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PREFACE
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Kansas utilizing academic and research resources from KDOT, Kansas State University and the
University of Kansas. Transportation professionals in KDOT and the universities jointly develop
the projects included in the research program.

NOTICE

The authors and the state of Kansas do not endorse products or manufacturers. Trade and
manufacturers names appear herein solely because they are considered essential to the object of
this report.

This information is available in alternative accessible formats. To obtain an alternative format,
contact the Office of Transportation Information, Kansas Department of Transportation, 700 SW
Harrison, Topeka, Kansas 66603-3745 or phone (785) 296-3585 (Voice) (TDD).

DISCLAIMER

The contents of this report reflect the views of the authors who are responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the views or the
policies of the state of Kansas. This report does not constitute a standard, specification or
regulation.
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Abstract

The shear provisions of the AASHTO LRFD Bridge Design Specifications (2008), as
well as the ssimplified AASHTO procedure for prestressed and non-prestressed reinforced
concrete members were investigated and compared to their equivalent ACI 318-08 provisions.
Response-2000 is an analytical tool developed for shear force-bending moment interaction based
on the Modified Compression Field Theory (MCFT). This tool was first validated against the
existing experimental data and then used to generate results for cases where no experimenta data
was available. Severa reinforced and prestressed concrete beams, either simply supported or
continuous were examined to evaluate the AASHTO and ACI shear design provisions for shear-
critical beams.

In addition, the AASHTO LRFD 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 codes can be extended to derive exact shear-torsion interaction equations that
can directly be compared to the experimenta results by considering all ¢ factors as one. In this
comprehensive study, different over-reinforced, moderately-reinforced, and under-reinforced
sections with high-strength and normal-strength concrete for both solid and hollow sections were
analyzed.

The main objectives of this study were to evaluate the shear and the shear-torsion
procedures proposed by AASHTO LRFD (2008) and ACI 318-08, validate the code procedures
against the experimenta results by mapping the experimental limit points on the code-based
exact ultimate interaction diagrams, and also develop a MathCAD program as a design tool for

sections subjected to shear or combined shear and torsion effects.
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Chapter 1: Introduction

1.1 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 members, and ACI 318-08 for reinforced concrete members are comparatively
studied. Shear-critical beams were selected to evauate the shear provisions for the mentioned
codes. Because of the absence of experimenta data for various beams considered for the analysis
and loaded with shear, Response-2000, which is an anaytical tool for shear force-bending
moment interaction based on the Modified Compression Field Theory (MCFT), was checked
against the experimental data for cases where such experimental data existed. Consequently, the
shear capacity of ssimply supported beams was slightly under-estimated by Response-2000, while
that of continuous beams was accurately quantified. To evaluate the corresponding shear
provisions for AASHTO LRFD and ACI Code; a ssimply supported double-T beam with harped
prestressed strands, continuous bulb-T beam with straight and harped prestressed strands, as well
as simply supported and continuous rectangular deep beams with and without longitudinal crack
control reinforcement were selected for further analysis. The shear capacity using the
aforementioned shear provisions has been calculated at various sections along the beam span and
the results are plotted in Chapter 5 of this report.

In addition, the AASHTO LRFD provisions for combined shear and torsion have been
investigated and their accuracy has been validated against available experimental data. 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 lend themselves to the development of exact
shear-torsion interaction equations that can be directly compared to experimenta results by
considering al ¢ factors to be equal to one. In this comprehensive comparison, different sections
with high-strength and normal-strength concrete as well as over-reinforced, moderately-
reinforced, and under-reinforced sections with both solid and hollow cross sections were

analyzed. The exact interaction diagrams drawn are aso included in Chapter 5 of this report.



1.2 Objectives

The following are the specific objectives of this study:
e Evaluate shear and shear-torsion procedures proposed by AASHTO LRFD
(2008) and ACI 318-08 side by side.
e Develop a MathCAD program to design sections subjected to shear or
shear and torsion.
e Vadlidate the procedure with experimental results by drawing exact

interaction diagrams and mapping limit experimental points on them.

1.3 Scope

Chapter 2 presents the experimental studies on shear or shear and torsion. In addition, the
design procedure for shear and combined shear and torsion using the AASHTO LRFD (2008)
Bridge Design Specifications, and ACI 318-08 are discussed in detail.

Chapter 3 addresses the validity of Response-2000 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 4 presents the flow chart for the developed MathCAD design tool for shear or
shear and torsion.

Chapter 5 presents the results and discussion with al the necessary plots for shear or
shear and torsion.

Chapter 6 presents the conclusions reached and provides suggestions or recommendations

for future research.



Chapter 2: Literature Review

2.1 General

Beams subjected to combined shear and bending, or combined shear, bending, and
torsion are frequently encountered in practice. Often times one or two of the cases may control
the design process while the other effect is considered secondary. In this study, structura
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 review of the experimental
studies and the design procedures for the structural reinforced concrete beams with negligible

bending effects.

2.2 Experimental Studies on Reinforced Concrete Beams Subjected to Shear Only

Even though the behavior of structural concrete beams subjected to shear has been
studied for more than 100 years, there isn’t enough agreement among researchers about how the
concrete contributes to shear resistance of a reinforced or prestressed concrete beam. This is
mainly because of the many different mechanisms involved in shear transfer process of structural
concrete members such as aggregate interlock or interface shear transfer across cracks, shear
transfer in compression (uncracked) zone, dowel action, and residual tensile stresses normal to
cracks. However, there is a general agreement among researchers that aggregate interlock and

compression zone are the key components of concrete contribution to shear resistance.

b— Shear span

Shear span—g

L

FIGURE 2.1 Traditional shear test set-up for concrete beams.

Figure 2.1 shows the traditional shear test set-up for concrete beams. From the figure, itis
concluded 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
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varying bending moment. It is very obvious that the results from such test could not be used to
develop a genera theory for shear behavior. Since it is amost impossible to design an
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 of beams has 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 axia load, a complex theory called Modified Compression
Filed Theory (MCFT) was 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 tensile
stresses could exist in the concrete between the cracks even at very high values of average tensile
strains. In addition, the value for angle 8 of diagonal compressive stresses was considered as
variable compared to the fixed value of 45 assumed by ACI Code.

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 the cross-section and the section is
considered as a biaxial element in case any axia stresses are present. This in turn produces the
basis of the sectional design model for shear where the AASHTO LRFD Bridge Design
Specifications have been based on (Bentz et a. 2006).

Even though the earlier AASHTO LRFD procedure to predict the shear strength of a
section was straightforward, the contribution of concrete to shear strength of a section was a
function of g and varying angle 6 for which their values were determined using the tables
provided by AASHTO. The factor £ indicated the ability of diagonaly cracked concrete to
transmit tension and shear. The modified compression field theory is now even more simplified
when simple equations were developed for f and 8. These equations were then used to predict
the shear strengths of different concrete sections and the results compared to that obtained from
MCFT. Consequently the shear strengths predicted by the ssmplified modified compression field
theory and MCFT were compared with experimental results.

To make sure that the shear strengths predicted by the simplified modified compression

field theory are consistent with experimental results, a wide range of concrete panels with and
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without transverse reinforcement were tested in pure shear or a combination of shear and axial
load (Bentz et a. 2006). These panels were made of concrete with various concrete compressive
strengths, f'., different longitudinal reinforcement ratios, p, and variety of aggregate sizes.

It was found that the results for both simplified modified compression field theory and
MCFT were amost exactly similar and both matched properly to the experimenta results. In
addition, the results were also compared with the AClI Code where it was pretty much

inconsistent in particular for panels with no transverse reinforcement.

