 m
height, h 1 m
aitical section from 27 m
rightsupport, L

Y eonaete 23.56 KNImS

Woekwt 7.063 KN/m
V xperimenta] 320 KN Note - Vexperimental is the shear where it causes shear failure at critical
I S e st e SO SR DL <5 ofthe mrmber
Vait,o.L ] KN

VoL 320 KN
KN
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Total Spans Lengt!

width, w

height, h

daitical seaion from
right suppont, L

“Feoncrew

25.76286
(Y . 5211
Mu 546.86286

Total Spans Lengt!

width, w

height, h

daitical seaion from
right suppon, L

Yeonarete

2576286
Mo 5859
Mu 611.66286

B10OL simpLy SuPPORTEDC CASE:

Total Spans Lengt!
width, w
height, h
aitial sedion from
right support, L
Yemaete 2356
Woekwt 7.068

Vemennerhl

vl:rit, DL 0

Vcrit, LL

25.76286
Mgt 6021
Mu 627.86286

B10OOH siMPLY SUPPORTEDC CASE:

B10OOHE siMPLY SUPPORTEDC CASE:

Control : M-Phi

Note: Vexperimental is the shear where itcauses shear failure ateritical
section of the member.

KN.m
KN.m
KN.m

KN/m
Note: Vexperimental is the shear where itcauses shear failure at eritical
section of the member.

KN.m
KN.m

KN.m

Control - M-Phi

b
W

KN/m
KN/m
KN Note: Vexperimental is the shear where it causes shear failure at critical
sedtion of the member.
KN

KN.m
KN.m
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B10OB simpLY SUPPORTEDC CASE:

Tatal Spans Len,
width, w
height, h
aitical section from
right support, L

Yeonarete

Woarue 7.068 KN/m

by
e

Neorte : Vexperimental is the shear where it causes shear failure at aritical
section of the member.

enpeiimental

Vit 0 KN

Vexp 204|KN
o e
Murt L 550.8 KN.m
Mu 576.56286 KN.m

BN100 simpLy SUPPORTEDC CASE: _ Control:V-Gxy Control : M-Phi

height, h
aitical section from 27 m
right support, L
Feonaete 23.56 KN/m®
Woarue 7.068 KN/m
Vemesimental KN Neorte : Vexperimental is the shear where it causes shear failure at aritical
section of the member.
Vit oL 0 KN

vcrit,LL

25.76286 KN.m
Mt 5124 KN.m
Mu 544.16286 KN.m

BND100 simpLY SUPPORTEDC CASE: Control: V-Gxy Control : M-Phi

Tatal Spans Len,

width, w m I
height, h m I
I

aitical secion from 27 m I
right support, L I

Neote : Vexperimental is the shear where it causes shear failure at critical
section of the member.
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BH100 simpLy supPORTEDC CASE:

Total Spans Lengt!

width, w

height, h

aitical section from
right support, L

25.76286 KN.m
Mt L 521.1 KN.m
Mu 546.86286 KN.m

BHD100 simpLy SuPPORTEDC CASE:

Taotal Spans Lengt!

width, w m

height, h m

aitical section from 2.7 m
right support, L

25.76286 KN.m
Mt L 750.6 KN.m
Mu 776.36286 KN.m

BRL10O0 simpLY SUPPORTEDC CASE:

Total Spans Lengt|

width, w m
height, h m
aitical sedion from 27 m
right support, L
Yomarete 23.56 KN/m"
Woerwt 7.068 KN/m
Vempeiimental KN

Contfrol : MPhi

Note : Vexperimental is the shear where it causes shear failure at critical
section of the member.

Control: MPhi

Note : Vexperimental is the shear where it causes shear failure at critical
section of the member.

Control: M-Phi

479.4

Note : Vexperimental is the shear where it causes shear failure at critical
section of the member.
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BM 100 siMPLY SUPPORTEDC CASE: - | __LOonfrof. WM _

aitical sedtion from

e
e oo

rightsupport, L
Yemerete 23.56 KN/m®
Woerwe 7.068 KN/m

V expeiiimental Mote : Vexperimental is the shear where it causes shear failure at critical
section of the member.

Veinnn 0

vl:l'iI,LL

KN.m

Mcin,LL 9234 KN.m
Mu 949.16286 KN.m
BM100D simpLy SUPPORTEDC CASE:
m
m
m
agitial sedion from 27 m
right support, L
E— 23.56 KN/m®
Woerwt 7.068 KN/m
Vexperimental KN Mate: Vexperimental is the shear where it causes shear failure at critical
section of the member.
Vo 0 KN
Verit,LL KN
KN
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(Continuous Beam)

SE100A-45 conminuous casE:

Control : V-Gxy B Control : MPhi

Total Span lengths
width, w
height, h

aritical section from right
support, L

Yamaete
Wit 6.9502 KN/m

I
I
I
I
I
I
:
09
1

Note: Vexperimental is the shear where it causes shear failure at critical
section of the member.

Vigitor 23.63290406 KN A resp2000=-Vresp2W00, 3oV an .
Veritga 201
224.6329041

Vempenimental

33.35339783

Mt 24113568 KN.m
Mu 274.4890778 KN.m

KN.m

SE100B-45 continuous cAsE:

Total Span lengths

width, w

height, h

aritical section from right
support, L

|
I
I
|
|
|
I
Yomaete O.d
Wkt 6.9502 KN/m 1
KN Note: Vexperimental is the shear where it causes shear failure at critical
section of the member.

Vemeiinuﬂ

Venior 23.632904106 KN

V'l:lit,l_L

KN.m

(VI 337.11008 KN.m
Mu 370.4634778 KN.m
SE100A-83 conminuous casE:

~ Control:V-Gxy Control : MPhi
Total Span lengths
width, w
height, h

aritical section from right
support, L

Yamaete

W 6.9502 KN/m I

Note: Vexperimental is the shear where it causes shear failure at critical
section of the member.