*
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FIGURE 2.2 The ratio of experimental to predicted shear strengths vs. transverse
reinforcement for the panels.

Figure 2.2 shows that the ACI method to predict the shear strength of a concrete section
subjected to pure shear or a combination of shear and axial load under-estimates the shear
capacity of a section. However, the ssmplified modified compression field theory and MCFT
give relatively accurate results. Note that the horizontal line where the ratio of experimental to
predicted shear strengths equal to one represent a case where the predicted and the experimental
results are exactly 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 or over-estimated.



Because the points corresponding to the shear strength predicted by simplified modified
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 corresponding to Figure 2.2 are tabulated below. The data
provided below istaken from Bentz et al. (2006).



TABLE 2.1  Details of the cross-section and summary of the experimental results for the selected
panels.

Reinforcement Axial load Vexp/Vpredicted
fo o [ e | ¥Sa Simplified
Panel | ksi % | ksi in [ pA/fc| IV | Vewlfc| MCFT| MCFT | ACI
Yamaguchi et al, a;3=0.79 in

S-21 2.76 | 4.28 | 54.82 6 0.849 0 0.34 0.89 1.37 1.50
S-31 438 | 4.28 | 54.82 6 0.535 0 0.28 0.80 1.10 1.52
S-32 4.47 3.38 | 55.26 6 0.418 0 0.28 0.87 1.14 1.58
S-33 455 2.58 | 56.85 6 0.323 0 0.26 0.86 1.04 1.46
S-34 5.02 1.91 | 60.63 6 0.230 0 0.21 0.91 0.92 1.25
S-35 5.02 1.33 | 53.66 6 0.142 0 0.163 | 1.15 1.15 0.97
S-41 5.61 4.28 | 59.32 6 0.452 0 0.31 0.95 1.23 1.91
S-42 5.61 4.28 | 59.32 6 0.452 0 0.33 1.02 1.32 2.06
S-43 5.95 4.28 | 59.32 6 0.427 0 0.29 0.91 1.16 1.86
S-44 5.95 4.28 | 59.32 6 0.427 0 0.30 0.94 1.19 1.91
S-61 8.80 | 4.28 | 59.32 6 0.288 0 0.25 0.90 1.01 1.98
S-62 8.80 4,28 | 59.32 6 0.288 0 0.26 0.91 1.03 2.01
S-81 11.56 | 4.28 | 59.32 6 0.220 0 0.20 0.92 0.92 1.82
S-82 11.56 | 4.28 | 59.32 6 0.220 0 0.20 0.92 0.93 1.83

Andre a,=0.35 in; KP a,=0.79 in

TP1 3.21 2.04 | 65.27 | 1.77 | 0.208 0 0.26 0.92 1.02 1.21
TP1A 3.71 2.04 | 65.27 | 1.77 | 0.179 0 0.22 0.89 0.90 1.14
KP1 3.65 2.04 1 62.37| 3.50 | 0.174 0 0.22 0.89 0.90 1.12
TP2 3.35 2.04 165.27 | 1.77 | 0.199 3 0.114 ] 1.01 1.02 0.72
KP2 3.52 2.04 162.37| 3.50 | 0.18 3 0.106 | 1.03 1.06 0.68
TP3 3.02 2.04 | 65.27 | 1.77 0 3 0.061 | 1.27 1.34 2.75
KP3 3.05 2.04 1 62.37| 3.50 0 3 0.054 | 1.15 1.22 2.47
TP4 3.36 2.04 165.27| 1.77 | 0.396 0 0.35 1.09 1.39 1.68
TP4A 3.61 2.04 165.27| 1.77 | 0.369 0 0.35 1.14 1.41 1.77
KP4 3.34 2.04 162.37] 3.50 | 0.381 0 0.30 0.94 1.20 1.44
TP5 3.03 2.04 | 65.27 | 1.77 0 0 0.093 | 1.49 1.42 1.28
KP5 3.03 2.04 |1 62.37 | 3.50 0 0 0.063 | 1.01 0.98 0.87
*fyx Yield stress of longitudinal reinforcement.

**Sy Vertical spacing between the bars aligned in the x-direction.
***f v Ratio of axial stress to shear stress.

As stated earlier, 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 ssimple equations for g and 6. These
equations removed the need to use the table provided by AASHTO LRFD to find the values for



B and 6. In addition, the equations enable the engineers to set up a spreadsheet for the shear
design calculations.

To evaluate the AASHTO LRFD (2008) shear design procedure for shear-critical
sections, six prestressed and non-prestressed reinforced concrete beams were selected for
analysis. Among the total six beams considered, four of them were rectangular non-prestressed
reinforced concrete beams which were tested by Collins and Kuchma (1999) and are shown in
Figure 2.3 and Figure 2.4. The remaining two beams were prestressed Double-T (8DT18) and
Bulb-T (BT-72) with harped or a combination of harped and straight tendons shown in Figure 2.5
and Figure 2.6. Because the AASTHO LRFD shear design procedure takes into account the crack
control reinforcement of a section, two of the non-prestressed beams were selected to have crack
control (skin) reinforcement. Furthermore, to check the AASHTO LRFD shear design provisions
for different support conditions, three of 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 beams failed in shear at a certain location. Furthermore, the shear
strength of the beams at that particular location was aso determined using the analytical tool,
Response-2000, which is in turn based on MCFT. It was observed that the shear strength
predicted by Response-2000 varied by an average of +10% from the experimental results. Since
the intention was to evaluate 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 Response-2000. The validity of the results from Response-2000 is discussed in Chapter 3
of this report. Note that Response-2000 was also used to verify the predicted shear strength for
the prestressed beams. In addition to the AASHTO LRFD (2008), the shear design provisions for
the simplified AASHTO and ACI Code were also eval uated.
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2.3 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 members subjected to combined
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) showed that bending stresses can
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).
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Moreover, an interesting experimental program was developed by Raha 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 under-reinforced and over-reinforced 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 cracking torsion for Normal Strength Concrete (NSC) and High Strength Concrete
(HSC).

It is obvious that most of the design codes of practice today consider in many different
ways the effects of any of the combinations of flexural shear, bending, and torsional 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 318-08 shear and torsion
provisions are evaluated against the available experimental data for beams under combined shear
and torsion only. In addition, Torsion-Shear (T-V) interaction diagrams are presented for
AASTHO LRFD (2008) and ACI 318-08 and the corresponding experimental data points are
shown on the plots.

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 such efforts were limited to a certain range of
concrete strengths or longitudinal reinforcement ratiosp. 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 torsion. The properties for the reinforcing bars and cross-
sections for RC2 and other beams studied by the other are tabulated in TABLE and TABLE.

The Torsion-Shear (T-V) interaction diagrams for AASHTO LRFD provided by Rahal
and Collins have been drawn as linear connecting pure shear to pure torsion points. In fact, thisis
because of the absence of equations at that time for the factor § and 6, which were calculated

using discrete data from the tables proposed by AASHTO. The factor § as defined earlier
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indicate the ability of diagonally cracked concrete to transmit tension and shear, while 8 is the

angle of diagonal compressive stresses.

TABLE 2.2 Properties of reinforcing bars.

. Yield Yield Yield
Nominal
Dia(in) Actualerea stress stress stress
_ (in°) (ksi) (ksi) o (ksi)
% 0.315 0.0779 39.87 38.425 '=; -
= 0.394 0.1219 55.1 @ - % 67.57
S 0.47 0.1735 57.86 | - = -
£ 0.63 0.3117 55 - g -
0.71 0.3959 55.97 62.2 o -
0.87 0.5945 - 62.2 -
0.98 0.7543 53.65 - 69.6
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TABLE 2.3 Cross-sectional properties of the beam studied.
Concrete Dimensions Longitudinal Reinforcement
f'c Stirrups
Specimen*| Width | Height | Cover Top Bottom
b, (in) | h(in) | (in) | (ksi) | Type-1**|Type-2| Type-1**|Type-2| Dia (in) | Spacing,s,(in)

NU4 7.87 | 15.75 | 0.787 | 4.06 | 2d16 | 3d16 | 2d16 | 3d16 | 0.315 2.63
= NU5 7.87 15.75 | 0.787 | 3.915 2d16 3d16 2d16 3d16 0.315 2.63
% |NU6 7.87 15.75 1 0.787 | 3.9 2d16 3d16 2d16 3d16 0.315 2.63
-8? NO1 7.87 15.75 | 0.787 | 3.944 2d18 3d18 2d18 3d18 0.47 3.58
3 [NO2 7.87 15.75 | 0.787 | 3.87 2d18 3d18 2d18 3d18 0.47 3.58
o |[Hu3(Box) | 7.87 | 15.75 | 0.787 | 10.65| 2d16 - 2d16 - 0.4 3.58
HU4 7.87 15.75 | 0.787 | 10.9 3d18 3d18 3d18 3d18 0.4 3.58
HUS5 7.87 15.75 |1 0.787 | 11.1 3d18 3d18 3d18 3d18 0.4 3.58
HU6 7.87 15.75 | 0.787 | 10.87 | 3d18 3d18 3d18 3d18 0.4 3.58
HO1 7.87 15.75 | 0.787 | 10.82 2d25 2d25 2d25 2d25 0.47 3.03
HO2 7.87 15.75 | 0.787 | 10.73 2d25 2d25 2d25 2d25 0.47 3.03
1 7.87 11.81 [.787*** 3.12 |2d18,1d22] - 2d18,1d22 - 0.315 3.94
2 7.87 11.81 | 0.787 | 3.12 (2d18,1d22] - |2d18,1d22] - 0.315 3.94
3 7.87 11.81 | 0.787 | 3.12 (2d18,1d22 - 2d18,1d22 - 0.315 3.94
4 7.87 11.81 | 0.787 | 3.12 (2d18,1d22 - 2d18,1d22 - 0.315 3.94
4 5 7.87 11.81 | 0.787 | 3.12 (2d18,1d22| - 2d18,1d22 - 0.315 3.94
~ 6 7.87 11.81 | 0.787 | 3.12 (2d18,1d22] - |2d18,1d22] - 0.315 3.94
7 7.87 11.81 | 0.787 | 3.12 [2d18,1d22] - |2d18,1d22] - 0.315 3.94
8 7.87 11.81 | 0.787 | 3.12 (2d18,1d22 - 2d18,1d22, - 0.315 3.94
9 7.87 11.81 | 0.787 | 3.12 (2d18,1d22 - 2d18,1d22 - 0.315 3.94
10 7.87 11.81 | 0.787 | 3.12 (2d18,1d22 - 2d18,1d22 - 0.315 3.94
o] RC2-1 13.4 25.2 1.67| 7.82 5d25 - 5d25 5d25 0.4 4.92
f_% é RC2-2 13.4 25.2 1.67| 5.54 5d26 - 5d25 5d25 0.4 4.92
-:Z{z S RC2-3 13.4 25.2 1.67| 6.09 5d27 - 5d25 5d25 0.4 4.92
o RC2-4 13.4 25.2 1.67| 7.06 5d28 - 5d25 5d25 0.4 4.92

* HU=High strength Under reinforced; HO=High strength Over reinforced;

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 assumed to be 0.79 mm.

NU=Normal strength

During this study, exact Torsion-Shear (T-V) 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 linear. This is due to the fact that the

proposed tables for § and 6 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 ACI 318-08 shear and torsion

eguations for design, a wide range of specimens made of high-strength and normal strength

concrete loaded with shear, torsion, or a combination of both were investigated in this study. The
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cases studied included under-reinforced, moderately-reinforced, and over-reinforced sections.
Among the total 30 specimens studied, 22 were made of normal strength concrete while the
remaining eight were specimens with high-strength concrete. Two hollow under-reinforced
specimens, one made of high-strength 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 3 of thisreport.

Figures given below show some of the cross-sections for the specimens considered.

+—7.87" —¢ b—13.39" —42.76"

¢ ¢ 0.315” at ey
/_3.94"c/c

11.81”
25.2”

1 (P
i i / E.:.J

2 (0.717) Both top

b— ” —{q

1(0.87”) and Bottom 9.65
FIGURE 2.8 Typical beam sec-
FIGURE 2.7 Typical beam section tested by Klus. tion for RC2 series tested by Rahal

and Collins.
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FIGURE 2.9(a) NU2 & HUZ2; (b) For all other specimens; (c) Hollow section NU3 & HU3.

2.4 Procedure for Shear Design of a Concrete Section

The AASHTO LRFD Bridge Design Specifications (2008) proposes three methods to
design a prestressed or non-prestressed concrete section for shear. It is important to understand
that all requirements set by AASHTO to qualify a particular method have to be met prior to the
application of that method. In this report only two methods to design a section for shear i.e., the
genera procedure and the ssmplified procedure for prestressed and non-prestressed members are
discussed in detail. In addition, the current ACI provisions for shear design of a concrete section
are briefly described.
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2.4.1 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 Field Theory (MCFT). As stated earlier, this
theory has proved to be very accurate in predicting the shear capacity of a prestressed or non-
prestressed concrete section. It is important to note that the current AASTHO LRFD provisions
for the general method are based on the simplified MCFT.

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

Vo=V +Vs+Vp Equation 2.4.1

where:
5, = nominal shear strength
V. = nominal shear strength provided by concrete
V; = nominal shear strength provided by shear reinforcement

V, = component in the direction of the applied shear of the effective prestressing force

V. is a function of a factor g which shows the ability of diagonally cracked concrete to
transmit tension and shear. The factor g is inversely proportional to the strain in longitudinal
tension reinforcement,,, of the section. For sections containing at least the minimum amount of
transverse reinforcement, the value of S is determined as

g = 48
"~ (1+750s5)

Equation 2.4.2

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

value of S is determined as follow

g = 48 51
T (14750&) (39+Syxe)

Equation 2.4.3
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The above equations are valid only if the concrete strength ', isin psi and s, ininches.
If the concrete strength . isin MPa and s,, in mm, then 4.8 in Equation 2.4.2 and 2.4.3, 3
becomes 0.4 while 51 and 39 in Equation 2.4.3 become 1300 and 1000 respectively.

Sye IS called the crack spacing parameter which can be estimated as

s = 1.38
xe = "X q,1+0.63

Equation 2.4.4

s, is the vertical distance between horizontal layers of longitudinal crack control (skin)
reinforcement) and a, is the maximum aggregate size in inches and has to equal zero when
f'c = 10 ksi. Note that if the concrete strength is in MPa and s,, in mm, the 1.38 and 0.63 in
Equation 2.4.4 should be replaced by 35 and 16, respectively.

The nominal shear strength provided by the concrete V, for the genera procedure is equal
to B/f'< b,d,, when the concrete strength is in MPa. However, V. = 0.03168+/f"cb,d,, in case

f'cisinksi. The coefficient 0.0316 isﬁ and is used to convert the /. from psi to ksi.