Vemeiinuﬂ
Veriton 23.63290406 KN
Vet 303
Vu 326.6329041
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Total Span lengths
width, w
height, h

critical section from right
support, L

Faonaete
Woekut

V empeirimental

VaioL 23.63290106

Mrna 33.35339783
M 437 8832
Mu 471.2365978

Total Span lengths
width, w
height, h

critical section from right
support, L

Faonaete
Woekwt

V expewimental

Voo, 23.63290406
Ve 516
539.6329041

33.35339783
M 619.03488
Mu 652.3882778

Total Span lengths
width, w
height, h

critical section from right
support, L

Fonaete:
Woekmt

V opesrimental

VaitoL 23.63290106

Mrna 33.35339783
Mireie 699.41344
Mu 732.7668378

SE100B-83 conTiNuOUS CASE:

SE100A-M-69 conTiINuOUS CASE:

SE100B-M-69 conTiNnuoUS CASE:

Control : MPhi

Note : Vexperimental is the shear where it causes shear failure at critical
section of the member.

KN.m

KN.m
KN.m

Control : M-Phi

¢
KN Note : Vexperimental is the shear where it causes shear failure at critical
section of the member.

KN.m
KN.m
KN.m

KN Note : Vexperimental is the shear where it causes shear failure at critical
sedion of the member.

KN.m
KN.m
KN.m
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AppendixC-Sol Eed mpl es using the Devel
Design Tool
Example 1:

This example calculates the shear / Torsion reinforcement for a section of-gieepsed

girder shown irFigure C.1. Geometry and reinforcement arrangement is showagure C.2.

Details of Example Bridge
¢
}

f T c.g.s of strands i
727 =S _14;92;!"~ S 7.33" | T
l | e e Bty i ] |

15" [
3--_.1 '-_ |
f————-— L/3=34!-4" FU6—17' 2”—'1
] Span L=103'-0"
Elevation
) 10! oll ! 10! 0" ,! 1ol oll
4'-57" Cross Section 4'-53"

Figure C.1the girder used in this example, and a cross section of the bridge

The crosssection geometry and reinforcement is as follows:

Girder height =72 in.

f'c of the girder concrete =8000 psi
Deck thickness =7.51in.
Deckthickness on the girder flange =8 in.

f'c of the Deck concrete =4000 psi
Total height (including the Deck part) =80 in.
Effective width (k) =98 in.

Width of the web =8 in.
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Width of the lower flange =28 in.

Prestressing strands =541 / &trands

Prestressing stress =270 ksi

Area on flexural tensile side,cA =580 irf

Centroid of strand on support =14.92 in. from lower edge of the girder

Area of the regular (nepre-stressing)
steel on the section:sA =0.0 irf

Slab b, = 98" £.'=4000 ps|
| 42" | '

7 o ¢

|
| b 7.5"
!
-1-.—!
!
|

t— g~

#4 Stirrups
— 4,=60 psi ®

. . ' ._‘ Flexural tension side

54-1/2"strands A= 580 in’
270 ksi

28™

Strand pattern at |  Strand pattern in
ends of beam middle third of span

Figure C.2 Beam cross section showing general geometry and reinforcement

Demanded shear and moment values at various locations along the beam are shown in
Figure C.3. These values have been evaluated using the AASHTO loading standards and the
envelope is provided at tenth points. Note that there was no torsion in this bridge, which was
selected as a sample to be used to test the program. Howewdenianstration purpose, various

levels of torsion will be considered to check the program performance.
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Shear and Moment Values

V, (Kips)

852 303 419

2357
3944 M, (kip-ft)

6864

8761
9794 9632

Figure C.3 Demanded shear and moment values at various locations along the beam

Preparing the input data:

Before calculatig the required input data, it should be noted that the values of the input
data for various parameters depend on factors that are beyond the scope of this project. So, it is
assumed that for each case, the user, will calculate the necessary valuesided firem as the
i nput data. The fidesignedo shear and torsion
data.

On the other hand, depending of the case (girder geometry, demanded load level,
reinforcement arrangement, and location of the sedi@nptrutand Tie Model should be used
in lieu of the process implemented the program. Decrease-strpssing force based on the

bonding situation is another factor that needs to be addressed by the user.

Section:
The section located at a distance eqo&0% of the girder length (span) is selected for

design in this example. The distance between the supports, center to center, is equal to 103 feet.

So, the distance between the support and the
The demanded values atthsst i on, | ocated at 0.2*10306=20
M,=6864 Kkipft
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V=293 kips

N,=0.0 Kkips

T,=988 kipin

The profile of the prestressing strands is shownRigure C.1. The slope of the pre
stressing strands starts at a distance 3406 40
theprstressing strands i s | oc artedgeoftheasecaon.ilesi ght of
centroid is at a height of 14. 920 westressinge supp

force and the horizontal direction will be:

OkT PBCXII Lour wik
O®WO0o pC
Therefore
OAT %Wu & T % Rie:
So, the angle:
| P BUQQQ % H&o

Note that design of the girder includes flexural design as well, and it is, in turn, related to
the shear/torsion. As examplegethmount of longitudinal reinforcement comes not only from
flexure but also the amount needed for torsion. Following, shows the brief calculations for

evaluation of the flexural strength at the rsjghn, as compared to the demanded value.

0.85 x 4
i— 98! ,]l 0.003 = 3.40 ksi 3.251
L i 1T 76" &5l <2165 kips

d,=72.7-3.35
=69.3"

h=80"
M, = 2165 x89:3
12
= 12500 kip-ft
T'=54x0.153 x 262
= 2165 kips

12500 kip-ft > 9790 kip-ft
Hence flexural capacity O.K.