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

__ Ayfydycotd
s

Vg Equation 2.4.5

where:
A, =areaof shear reinforcement within adistance s (inches?)

fy =Yi€eld stress of the shear (transverse) reinforcement in ksi or psi depending on the

case.
d, =effective shear depth (inches) and is equa to (d, =

M) Note that
Apsfps"'Asfy .

d, = Max(0.9d,0.72h)
b,, = effective web width (inches)
s =spacing of stirrups (inches)

6 = angle of inclination of diagonal compressive stresses (°) as determined below

0 = 29(degree) + 3500&, Equation 2.4.6
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The above equation is independent of which units are used for ', or s,,.
The strain in longitudina tension reinforcement ¢, is calculated using the following

equation

(—"Z:'+o.5Nu+|vu—v,,|—A,,sf,,o)) _
& = Equation 2.4.7
EsAg+EpAps

M,, = sactored moment, not to be taken lessthan (V,, — V,)d,, (kip-inches)
N,, = factored axial force, taken as positive if tensile and negative if compressive (kip)

V;,, = factored shear force (kip)

Aps = areaof prestressing steel on the flexural tension side of the member (i nches?)
fpo = 0.7 times the specified tensile strength of prestressing sted!, f,,, (ksi)
E; = modulus of elasticity of the nonprestressed steel on the flexura tension side of the

section
E, = modulus of elasticity of the prestressing steel on the flexural tension side of the

section
A, = areaof non-prestressed steel on the flexural tension side of the section (inches?)
To make sure that the concrete section is large enough to support the applied shear, it is

required that V, + V; should not exceed 0.25f" b, d,,. Otherwise, enlarge the section.

2.4.1.1 Minimum Transverse Reinforcement

If the applied factored shear Vj is greater than the value of 0.5¢(V. +1;); shear

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

4,>0.0316,/f > Equation 2.4.8
y

2.4.1.2 Maximum Spacing of Transverse Reinforcement

According to the AASHTO LRFD Bridge Design Specifications, the spacing of the

transverse reinforcement shall not exceed the maximum permitted spacing, s,,,,, determined as
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If v, (ksi) < 0.125 f',, then s, = 0.8d,, < 24 inches
If v, (ksi) = 0.125f",, then s,,,, = 0.4d,, < 12.0 inches.

Where v, iscalculated as

A

u bod, Equation 2.4.9

2.4.2 Simplified Procedure for Shear Design of Prestressed and Non-
prestressed Concrete Beams

The nomina shear strength provided by the concrete V. for perstressed and non-
prestressed beams not subject to significant axial tension and containing at least the minimum
amount of transverse reinforcement (specified in Section 2.4.1.1 of this report) can be

determined as the minimum of V; or V.

7 ViMcre !
Vei=0.02\/f'.b,d,+Vy4+ m >0.06./f'.b,d,
Equation 2.4.10

where:

V.; = nominal shear resistance provided by concrete when inclined cracking results from
combined shear and moment (kip)

V,; = shear force at section due to unfactored dead load and include both concentrated
and distributed dead loads

V; = factored shear force a section due to externally applied loads occurring
simultaneously with M,,,,,. (Kip)

M.,.. = moment causing flexural cracking at section due to externally applied loads (kip-
inches)

M4, = maximum factored moment at section due to externally applied loads (kip-in)
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M
M. =S, (fr + fepe — S‘:Z“) Equation 2.4.11

where:
S. = section modulus for the extreme fiber of the composite section where tensile stress
is caused by externally applied loads (inches®)
fr = rupture modulus (ksi)
fepe = cOMpressive stress in concrete due to effective prestress forces only (after
allowance for all prestress losses) at extreme fiber of section where tensile stress
is caused by externally applied loads (ksi)
M ;. =total unfactored dead load moment acting on the monolithic or noncomposite
section (kip-inches.)
The web shear cracking capacity of the section can be estimated as
Vew = (0.06,/f_+ 0.30f,c)b,d, + V,
Equation 2.4.12
where:

V.., = nomina shear resistance provided by concrete when inclined cracking results
from excessive principal tensionsin web (kip)
fpc = compressive stress in concrete (after allowance for al prestress losses) at centroid
of cross-section resisting externally applied loads or at junction of web and flange
when the centroid lies within the flange (ksi). In a composite membey, f,. is the
resultant compressive stress at the centroid of the composite section, or at junction
of web and flange, due to both prestress and moments resisted by precast member
acting alone.
After calculating the flexural shear cracking and web shear cracking capacities of the
section, i.e., V,; and V,,,,; the minimum of the two values is selected as the nominal shear strength

provided by concrete.
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The nominal shear strength provided by the shear reinforcement is calculated exactly the

same as in Equation 2.3.5 with the only difference that cot6 is calculated as following

If vV, <V, ;cotd =1
IV, >V, ;cotd=1.0+3[2|<18
f'e
Equation 2.4.13

To make sure that the concrete section is large enough to support the applied shear, it is
required that V. + V; should not exceed 0.25f'.b,d,. Otherwise, enlarge the section. This is
condition is exactly similar to the AASHTO general procedure explained above. Note that the
amount of minimum transverse reinforcement and the maximum spacing for stirrups is
calculated the same asin Sections 2.4.1.1 and 2.4.1.2 of this report.

More importantly, the amount of longitudinal reinforcement should also be checked at all
sections considered. Thisistrue for both general and ssmplified procedures described above.

AASHTO LRFD (2008) proposes the following equation to check the capacity of

longitudinal reinforcement:

|My| Ny
0.5—
dv¢f + bc + (

Vu
Apsfps + Asfy = E — Vp| - 0. 5VS) coto

Equation 2.4.14

where:
Prpy¢. = resistance factors taken from Article 5.5.4.2 of AASHTO LRFD (2008) as
appropriate for moment, shear and axial resistance.
For the general procedure, the value for 6 in degree is calculated using Equation 2.4.4.
However, the value for cotf is directly calculated from Equation 2.4.13 for the simplified
procedure for prestressed and non-prestressed beams.
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2.4.3 ACI Code Procedure for Shear Design of Prestressed and Non-
prestressed Reinforced Concrete Beams

ACI Code 318-08 presents a set of equations to predict the nominal shear strength of a
reinforced concrete section. Experiments 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 over-estimates the shear capacity for large lightly
reinforced concrete beams without transverse reinforcement Shioya et a.(1989).

As stated earlier, the nominal shear strength of a concrete section is the summation of the
nomina shear strengths provided by the concrete V. and the transverse reinforcement ;. The
value of V7. for a non-prestressed concrete section subjected only to shear and flexure can be

estimated as

Ve =24/f byd Equation 2.4.15

Whereas the shear strength provided by the concrete for prestressed members can be
estimated using the following equations

Ve = 0.64\/f b, d, + Vg +- > 1.70/F b, d

Mmax

Equation 2.4.16

or

Vew = (3.54/f _+0.3f,c)bydy, +V,
Equation 2.4.17

where d,, need not be taken less than 0.80h for both equations. The value of moment causing

flexural cracking due to externally applied loads, M., a acertain sectionin (Ib.in) is

I ! .
M, = ;(61\11: c + fpe — fd) Equation 2.4.18
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where:
fpe = cOMpressive stress in concrete due to effective prestress forces 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 for V,; and V,,,, the nominal shear strength provided by the
concrete V. is assumed as the minimum of V; or V,,,.
It is important to note that the inclination angle 8 for the diagonal compressive stress is
assumed as 45° in the shear provisions of the ACI Code. Hence to determine V; which is the

nominal shear strength provided by the shear reinforcement, Equation 2.4.5 is modified to

_ Apfydy
s

Vg Equation 2.4.19

2.4.3.1 Minimum Transverse Reinforcement

According to section 11.4.6.1 of the ACI Code, a minimum area of shear reinforcement
Ay min Shall be provided in all reinforced concrete flexural members (prestressed and non-

prestressed) where V;, exceeds 0.5¢V,., except in members satisfying the cases specified by the
code.

b
Aymin = 0.75 f,CLs Equation 2.4.20
’ fyt

But shall not be less than 222 ¢

. Also the concrete strength £, should bein psi.

yt
According to section 11.4.6.4 of ACI Code, for prestressed members with an effective
prestress force not less than 40 percent of the tensile strength of the flexural reinforcement,
Ay min shal not be less than the smaller value of (Equation 2.4.20) and (Equation 2.4.21).

= Apsfpus i
v,min 80fyed | by

Equation 2.4.21

The above explanation can be written explicitly as
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. 7 bws 50bws A sf usS d
Ay min = Mm{Max (0.75 f <Fue ’f_yt)’% E}

Equation 2.4.22

2.4.3.2 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 exceed d/2 for non-prestressed members or 0.75h for
prestressed members, nor 24 inches.

The maximum spacing shal be reduced by onehaf if V exceeds4mbwd.
Furthermore, if the value for V; exceed 8\/f_’cbwd, the concrete at the section may crush. To

avoid crushing of the concrete, alarger section should be sel ected.

2.5 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 based on the general method for shear discussed earlier.

No 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 is in the code is discussed here. At the end, the ACI procedure to design a

section under combined shear and torsion is explained.

2.5.1 AASHTO LRFD Design Procedure for Sections Subjected to Combined
Shear and Torsion

As stated earlier, the AASHTO LRFD general procedure is used to design a section under
combined shear and torsion. The section is primarily designed for bending. The geometry and the
external loads applied on the section are then used to check the shear-torsion strength of the
section. Since design is an iterative process, the cross-sectional properties and the reinforcement
both longitudinal and transverse are provided different values until the desired shear-torsion
strength is achieved.

Below are the necessary steps to design a section for shear and torsion:
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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 the cross-
sectional dimensions and the amount of longitudinal
reinforcement are roughly determined.

2. Having the external load effects (axia force, shear, and
bending moment) at the section, the strain in the longitudinal
tension reinforcement ¢, is calculated using Equation 2.3.7
provided above. It isrequired to substitute V,, in Equation 2.3.7
with the equivalent shear 1, ..

For solid sections:

2
09P,T
Vu,eq = JVuZ + (#ﬂu) Equation 2.5.1

For box sections:

Tyds

Vieq = Va + 54

Equation 2.5.2

3. To determine the nomina shear strength of a section provided
by concrete,V,, the value of &5 from step 2 is substituted into
Equation 2.4.2 to determine the value for g. If the concrete
strength f'. is provided in ks, V, = 0.0316ﬁmbvdv.
Otherwise V, = B\/f cbyd, if f', isgivenin MPaunits.

4. Substitute the value of &, obtained from step 2 into Equation
2.4.6 to determine the modified angle of inclination of diagonal

compressive stresses 6 (in degrees).
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5. Is shear reinforcement required? No shear reinforcement is
required if 1, < 0.5¢ (1 + 1,).
6. If 1, >05¢(V.+V,), solve Equation 245 for % after

substituting the value for 6 obtained in step 4. Note that

Vu
V=2 =V, ~ V),

7. Cadculate the torsional cracking moment for the section

considered using the given equation:

—Acp” fpe
T, = 0.1251/fCP—‘Z 1+012:Jf7

Equation 2.5.3

where:
T,, = factored torsional moment (kip-inches).
T,, = torsional cracking moment (kip-inches).
A, =total area enclosed by outside perimeter of concrete
cross-section (inches?).
P. = the length of the outside perimeter of the concrete section
(inches).
fpc = 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).
¢ = 0.9 (specified in Article 5.5.4.3 of the AASHTO LRFD
(2008).
8. Should torsion be considered? If the external factored torsional
moment T,, applied on the section is such that T,, > 0.25¢T,,,

torsion must be considered. Otherwise, ignore the torsion.
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_ ZAOAtfthOte

N

T, Equation 2.5.4

where:
A, = area enclosed by the shear flow path, including any area
of holes therein (inches?). It is permitted to take 4, as
85% of the area enclosed by the centerline of stirrups.
A; = area of one leg of closed transverse torsion reinforcement
in solid members (inches?).
6 = angle of crack as determined in accordance with Equation
2.3.6 using the modified strain €, calculated in step 2.
9. Solve Equation 2.5.4 for ZTAt and sum it with the output of step

5.

Ayt _ Ay + 24;
s

— Equation 2.5.5
s S

10. The amount of transverse reinforcement obtained from step 8
should be equal to or greater than the amount given by the
equation below

Av,min > 0.0316 flc% Equation 2.5.6
yt

11. According to the AASHTO LRFD, the spacing of transverse
reinforcement shall not exceed the maximum permitted

Spacing, Sy » determined as:

If v,(ksi) < 0.125 f',, then s,,., = 0.8d,, < 24 inches
If v, (ksi) = 0.125f",, then s,,4, = 0.4d, < 12.0 inches
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Note that v, given in Equation 2.3.9 is modified for torsion
using V,, ., provided by Equations 2.5.1 and 2.5.2.

12. Is the cross-section large enough? If V, + V, < 0.25f'.b,d,, ,
the section is large enough, otherwise enlarge the section.
13. As a last step, the longitudinal reinforcement in solid sections

shall be proportioned to satisfy

|M,| 0.5N, Va 2 0.45P,T,\>

Equation 2.5.7

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

TnPh

A= 24of,

Equation 2.5.8

2.5.2 ACI 318-08 Design Procedure for Sections Subjected to Combined Shear
and Torsion

To design a prestressed or non-prestressed member under combined shear and torsion
loading using the ACI 318-08 provisions, the following steps can be followed:
1. Should torsion be considered? If the applied torsion on a
section (prestressed or non-prestressed) is greater than the
corresponding value given by Equation 2.5.9, the section has to
be designed accordingly. Otherwise, torsion is not a concern
and could beignored.

For non-prestressed members:
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2
T = PAJS'. (Ai) Equation 2.5.9a

Pep

For prestressed members:

A? f
Tin = PAJSf ( C”) 1+
th ¢ fc Pcp ar/fr.

Equation 2.5.9b

P., is the outside perimeter of concrete cross-section and is
equal to P. defined earlier. ¢ is the resistance factor which is
equal to 0.75. Note that Ty, is the threshold torsion.

Equilibrium or compatibility torsion? According to section
11.5.2.1 of ACI Code, if the applied factored torsion, T,, in a
member is required to maintain equilibrium and is greater than
the value given by Equation 2.5.9 depending on whether the
member is prestressed or non-prestressed, the member shall be
designed to carry T,,. However, in a statically indeterminate
structure where significant reduction in T,, may occur upon
cracking, the maximum T,, is permitted to be reduced to the
values given by Equation 2.5.10.

For non-prestressed members:

2
T, = ¢p4A\/f', <%> Equation 2.5.10a
o

For prestressed members:

— (A%, fpe
T, = ¢4,1,/fc< ”) 14+l

Pep
Equation 2.5.10b
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4.

5.

6.