Figure C.4 Calculation of the flexural strength at the rsiolan
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Area of the prestressing steel on the tensile side of the section:
Number of strands: 54

Area of each strand: 0.15&in

Ap<=54%0.153 iA=8.262 irf

As=0.0 irf (Area of regular steel)

The length of the outside perimeter of the concrete section

P=2xpt ¢ Vg o1 11T U @1 Vlw po v ¢Cp

P:=249.31 in or B=250 in

Perimeter of the centerline of the closed transverse torsion reinforcement (in.)
Ph=2x(X @ UL Pn =162 in

Total area enclosed by outside perimeter of concrete -sexsson (in2):

Ag=2%(L Y — Y pC - T XGC ¥ po —

Ac=1065 irf A.=580 irf

Width of web adjusted for the presence of ducts (in.); width of the interface (in.)
b,=8 in. b,=8 in.

h=80"

Figure C.5 Calculating the section properties at 0.2L

Area enclosed by the shear flow path, including any area of holes therein (in2)
A,=5x76  A,=380 irf

Distance from extreme compression fiber to the centroid of thetgesingendons (in.):
d,=80-10.73 dy,=69.6 in
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Examplel MathCAD Solution

LRFD Shear and Torsion, using Sectional Model
(SECTION 5, Interim 2008, Revised based on 2010)

IMPORTANT to Note: changing the unit system will lead to inaccuracy of the results, since
most of the factors are based on teh US system

Example 1 (Please see the WORD File for detailed information)

1) Please see the WORD file for graphical definition of the parameters.
) The PDF file with links can help you with jumping to a desired location
3) Some parameters such as A, Py, etc., need to be evaluated beforehand due to possible

rregularities associated with various sections. Also, demanded loads are closely related to the
pbridge configuration and related load combination. This file, ONLY addresses shear/torsion part of
design.

f the distance between zero-shear point and the face of support is less than 2d (d is the
pistance between the compression side and centriod of tensile reniforcement) OR a concentrated
oad causing more than 1/2 of the shear at a support is closer than 2d from the face of
Bupport, this method is not applicable. You need to use Stut-and-Tie Model (Section 5.6.3).

N GENATRAL: Where the "plane sections assumption of felxural theory" is NOT valid,
Btrut-and-Tie Model should be used.

Enter your data in the highlighted (yellow) fields

INPUT DATA:

Section Geometry:

h := 80in Overall section depth (in)

h .= 75in Depth of the non-composite section (in)

PR 2 total area enclosed by outside perimeter of concrete cross-section (in2).

cp m Having the section, this value needs to be calculated

P = 220in the length of the outside perimeter of the concrete section
(in.). Having the section, this value needs to be calculated

Ay = 380inz area enclosed by the shear flow path, including any area of holes therein (in2).
Having the section, this value needs to be calculated

B perimeter of the centerline of the closed transverse torsion reinforcement

(in.). Having the section, this value needs to be calculated
b, = 8in width of web adjusted for the presence of ducts (in.); width of the interface (in.)

OR: effective web width taken as the minimum web width, measured parallel
to the neutral axis, between the resultants of the tensile and

compressive forces due to flexure, or for circular sections, the diameter of
the section, modified for the presence of ducts where applicable (in.)
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b, = 8in  Width of web (in.)

distance from extreme compression fiber to the centroid of the nonprestressed

il = 72 tensile reinforcement (in.)
4L 6o distance from extreme compression fiber to the centroid of the prestressing
P i tendons (in.)
SecType := "Solid" Type of the cross section to design
d; == 74in distance from extreme compression fiber to the centroid of the extreme
tensile reinforcement on teh section (it is different from d)
Ccomp = 20in Depth of the compression zone (you need to calculate it depending on the

geometry of the section, amount of the reinforcement on tensile and
compression side and material properties)

The section will be specified depending on the input data for regular and/or prestressing
steel to check if the girder is nonprestressed, prestressed, or partially prestressed.

Reinforcement:

A = O.Oin2 area of the non-prestressing tensile reinforcement on the section

E, = 29000ksi modulus of elasticity of reinforcing bars (ksi)

_ . 2 area of the pre-stressing steel on tensile side of the member as in Fig 1 (Word)
Aps = 820210 g1 o PDF file page 5-73

Ay = 0,31in2 area of the cross section of the lateral reinforcement (here #5, change
accordingly)

Njeg = 2 Number of the legs of the lateral reinforcement

A, = Ab'nleg Area of the shear reinforcement (used for torsion as well)

HasMin = "yes" Put "Yes" if section Contains minimum or more lateral reinforcement

Material Propetrties:

ConType := "Normal" put one of the: "Normal”, "AllLightweight", "SandLightweight"
f. == 6ksi compressive stregth of concrete
fy = 60ksi yield strength of the non-prestressing tensile steel

fpy = 60Ksi yield strength of prestressing steel (ksi)
(can be calculated) compressive stress in concrete after prestress losses have
occurred either at the centroid of the cross-section resisting transient loads or at
the junction of the web and flange where the centroid lies in the flange (ksi)

fpc = 1ksi



fpu = 270ksi  specified tensile strength of prestressing steel (ksi)

fl) = 32ksi Assumed value for long-term losses of prestressing steel (ksi)

%)i = 0-7'fpu You may change the value if there are explicit information

fpi = 189-ks1

Ep = 28600ksi Modulus of elasticity of prestressing tendons (ksi)

fet specified = "No"

f.1:= 0.2ksi (If you have a lightweight concrete, put "Yes" if f available and enter the

value, otherwise, put "No" and ignore f ) average splitting tensile strength of
lightweight concrete

oy, = 88.95deg  This is the angle between the prestressing force and postive direction of shear
force (demand).

ag = 0.25in maximum aggregate size

o= 90deg angle of inclination of transverse reinforcement to longitudinal axis (°)

correction factor for source of aggregate to be taken as 1.0 unless

i) = L determined by physical test, and as approved by the authority of
jurisdiction (see 5.4.2.4)
w,, = 0.145 ﬂ unit weight of concrete (kcf); refer to Table 3.5.1-1 or Article C5.4.2.4
£
5 A is the area of concrete on the flexural tension side of the member as
= S0 shown in Figure 1 (in.?). It is calculated as teh area bellow the centroid of

the non-composite section. It can also be calculated as the area of the
non-composite section, divided by the height of the non-composite
section, then multiplied by half of the overall height of the section.

maximum distance between layers of longitudinal crack control
reinforcement, where the area of the reinforcement in each layer is not
less than 0.003b.sx, as shown in Figure 3 (in.)