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 enough cross-
sectional area. The surface concrete in hollow members may
crush soon on the side where the flexural shear and torsional
shear stresses are added.

For solid sections:

JE) + () < (L + 8077

Equation 2.5.11a

For hollow sections:

(o) + () = @ g+ 847)

Equation 2.5.11b

Note that the above equations can be used both for prestressed
and non-prestressed members. For prestressed members, the
depth d in the above equations is taken as the distance from
extreme compression fiber to centroid of the prestresses and
non-prestressed longitudinal tension reinforcement but need
not be taken less than 0.80h.

The stirrups area required for the torsion is calculated using
Equation 2.5.4. This area is then added to the stirrups area
required by shear calculated based on Equation 2.4.19. The
angle 8 in Equation 2.5.4 is assumed as 45" for non-prestressed
and 37.5° for prestressed members.

The minimum area of transverse reinforcement required for

both torsion and shear shall not be less than
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A,+2A b
——>0.75 f’chs Equation 2.5.12
yt

Note that the spacing for transverse torsion reinforcement shall
not exceed the smaller of ¥ h/g or 12 inches.

The longitudinal reinforcement required for torsion can be

calculated using the following equation

_ (A fyt 2 .
A= (S ) P, <fy) cot“0 Equation 2.5.13

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

given below

_ SJEACP _ (ﬁ) P Iyt Equation 2.5.14
; .5.

Ay =
I min ) s h fy
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Chapter 3: Formulation

The purpose of this chapter is to evaluate the 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 2 of this report necessary information about
Modified Compression 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) show that the MCFT and its simplified version give amost exactly the same results and
conforms well to the experimental results. In this chapter, output from an analytical tool called
Response-2000 which is based on modified compression field theory is evaluated. In addition,
exact interaction diagram for the general procedure of AASHO LRFD are drawn.

3.1 Evaluation of Response-2000

Response-2000 was developed by Bentz and Collins (2000). This Windows program is
based on MCFT which can analyze moment-shear, shear-axia load, and moment-axial load
responses of a concrete section. Response-2000 is designed to obtain the response of a section
using the initial input data. The input data depends on the desired response of a section i.e.,
moment-shear, shear-axial 10ad, moment-axial load. However, combined shear and torsion is not
covered by this software.

Knowing the fact that Response-2000 is based on MCFT, the output values may shift
dlightly compared to AASHTO LRFD (2008) general procedure for shear which is based on
simplified MCFT.
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3.1.1 Review of Experimental Data Examined and Validity of Response-2000 to
Determine the Shear Strength of a Concrete Section.

The purpose of this section is to show how close Response-2000 can approximate the
shear capacity of a member at a particular section. To study the 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 inches or
less and loaded by point loads over short shear spans (NCHRP-549). Unfortunately these tests
can not represent real cases such as continuous bridge girders supporting distributed loads and
have shear reinforcement. To address this deficiency in available experimental data and generate
experimental datafor cases similar to real-world situations for which no experimental data exists,
the output from Response-2000 was evauated for 34 beams. The experimental shear strengths

for these beams were taken from Collins and Kuchma (1999).
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Among the 34 beams selected, 22 beams were simply supported (Figure 2.3) with an
overal depth, d, ranging between 5 inches to 40 inches These beams had a constant cross-
sectional width, b,,, of 11.8 inches, longitudinal reinforcement ratio, p; of 0.5% t01.31%, and
varying compressive strength, ', of 5 ksi to 14 ksi. The yield strength of longitudinal and shear
reinforcement varied from 69 ksi to 80 ksi. In addition, two beams had shear reinforcement of #3
bars spaced 26 inches apart while the remaining 20 beams didn’t have any shear reinforcement.

Twelve beams from the total 34 beams selected for the analysis were continuous (Figure
2.4) with an overall depth, d, and cross-sectional width,b,, each ranging between 20 inches to 40
inches and 6.7 inches to 11.6 inches respectively. The longitudinal reinforcement ratio, p;, varied
between 1.03 to 1.36% while the concrete compressive strength, 1’ varied between 7.25 ksi and
13.2 ksi. The yield strength for the longitudinal and shear reinforcements varied between 69 ksi
and 86 ksi. Four beams from the total 12 beams studied had shear reinforcement of D4 with
spacing ranging between 10.9 inchesto 17.3 inches

All of the beams were 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 cut-off where bending moment had lower values. The critical section in
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 from the full shear capacity of
the section while the critical section for the continuous beam was located 3.94 ft. from the right
support. The critical section is not where shear is a maximum,; rather it is a section along the
beam where the beam tends to fail in shear. For continuous beams, the critical section was
located where some of the longitudina bars on the flexural tension side of the section were not
continued further. This in turn helped the strain &, to increase. Because the provided shear
reinforcement was not enough, the cross-section was assumed to fail at that location.

To make sure that the beam exactly fails at this|ocation, the shear-moment capacity along
the length of the beam was determined using Response-2000 and the location so called the

critical-section provided the lowest moment-shear capacity. The experimental shear and moment
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capacity and the capacity determined using Response-2000 at shear-critical sections are tabulated
in Table3.1.

TABLE 3.1 Experimental and Response-2000 shear and moment results at shear-critical section of
the beam.
Simply Supported and Continuous* Beams
Beam Type Beam Depth Exp.Shear Exp.Moment | Response R&Sjrj:rio VeV recor000
i Force(kips) (kip.ft) 2000 (kips) i prorese
(inch) (kip.ft)
B100 36.42 50.58 467.09 39.56 365.70 1.28
.. |BN100 36.42 43.16 401.37 39.41 366.51 1.10
< |BN50 17.72 29.67 133.82 22.59 101.72 1.31
,_;_ BN25 8.86 16.41 36.64 12.95 29.14 1.27
) g BN12 4.33 8.99 9.59 7.26 7.74 1.24
g % B100OL 36.42 50.13 463.11 35.72 330.22 1.40
s < [B100B 36.42 45.86 425.27 37.16 34357 1.23
E § BM100(w/stirrups) 36.42 76.88 700.10 71.37 645.33 1.08
%" SE100A-45 36.22 45.18 202.46 49.69 220.69 0.909
2 SES0A-45 18.07 15.51 32.29 17.96 37.62 0.863
r_és _|BlooD 36.42 71.94 656.29 48.08 439.02 1.50
5 |£ [BND100 36.42 58.00 532.81 45.21 420.65 1.28
= § |BND50 17.72 36.64 164.68 24.28 109.09 1.51
§ % BND25 8.86 25.18 56.06 14.43 32.16 1.74
S "[BM100D (w/stirrups) 36.42 103.63 937.09 69.42 627.85 1.49
'§ SE100B-45 36.22 63.17 273.25 58.80 255.43 1.074
SE50B-45 18.07 19.56 40.25 19.97 41.60 0.980
B100H 36.42 43.39 403.37 50.06 462.62 0.87
.. |B1OOHE 36.42 48.78 451.16 50.06 462.62 0.97
< |BH100 36.42 43.39 403.37 48.44 450.60 0.90
—E BH50 17.72 29.67 133.82 27.76 124.88 1.07
E BH25 8.86 19.11 42.62 15.42 34.52 1.24
% %’ BRL100 36.42 36.64 343.62 37.68 353.61 0.97
2 g SE100A-83 36.22 68.11 292.72 57.63 251.08 1.182
_::OJ § SE100A-M-69 (w/stirrups) 36.22 116.00 481.20 117.25 485.71 0.989
0 SE50A-83 18.07 20.91 42.91 20.75 42.71 1.007
§ SE50A-M-69 (w/stirrups) 18.07 31.25 63.26 31.99 65.06 0.977
E _ |BHD100 36.42 62.49 572.65 56.83 520.75 1.10
;—:D g BHD50 17.72 43.39 194.56 30.21 136.23 1.44
g |BHD25 8.86 24.95 55.56 18.41 40.79 1.36
f‘g :C:J SE100B-83 36.22 82.05 347.58 66.80 286.63 1.228
_‘:’ ~[SE100B-M-69 (w/stirrups) 36.22 131.06 540.49 143.33 588.53 0.914
'§ SE50B-83 18.07 22.70 46.45 22.78 46.84 0.997
SE50B-M-69 (w/stirrups) 18.07 34.17 69.01 34.67 70.37 0.986

*  Data for continuous beams are highlighted in the table above.