SCrackControl = 210

Demanded Shear and Torsion, Moment, Axial Force:

The induced internal shear and torsion in the section by the applied factored loads
V, = 293kip T,, == 988kip-in M, := 82368kip-in N := Okip positive is tensile
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Calculations and Design:

average stress in prestressing steel at the time for which the nominal resistance of
member is required (ksi)

fps = Tpi ~ fi? [ = 137k

Vp is the component in the direction of the applied shear of the effective prestressing force;
positive if resisting the applied shear (kip) (C5.8.2.3) (can be calculated if the angle is known)

A

Vp = 23.77-kip

1.5 ft3 -
E.:= 33000K;-w. ~-| — . /f -ksi
€ 1" "¢ kip C

E, = 4.463 x 103-ksi Modulus of elasticity of concrete (ksi) (5.4.2.4)

ApsTpy
Aps'fpy + As'fy

PreStress .= | "Prestressed" if PPR = 1.0 — "Prestressed"

PPR =

otherwise
"Nonprestressed" if PPR = 0.0

"Partial prestressed” otherwise

The string variable "Prestress" shows the prestressing condition of the section.

Evaluation of stregth reduction factors ¢, for flexure, shear, and torsion:

The following algorithm addresses Article 4.5.4.2.1, and Equations 5.5.4.2.1-1 and
554212

(See: Article 5.5.4.2), p 5-25 |

& -3
g, == — e, =2.069 x 10 ~
Y E y
S
¢bsY = Je, if PreStress = "Nonprestressed”
-3
0.002 otherwise ebsY = 2x 10
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Evaluation of the flexural strength reduction factor:

BT = 0.9 WiT = This temporal variable is for implementation of
puT =09+ 0.1.PPR  phiT =1 prestressing condition (normal, partial, or full)

C5.5.4.2.1 states that "For sections subjected to axial load with flexure,
factored resistances are determined by multiplying both
Prand M»by the appropriate single value of ¢

¢bf = |phiT if Ccomp < 0.375-d;

otherwise
- 0.003
COMP " 0.003 + ebsY

0.75 — phiT
phiT + - -(Ccomp - 0'375'dt) otherwise

0.003
—_—.d, — 0.375-(1t
0.003 + ebsY

phiT if ¢ t

t

dp =1 de = Of As per C5.5.4.2.1

Evaluation of the shear and torsional strength reduction factors based on 5.5.4.2

¢, = |0.9 if ConType = "Normal" ¢ = 0.9 if ConType = "Normal"

0.7 otherwise 0.7 otherwise

dp =1 by =09 [o,=09 b =1

Aot d +A_f -d
d = sy s * Apslps [Equation 5.8.2.9-2] AASHTO 2010

€ Agt, + Apgto

Calculating the value of d :

effective shear depth taken as the distance, measured perpendicular to the neutral axis,
between the resultants of the tensile and compressive forces due to flexure; it need not be
taken to be less than the greater of 0.9 deor 0.72h (in.)

To calculate d,,, using the commentary C5.8.2.9-1, assuming M_=M /o, we have:

&)
of [c 538297 |

T ALt AL
sy ADS fPS d, = 63.5in

dyp:
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dy = 1nax(0.9de,0.72-11,dvl) (Art. 5.8.2.9)

dy, = 63.5-in}
Calculate the Shear Stress:
V., - (1) ,"V -
V= u—\pl (Eq 5.8.2.9-1) Induced demanded shear stress
d)v'bv'd\.' AASHTO 2010

Note that this should be v, (equivalent to v,,/¢)
pnd not v, or we need to remove the strength
reduction fator. It is the same in 2010 as well.

Vi = 0.594-ks1

Calculating S, (maximum permissible spacing of lateral reinforcement) considering the

demanded shear stress (Eqgs. 5.8.2.7-1 and 5.8.2.7-2) will be done when the shear
reinorcement, if needed, is designed

Following is evaluation of the Acp2/pC so that we address a cellular case, per 5.8.2.1-5

Acpz
Val = if SecType = "Solid"
P¢
otherwise
5 5 (Equation 5.8.2.1-5)
Acp Acp
it <2A,b,
Pe Pe
2A,'by, otherwise
Calculate Cracking Toresion (ho segmental): (Equation 5.8.2.1-4)
fpc

= ]0.125- [ -ksi-Val- [1 + if ConType = "Normal"

- 0.125- [f Ksi

otherwise
foe
0.125-min(4.7-f ., ff;ksi -Val- |1 + if £ e 1="Yes"
(47 e 1) j 0.125 min4.7£ [Tksl) O SPeeed
otherwise

fpe
0.125-0.75 [f_ksi
fpe

0.125-0.85 [f_-ksi

if ConType = "AllLightweight"

0.125.0.75 fc-ksi<Va1<jl i

otherwise

0.125-0.85 fc-ksi‘Val‘jl i

3., .
T, = 3.868 x 10" -kip-in}
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Check if the torsion can be ignored:

IgnoreTorsion := |"Yes" if T, <0.25-¢p T, (Equation 5.8.2.1-3)

'"No" otherwise

|IgnoreTorsion = "No" |

Calculating the demanded equivalent shear force:

Note that here, since the equivalent shear can be used for checking the section, we
have to use the T, regardless of being less that 0.25 times the cracking torsion or not.

2
. 0.9pp Ty ¢ SecTvne = "Solid" (Equation 5.8.2.1-6 and
ueq™ u Tt A if SecType = "Soli 5.8.2.1.7)
Tu'ds .
Vu 4 otherwise :
et Vu_eq = 348.962-kip

This equivalent V,, eq

ptherwise the shear and torsional steel need to be evaluated as needed and then added up
shear as per 5.8.3.3 and Torsion as per 5.8.3.6.2)

is just for checking the adequecy of the section, when needed,

Calculating the shear strength provided by concrete, V

. . a parameter taken as modulus of elasticity of prestressing tendons

t]30 = O'7tpu multiplied by the lockedin difference in strain between the prestressing
tendons and the surrounding concrete (ksi). For the usual levels of
prestressing, a value of 0.7 fouWill be appropriate for both pretensioned and
post-tensioned members

Calculating &; using equation 5.8.3.4.2-4

IMPORTANT Note: Deduct a portion of the area of the bars and tendons terminated less
than their development length from the section that you are designing for, with the same
proportion as their lack of full length (Here, the development length of a bar can be evaluated,
and then having the actual length, the area can be reduced proportional to the ratio of
available length to development length.

Addressing the requirement to have M, used not to be less than (Vu-Vp)dV, we use M,
as follows:

My = My My = [(Vy = V)4 [Article 5.8.3.4.2) |

(Vu = Vp)'dv otherwise

My, = 8.237 x 104-kip-in
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Note that 1) A, and Aps should be reduced proportionally if a lack of full development length
to the section under design 2) If closer than d,, to the face of support, use g at distance d, to
evaluate g and 0

[Mu|
—_— 05N+ |[V. - V.| - A__f
d, b | voL | Aps tpo (Equation 5.8.3.4.2-4)
Eg Ag+ EjrApg

€

S

=3
g1 = 2.051 x 10

[Article 5.8.3.4.2) Page 5-72 (2008)_ Page 5-71 (2010) |

| |
My R
—_— 5N+ V.-V — A 5
\Y ! | : pl ; tpo This and the follwing are

£ .~ = if e.; <0.0 .
s2 sl evaluates resisel
EgAg+ Ep-Apg + Eg Ay g P y

and does not use zero.

€s1 otherwise

.
€¢r = 2051 x 10

For pretensioned members, fpocan be taken as the stress in the strands when the concrete is
cast around them, i.e., approximately equal to the jacking stress. For post-tensioned members,

foo Can be conservatively taken as the average stress in the tendons when the posttensioning is
completed.

L o s -4
€s1= |Es < 00004 if &5 <—4.0x 10 " 15ing care of the last condition on

eg < 0.006 if £y > 0.006 evaluation of e,

€y otherwise - (Article 5.8.3.4.2)
e.— 2051 x 10 ~ | [Page 5-72 to 74 (2008),
Page 5-71 to 73 (2010)

NOTE

For sections closer than dy to the face of support the value for g, calculated at dy from the face
of support may be used to evaluate p and 6

If the axial tension is large enough to crack the flexural compression face of the section, the
value calculated should be doubled.

Sy = min(dv’SC‘rackControl) Reinforcement in each layer not less than 0.003b s,

Sy = 2-111
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o s 1.38 (Equation
xel =X 563ip  P-8.3.4.2-5)

g
See = |12 if Syel < 12
otherwise
80 if Sxel > 80
S otherwise
xel Sro B
4.8 . . -
f:= |—— if HasMin = "Yes" (Equations 5.8.3.4.2-1 and 2) |
1+ 750‘55
4.8 ol otherwise
1+ 7508 | | 39 + sy B=4.727
B3 2Rty & SSILEEE (Equation 5.8.3.4.2-3) | Here we use deg to get the angle

in deg for further calculations

0 = 29.072-deg

Vi = 0.0316-p [fksi-b,-d, (Equation
5.8.3.3-3)

V. = 185.882-kip

Designing the transverse reinforcement for SHEAR (Note that the A /s will be evaluated. Then
when we have Torsion as well, we can add them appropriately depending on the type of section)

Check if we need shear reinforcement per 5.8.2.4-1

NeedShear := | "Yes" if V,, > O.S-d)v-(VC 4 Vp) quuation 5.8.2.41) |

"No"  otherwise [NeedShear = "Yes" |

Here we need to check for mininum reinforcement as per 5.8.2.5 (AASHTO 2010)

. 2
Ay = 0.62:mm

VT
V, = min{—u,O.ESfC-‘b\,-dV + ij V, = 325.556-kip Based on Eq. 5.8.3.3-1 and 2|
v

Vgi=Vp = Ve o Vp Here S, actually means the "s" based on the minimum
requirement, otherwise, this is the limit for spacing and the
Vg = 115.903-kip specing should be less or at most equal to this
A\,-fy

S = $.... = 60.075-in
M 003160, [Tk O Eq. 5.8.2.51
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. Av-fy-d\,-(cot(e) + cot(a))-sin()
Sreq = if| Vi < 0,854 v

s \Equation 5.8.3.3-4 |
Sreq = 36.66-in
5= min(smax, Sreq)
s = 36.66-1n

Based on 5.8.2.7 and 5.8.2.9, we need to evaluate the final spacing by finding the othe
maximum limits as follows:

Smax2 = if (Vy < 0.125-f,,min(0.8-d,., 24in), min(0.4-d, 12in)) [EQs. 5.8.2.7-1 and 5.8.2.7-2)

. — ’7 4. M
Smax2 = 241

The spacing of the transversal reinforcement is as follows:

Sactual "= mm(s ) SmaXZ)

24-1n

Sactual =

To address 5.8.3.3-2 , The upper limit of V, given by Eq. 2, is intended to ensure that the
concrete in the web of the beam will not crush prior to yield of the transverse reinforcement.

Note that V /o -Vp should be less than 0.25 f_b, d,, otherwise

section is not enough and concrete crushes due to local shear
demand.