To generate data using Response-2000, the experimental shear and moment at shear

critical sections and the necessary properties of the section such asf’,, f,, b,,, overal depth, h,
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and reinforcement configuration were used as the initial input values. From Figure 2.5 and
Figure 2.6. It is known that the shear is constant along the beams and is equal to V, which is the
external applied load. To find the exact shear and moment applied at the critical section, the
shear and moment from self-weight of the beams were also added. Table 3.1 presents the total
shear and moment (including self-weight) at the critical section. Refer to Collins and Kuchma

(1999) for further details about the cross-sectiona properties of the beams.
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FIGURE 3.2 (Vexp/VResp-2000-Depth) Relationship for 34 reinforced concrete
section.

Figure 3.2 shows the ratio of experimental shear and shear obtained from Response-2000.
It is observed that the ratio of Ve is close to 1.0 for continuous beams while the values are

Res2000

considerably higher for simply supported beams. The line drawn a the middle shows the
boundary where the experimental shear strength is equal to that obtained from Response-2000.
The data points lower than the line show cases where Response-2000 over-estimates the shear

capacity at the critical section roughly by 15% while the values above the line show cases where
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Response-2000 under-estimates the shear strength of the sections. Overall, it is concluded that
Response-2000 can be used to predict the shear capacity of sections for rea-world cases where
no experimental data exists. The graphs in Chapter 5 for the purpose of comparison between the
AASTHO LRFD general procedure for shear, simplified procedure for prestressed and non-
prestressed members, ACI 318-08 include both the shear capacity predicted by Response-2000
and the 85% of that capacity.

3.2 Plotting Exact AASHTO LRFD Interaction Diagrams for Combined Shear and
Torsion

Shear-torsion interaction diagram for a section provides the ultimate capacity of a section
under various combinations of shear and torsion. Depending on the equations used for the
combined shear and torsion response of a section, the interaction diagram could either be linear,
aquarter of acircle, an ellipse, or composed of several broken lines. In the following section, the
procedure to plot exact shear-torsion interaction diagrams using the corresponding provisions of
AASHTO LRFD (2008) is presented.

To determine the nomina torsional capacity of a section (Equation 2.4.4), section
11.5.3.6 of the ACI Code permitsto give 8 values from 30° to 45° while it is always assumed 45°
for shear. For the purpose of comparison, the ACI shear-torsion interaction diagrams for 6 equal

to 30" and 45° are a so plotted.

3.2.1 Exact Shear-Torsion 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 to plot T — V' interaction diagrams.

From Equation 2.3.5 and 2.4.4, the amount of transverse reinforcement required to resist
shear and torsion can be found as

Atfyt _ Ty Vo=V,
s 2Apcot6  2d,cotO

Equation 3.2.1
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The nominal shear strength provided by the concrete V. can be substituted with
0.0316ﬁmbvd,, when f'. is given in ksi. However V. is equa to ﬁmbvdv when the
concrete strength is given in MPa. The factor g in Equation 2.4.2 is given in terms of
longitudina strain ;. Depending on the case, the value for &5 in Equation 2.4.7 shall be
modified. Furthermore, assuming the section is subjected to combined shear and torsion, the
value for shear in Equation 2.4.7 should also be modified using the equivalent shear given in
Equation 2.5.1 and 2.5.2 for solid and box sections respectively. The modified expression for &
is then substituted into Equation 2.4.2 as aresult of which an expression for § would be obtained
interms of V and T. In addition, the modified expression for strain ¢ is aso substituted into
Equation 2.4.6 to determine an expression for 6. If the section is subjected 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. Consequently V. and 8 are substituted into above Equation 3.2.1.
Knowing the reinforcement and cross-sectional properties of the section, Equation 3.2.1 would
yield an equation containing V and T as the only variables. For a certain range of values for V
provided it does not exceed the pure shear capacity of the section, the corresponding torsion is
easily determined using “ Excel Goal Seek” function or any other computer program.

To determine the maximum torsion that a section can resist corresponding to the shear
values provided, the shear stress in Equation 2.4.9 is set equal to the maximum alowable value
of 0.25f'. and the shear 1, modified using Equation 2.5.1 or 2.5.2. For a given value of shear,
the related value for torsion is then determined by solving Equation 2.3.9.

On the other hand, Equation 2.5.7 is used to determine torsion that causes the
longitudina reinforcement to yield. To solve Equation 2.5.7, the same shear values as in the
previous stages are substituted into the equation. Meanwhile the expression given as Equation
2.4.5 for V; is aso substituted. Note that the equation may further be modified depending on the
case considered i.e., Ay, fp,s and V, for non-prestressed members and other terms not satisfying
for a certain case shall be set to zero. It is extremely important to remember that V shall not be
modified because it is aready modified in Equation 2.5.7. Finally the equation is solved for T
using “Excel Goal Seek” function.
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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 evaluated. Six T — V interaction diagrams
representing 20 beams are included in Chapter 5 of this report.

3.2.2 Exact Shear-Torsion Interaction Diagrams Based on ACI 318-08
Provisions

The procedure to draw T —V interaction diagrams using the corresponding ACI
provisions is smple 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 added together and that the shear stress in concrete should not exceed beyond
the maximum allowable limit of 10,/f"..

Atfyt _ Ty Va=Vc
s 2A¢cotb 2d

Equation 3.2.2

Having V, = 2\/f_’cbwd when the concrete strength is given in psi and 8 equal to 30° and
45°; the above equation is solved for T by providing different values for V. Making sure that V
does not exceed the pure shear capacity of the section.

Equation 2.5.10a or 2.5.10b is solved for T depending on whether the section 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 dightly
larger torsion is applied on the section. Note that the resistance factor is set equal to 1.0.

The smaller valuesfor T is selected for a particular value of shear and the same processis
followed for other pointson T — V interaction diagrams.

The ACI interaction diagrams both for 8 equal to 30° and 45° are included in Chapter 5 of
this report.
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Chapter 4: Development of AASHTO Based MathCAD Tool

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 devel oped design tool. The
program is developed for kip-inches 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 equation in the 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 chart for the MathCAD design tool to show how the
program functions. Furthermore, an example solved using the developed file has been added in

Appendix C.
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4.1 Flow Chart for Math CAD File
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Chapter 5: Results and Discussion

5.1 Analysis for Shear Only

In Figure 3.1, the predicted shear strength at different sections along the span for BM 100
using AASHTO LRFD genera procedure, ssmplified AASHTO procedure for prestressed and
non-prestressed concrete members, ACI 318-08, and Response-2000 are plotted. For ACI 318-
08, the nominal shear strength provided by concrete was cal culated both using ACI Equation (11-
3) and ACI Equation (11-5). Knowing that Response-2000 underestimated the shear strength by
24% for normal strength concrete simply supported beams without crack control reinforcement
(Figure 11), it can be concluded that the results obtained using the general AASHTO procedure
are reasonably accurate. On the other hand, both smplified AASHTO and ACI 318-08 seem to
dlightly overestimate the shear capacity. As shown in the figure, both ACI Equation (11-3) and
(11-5) used to predict V. led to dmost the same overall shear capacity of sections. However,
using ACI Eq (11-3) the shear strength at different sections along the beam is constant because
the beam is prismatic and has the same spacing 16 inches for transverse reinforcement
throughout the span while the shear strength using ACI Equation (11-5) follows decreasing trend
because of the increasing moment towards center of the beam.