Check if the section is enough:

0.25-f,b,-dy, = 762-kip

M Equation 5.8.3.3-2
SecEnough := |"Yes" if — — Vp <0.25-4b-d,, (Equation 5.8.3.5-2) |

v

"STOP and Change Section" otherwise

|SecEnough = "Yes" |

Also we need to specify where we have to switch to strut-and-tie model

Note : Vp is the vertical component of the prestressing force (as has

already been evaluated by using the angle a, )

Finding the ratio of avss:Av/s for shear:

A,

S
actual avss = 0.026-1r

ERVAV)

avss =



Design for Torsional lateral reinforcement:

Note that if we have a torsion that cannot be ignored, we design the lateral reinforcement
for that and we call that avst. later we add the shear and torsion reinforcement properly.
Corresponding longitudinal steel will be calculated as well.

Tll

by
avstl := L if IgnoreTorsion = "No" (Equation 5.8.3.6.2-1) |
2-A0-fy-cot(9)

0.0 otherwise

avstl = 0.013-in This is for one leg
avst ;= 2-avstl avst = 0.027-in
avs ‘= avss + avst This is the total lateral reinforcement needed for shear and torsion

v

A
SShearTorsion ‘= floor avein )

11-in

SShearTorsion =

Design for Torsional longitudinal reinforcement: (Article 5.8.3.6.3 Longitudinal

Reinforcement) [Also consider Eq. 5.8.3.5-1]
> (045ppT, )
— O.S-VS + | —
2-A, by

M 0.5-N
1
tmpVal := | 4 | + 4 + cot(0)- [
Note that A is the additional

Pg-dy Pe
otherwise steel needed due to torsion

vl]
by

tmpVal = 1.775 x 103-kip

Ay:= 0.0 if IgnoreTorsion = "Yes"

if SecType = "Solid"
_ Eq. 5.8.3.6.3-1 |
0.0 if Aps'fps + AS-fy > tmpVal
tmpVal — A
fy DS fps — As otherwise
Tu'Ph . Eq.5.8.3.6.32 |
——— otherwise
cbt-z-AO-fy
Al = 7.962-in2
A total i= Ag + Ay Note that distribution of A, should be evenly around the section
.2
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Example?2
Solutionusing the Developed
MathCAD Design Program
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Example2 MathCAD Solution

LRFD Shear and Torsion. using Sectional Model
(SECTION 5, Interim 2008, Revised based on 2010)

IMPORTANT to Note: changing the unit system will lead to inaccuracy of the results, since
most of the factors are based on teh US system

Example 2 (Using some numbers for an assumed section to check the functionality)

1) Please see the WORD file for graphical definition of the parameters.

D) The PDF file with links can help you with jumping to a desired location

3) Some parameters such as A, P, etc., need to be evaluated beforehand due to possible
rregularities associated with various sections. Also, demanded loads are closely related to the
bridge configuration and related load combination. This file, ONLY addresses shear/torsion part of
design.

f the distance between zero-shear point and the face of support is less than 2d (d is the
distance between the compression side and centriod of tensile reniforcement) OR a concentrated
oad causing more than 1/2 of the shear at a support is closer than 2d from the face of
Bupport, this method is not applicable. You need to use Stut-and-Tie Model (Section 5.6.3).

N GENATRAL: Where the "plane sections assumption of felxural theory" is NOT valid,
Btrut-and-Tie Model should be used.

Enter your data in the highlighted (yellow) fields

INPUT DATA:

Section Geometry:

h == 54in Overall section depth (in)

h = 54in Depth of the non-composite section (in)

total area enclosed by outside perimeter of concrete cross-section (in2).

.2
= (292 : . .
ACP = (29231) Having the section, this value needs to be calculated

D == 216in the length of the outside perimeter of the concrete section
(in.). Having the section, this value needs to be calculated
A, = 3601112 area enclosed by the shear flow path, including any area of holes therein (in2).
Having the section, this value needs to be calculated
b= el perimeter of the centerline of the closed transverse torsion reinforcement
(in.). Having the section, this value needs to be calculated
b, = 8in width of web adjusted for the presence of ducts (in.); width of the interface (in.)

.
OR: effective web width taken as the minimum web width, measured parallel
to the neutral axis, between the resultants of the tensile and
compressive forces due to flexure, or for circular sections, the diameter of
the section, modified for the presence of ducts where applicable (in.)
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b, = 8in width of web (in.)

distance from extreme compression fiber to the centroid of the nonprestressed

G = ol tensile reinforcement (in.)
d = 471 distance from extreme compression fiber to the centroid of the prestressing
P 47 tendons (in.)
SecType = "Solid" Type of the cross section to design
d; == 52in distance from extreme compression fiber to the centroid of the extreme
tensile reinforcement on teh section (it is different from d,)
Ccomp = 14in Depth of the compression zone (you need to calculate it depending on the

geometry of the section, amount of the reinforcement on tensile and
compression side and material properties)

The section will be specified depending on the input data for regular and/or prestressing
steel to check if the girder is nonprestressed, prestressed, or partially prestressed.

Reinforcement:

A= 012_71112 area of the non-prestressing tensile reinforcement on the section

E = 29000ksi modulus of elasticity of reinforcing bars (ksi)

e area of the pre-stressing steel on tensile side of the member as in Fig 1 (Word)
Aps = 35" file or PDF file page 5-73

Ay = 0.31in2 area of the cross section of the lateral reinforcement (here #5, change
accordingly)

Djeg = 2 Number of the legs of the lateral reinforcement

A, = Ab'nleg Area of the shear reinforcement (used for torsion as well)

HasMin := "yes" Put "Yes" if section Contains minimum or more lateral reinforcement

Material Properties:

ConType = "Normal" put one of the: "Normal”, "AllLightweight", "SandLightweight"

t. == 4ksi compressive stregth of concrete

fy = 60ksi yield strength of the non-prestressing tensile steel

fpy = 300ksi  Vield strength of prestressing steel (ksi)
(can be calculated) compressive stress in concrete after prestress losses have
occurred either at the centroid of the cross-section resisting transient loads or at

the junction of the web and flange where the centroid lies in the flange (ksi)
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fpu = 270ksi  specified tensile strength of prestressing steel (ksi)

fg = 32ksi Assumed value for long-term losses of prestressing steel (ksi)

fpi = 0-7'fpu You may change the value if there are explicit information

fpi: 189-ksi

Ep == 28500ksi Modulus of elasticity of prestressing tendons (ksi)

fCt_SpCCiﬁCd = "No"

fr = 0.6ksi (If you have a lightweight concrete, put "Yes" if f available and enter the

value, otherwise, put "No" and ignore f) average splitting tensile strength of
lightweight concrete

oy = 90deg This is the angle between the prestressing force and postive direction of shear
force (demand).
ag = 0.25in maximum aggregate size
o= 90deg angle of inclination of transverse reinforcement to longitudinal axis (°)
— correction factor for source of aggregate to be taken as 1.0 unless
I determined by physical test, and as approved by the authority of

jurisdiction (see 5.4.2.4)

W, = 0.145 Ly unit weight of concrete (kcf); refer to Table 3.5.1-1 or Article C5.4.2.4

A is the area of concrete on the flexural tension side of the member as

Sgp= I shown in Figure 1 (in.?). It is calculated as teh area bellow the centroid of
the non-composite section. It can also be calculated as the area of the
non-composite section, divided by the height of the non-composite
section, then multiplied by half of the overall height of the section.

maximum distance between layers of longitudinal crack control
reinforcement, where the area of the reinforcement in each layer is not

less than 0.003bvsx, as shown in Figure 3 (in.)

SCrackControl = 210

Demanded Shear and Torsion, Moment, Axial Force:

The induced internal shear and torsion in the section by the applied factored loads
V, = 211kip T, == 5450kip-in M, := 12130kip-in N, := 10kip positive is tensile
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Calculations and Design:

average stress in prestressing steel at the time for which the nominal resistance of
member is required (ksi)

fps = Tpi ~ i fs = 157k}

Vp is the component in the direction of the applied shear of the effective prestressing force;

positive if resisting the applied shear (kip) (C5.8.2.3) (can be calculated if the angle is known)

Vi 1= Aps Tps <os{op)

Vp = 5.287 x 10 14-141110

15 ft3 -
E_:= 33000K, w. = | — - ff Iesi
C 1 Ve kip C

E, = 3.644 x 103.1(31 Modulus of elasticity of concrete (ksi) (5.4.2.4)

ADS'fpy
Aps-fpy + As-fy

PreStress ;= | "Prestressed” if PPR = 1.0 = "Partial prestressed"”

PPR =

otherwise
"Nonprestressed" if PPR = 0.0

"Partial prestressed" otherwise

The string variable "Prestress" shows the prestressing condition of the section.

Evaluation of stregth reduction factors ¢, for flexure, shear, and torsion:

The following algorithm addresses Article 4.5.4.2.1, and Equations 5.5.4.2.1-1 and
55.4.21-2

(See: Article 5.5.4.2), p 5-25 |

g ;
g, = — g, =2.069 x 10 ~
Y E y
s
ebsY := Je, if PreStress = "Nonprestressed”
S 3
0.002 otherwise ebsY = 2 x 10
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Evaluation of the flexural strength reduction factor:

WiT — 0.9 + 0.1.PPR WiT — 0.96¢ This temporal variable is for implementation of
phil:=09+0.1 phil = 0.968 prestressing condition (normal, partial, or full)

C5.5.4.2.1 states that "For sections subjected to axial load with flexure,
factored resistances are determined by multiplying both
Prand M»by the appropriate single value of ¢

¢bf = [phiT if Ccomp <0.375-d;

otherwise
. 0.003
COMP ™ 0,003 + ebsY

0.75 — phiT
phiT + = -(Ccomp - O.375-dt) otherwise

0.003
——d; — 0.375-4;
0.003 + ebsY

phiT if ¢ t

dg = 0.968 do = by As per C5.5.4.2.1

Evaluation of the shear and torsional strength reduction factors based on 5.5.4.2

¢, = |0.9 if ConType = "Normal" ¢ = 0.9 if ConType = "Normal"

0.7 otherwise 0.7 otherwise

ds = 0968 [[o, = 0.9 | [bg =09 b = 0.968

At d +A L d
d = sty s * Apslps [Equation 5.8.2.9-2] AASHTO 2010

€ Aty + Apetig

Calculating the value of d_

effective shear depth taken as the distance, measured perpendicular to the neutral axis,
between the resultants of the tensile and compressive forces due to flexure; it need not be
taken to be less than the greater of 0.9 deor 0.72h (in.)

To calculate d,, using the commentary C3.8.2.9-1, assuming M_=M /¢, we have:

=
- b [c5.8.2.9-7) |

N LT A,
Sy d,q = 7.706-in
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d, = 1nax(0.9de,O.72-11,dv-1) (Art. 5.8.2.9)

V

d,, = 43.56611

Calculate the Shear Stress:

[V = &y V| (Eq 5.8.2.9-1)

V., = — —

Y hybyd, AASHTO 2010

Induced demanded shear stress

Note that this should be v, (equivalent to v, /¢)
and not v, or we need to remove the strength
reduction fator. It is the same in 2010 as well.

vy = 0.673 ks

Calculating §_ .. (maximum permissible spacing of lateral reinforcement) considering the

demanded shear stress (Egs. 5.8.2.7-1 and 5.8.2.7-2) will be done when the shear
reinorcement, if needed, is designed

Following is evaluation of the Acpi’/pc so that we address a cellular case, per 5.8.2.1-5

Acp2
Val = if SecType = "Solid"
Pe
otherwise
5 5 YEquation 5.8.2.1-5)
Acp Acp
if <2A,b,
Lty Pe
2A,'b,, otherwise
Calculate Cracking Toresion (no segmental): (Equation 5.8.2.1-4)
fpc
or = [0.125- [f -ksi-Val- |1 + if ConType = "Normal"
0.125- 1 -ksi
otherwise
Ipe
0.125-min(4.7-f ., ff\-ksi -Val- |1 + if £ e ="Yes"
(47 o [T 5) ] 0.125 min(4.7 £y, [ksi) oo
otherwise
0.125-0.75 [ -ksi-Val- [1 + tpc if ConType = "AllLightweight"
0.125-0.75 [f -ksi
0.125-0.85 [f.-ksi-Val- |1 + tpc otherwise
0.125-0.85 [f-ksi

..
T = 1.889 x 10" -kip-in
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Check if the torsion can be ignored:

IgnoreTorsion := |"Yes" if T <0.25-¢p T, (Equation 5.8.2.1-3)

"No" otherwise

|IgnoreTorsion = "Yes" |

Calculating the demanded equivalent shear force:

Note that here, since the equivalent shear can be used for checking the section, we
have to use the T regardless of being less that 0.25 times the cracking torsion or not.

2
v |2 0.9py Ty £ SecTvne = "Sofid" (Equation 5.8.2.1-6 and
ueq= u _2-A0 if SecType = "Soli 5.8.2.1-7)
ol .
Vi, t 5 otherwise 3
2-A, Vu_eq = 2.136 x 10" -kip

This equivalent V eq is just for checking the adequecy of the section, when needed,

ptherwise the shear and torsional steel need to be evaluated as needed and then added up
shear as per 5.8.3.3 and Torsion as per 5.8.3.6.2)

Calculating the shear strength provided by concrete, V .:

. . a parameter taken as modulus of elasticity of prestressing tendons

t])0 - 0'7tpu multiplied by the lockedin difference in strain between the prestressing
tendons and the surrounding concrete (ksi). For the usual levels of
prestressing, a value of 0.7 fouwill be appropriate for both pretensioned and
post-tensioned members

Calculating &g using equation 5.8.3.4.2-4

IMPORTANT Note: Deduct a portion of the area of the bars and tendons terminated less
than their development length from the section that you are designing for, with the same
proportion as their lack of full length (Here, the development length of a bar can be evaluated,
and then having the actual length, the area can be reduced proportional to the ratio of
available length to development length.

Addressing the requirement to have M, used not to be less than (Vu-Vp)dv, we use M,
as follows:

Myp = My i [My] = (V- Vo) [Article 5.8.3.4.2)_]

(Vu = Vp)-dV otherwise

M, = 1.213 x 104-kip-in
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Note that 1) A, and Aps should be reduced proportionally if a lack of full development length
to the section under design 2) If closer than d,, to the face of support, use ¢ at distance d, to
evaluate g and 6

[Mu + 05Ny + |V = V| = Aperty
N bR R e ation 5.8.3.4.2-d)
5 EgAg + Ep-Apg
3

€q1 = —1.038 x 10

[Article 5.8.3.4.2) Page 5-72 (2008), Page 5-71(2010) |

[Mui|

ul

— + 05N+ |V.. -V | — £

v ! | ! p| Aps tpo This and the follwing are

E.ny = if €1 <0.0 :
s2 sl evaluates resisel
EgAg+ EpAng + EcAg £s: P y

) and does not use zero.
€1 otherwise

ey = —2475x 10

For pretensioned members, frocan be taken as the stress in the strands when the concrete is
cast around them, i.e., approximately equal to the jacking stress. For post-tensioned members,
f.o can be conservatively taken as the average stress in the tendons when the posttensioning is
completed.

o —4
i | Eg o SRR I gy < =l Taking care of the last condition on
e, « 0.006 if eg5 > 0.006 evaluation of e,
€4y otherwise [Article 5.8.3.4.2)

e = —2475x 10 || Page 5-72 to 74 (2008),
Page 5-71 to 73 (2010)

NOTE

For sections closer than dy to the face of support the value for g, calculated at dy from the face
of support may be used to evaluate B and 6

If the axial tension is large enough to crack the flexural compression face of the section, the
value calculated should be doubled.

S = min(dv’S(‘rack(‘ontrol) Reinforcement in each layer not less than 0.003b s,

S¢ = 2-11]
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1.38 (Equation

xel = 5T o 5.8.3.4.2-5)

g
Sye = 12 if Syel < 12
otherwise
80 if Syel = 80
Sgel otherwise ——
Sge = 12
8= |—2% i HasMin = "Yes" (Equations 5.8.3.4.2-1 and 2) |
1+ 750-6S
4.8 o1 otherwise
1+ '7’50&‘-3S 39 + Sxe B =5.894
o= By - llEEe, (Equation 5.8.3.4.2-3) | Here we use deg to get the angle

in deg for further calculations

0 = 28.134-deg

V. := 0.0316-3 ]f ‘ksi-b,,-d (Equation
‘ vy 5.8.3.3-3)

V. = 129.831-kip

Designing the transverse reinforcement for SHEAR (Note that the A /s will be evaluated. Then
when we have Torsion as well, we can add them appropriately depending on the type of section)

Check if we need shear reinforcement per 5.8.2.4-1

NeedShear = |"Yes" if ¥y > 056y(Ve + Vy)  [Equation 5.8.247) |

"No" otherwise |NeedShear: "Ves" |

Here we need to check for mininum reinforcement as per 5.8.2.5 (AASHTO 2010)

. 2
A,\, = 0.62'in

\’7
V= min[—u, 0.25f b,-d,, + VPJ V, = 234444 kip Based on Eq. 5.8.3.3-1 and 2|
Vv

Vo= Vu— Ve Vp Here S, actually means the "s" based on the minimum
requirement, otherwise, this is the limit for spacing and the
Vg = 104.613-kip specing should be less or at most equal to this
Ayt
Smax = - Smax = 73-376-in Eq. 5.8.2.5-1

0.0316-b, - [f ksi
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