The shear strength for the general AASHTO procedure and Response-2000 varies aong
the beam span because of the varying longitudinal strain &, which is one-haf of the strain in

non-prestressed longitudinal tension reinforcement given in Equation 2.4.7.
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FIGURE 5.1 Predicted shear strength along the length of BM100, non-prestressed simply
supported reinforced concrete beam.

Figure 5.2 shows the shear strength predictions for SE100A-M-69. From the previous
evauation of Response-2000, it was obtained that Response-2000 underestimates the shear
strength by 3.9% (average) for high strength concrete continuous beams without crack control
reinforcement. In Figure 5.2 it is seen that the shear strength predictions using the general
AASHTO procedure closealy follow Respnse-2000 predictions for most of the sections along the
span. Note that Response-2000 highly underestimates the shear strength for sections subjected to
large moment and relatively less longitudinal reinforcement. Such locations happen to be at 40
inches and 320 inches from the left. Accordingly, Response-2000 highly overestimates the shear
strength for locations with approximately zero moment and enough longitudinal reinforcement.
An example for such location would be a section at 360 inches from left along the beam. As
shown in the figure, the smplified AASHTO and ACI 318-08 where V, is calculated using ACI
Eq (11-3) give conservative results while ACI Eq (11-5) is better in this regard. Overal, the
general AASHTO procedure gives 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 acase where V.. is calculated using ACI Eq (11-5).
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FIGURE 5.2 Predicted shear strength along the length of SE100A-M-69, continuous non-
prestressed reinforced concrete beam.

Figure 5.3 shown below shows the predicted shear capacity aong the length of BT-72,
continuous prestressed reinforced concrete beam. The beam as depicted in Figure 2.6 has a span
of 120 ft. and a total number of 44, half-inch diameter, seven wire, 270 ksi low relaxation
prestress strands. The beam had a combination of draped and straight strands such that 12 of the
strands were draped and the remaining 32 were straight. In Figure 5.1, the shear strength
predictions using the aforementioned procedures for continuous prestressed high strength
concrete girder (BT-72) are shown. Noting the fact that Response-2000 was not validated for
prestressed concrete beams, the shear strength results for all the methods are reasonably close to
each other. In contrast to the previous cases, the shear strength for the entire methods follow
decreasing trend as it goes far from the support. Thisis due to the fact that the detailed ACI EQ's.
(11-10) and (11-12) takes into account the bending moment effects present at the section.
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FIGURE 5.3 Predicted shear strength for Bulb-T (BT-72) continuous prestressed concrete member.

In Figure 5.4, the results for (8DT18) simply supported double-T prestressed beam with
harped strands are plotted. The beam shown in Figure 2.6 was 40 ft. long and did not have any
transverse reinforcement and the whole nominal shear strength for the section was provided by
the concrete and the P/S effects. In other words, the results plotted show the nomina shear
strength provided by the concrete V.. As stated earlier, Response-2000 gives higher shear strength
at section 1.5 ft. from the support because of small bending moment and underestimated the
shear strength at 16 ft. from the support where the moment was amost a maximum. For cases
other than this, both ACI 318-08 and simplified AASHTO give consistent results, however the
general AASHTO procedure highly overestimated the shear strength or V, in this case. To verify

which method gives reliable results, more experimental work has to be made available.
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FIGURE 5.4 Predicted shear strength along the length of Double-T (8DT18) simply supported
prestressed reinforced concrete beam.

Figure 5.5 shown below shows the predicted shear capacity at different sections along the
length of the member, BM100D. This member is similar to BM100 except that crack control
reinforcement was provided along the member length as shown in Figure 2.3. The results for
BM100D are plotted in Figure 5.5. From the previous knowledge about Response-2000, it was
found that Response-2000 underestimated the shear strength by 51% (average) for normal
strength concrete ssimply supported beams with crack control reinforcement. As shown in the
figure, the simplified AASHTO highly underestimates the shear strength while the genera
AASHTO procedure gives reasonable results. The results for ACI are amost exactly the same as
for BM 100 (without crack 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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FIGURE 5.5 Predicted shear strength along the length of BM100-D simply supported non-
prestressed reinforced concrete beam with longitudinal crack control reinforcement.

Figure 5.6 presents results for SE100B-M-69. Both Response-2000 and the general
AASHTO procedure give very close results except for the critical locations as mentioned earlier.
Thisis in total conformance with the results showing 3.1% (average) difference obtained from
qualifying Response-2000 against experimental results tabulated in Table 3.1. The shear strength
predicted using the general AASHTO procedure and Response-2000 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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FIGURE 5.6 Predicted shear strength along the length of SE100B-M-69 continuous non-
prestressed reinforced concrete member with longitudinal crack control reinforcement.

5.2 Analysis for Shear and Torsion

Figure 5.7 shows the T-V interaction diagrams for AASHTO LRFD (2008) and ACI
Code. Details of the reinforcement for these beams tested by (Klus 1968) are tabulated in Table
2.2 and Table 2.3. Having the related properties of the section, the torsion obtained from
Equation 3.2.1 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 for ACI when 6 is equal to 45 and 30°. This is due to the
fact that the angle 8 in Equation 3.2.2 is only used in the term that includes torsion which in turn
equals zero for the pure shear case. The equation for nomina shear capacity provided by shear
reinforcement, V;, of a section isindependent of 6 for ACI. The value for 6 isinherently assumed
as4s’.
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FIGURE 5.7 Shear-torsion 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 concrete, V.. Hence, the total transverse
reinforcement is used to resist the applied torsion. In other words, the applied shear does not
aleviate from the full nomina torsional capacity of the section. This is because of the fact that

forV < V., the applied shear V isresisted by the concrete and not the shear reinforcement. This

situation will continue until the applied shear, V, is greater than V..
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FIGURE 5.8 Shear-torsion interaction diagrams for RC2 series.

In Figure 5.8, the AASHTO LRFD shear-torsion interaction curve for (RC2 series) isflat
approximately up to a shear force of 60.5 kips; while for the curve based on the ACI it is
horizontal up to a shear force of 50 kips. Thisis due to the fact that the value of V., for AASHTO
LRFD is calculated to be 62.72 kips while it is equal to 49 kips for ACI. After the section is
subjected to greater shear force and torsion, the curve follows a decreasing trend as shown in the
figure. 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 hand, the corresponding ACI curves for 30
and 45 are consistent in both figures. In a sense the ACI provisions for combined shear and

torsion are very conservative and uneconomical when 6 is equal to 45However, these

provisions seem to be slightly less conservative when 6 is equal to 30°.
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FIGURE 5.9 Shear-torsion interaction diagrams for High-Strength over-reinforced specimens

HO-1, and HO-2.

The figure shown above shows the T-V interaction diagram for HO-1 and HO-2
specimens based on AASHTO LRFD and ACI 318-08. As stated earlier, the AASHTO LRFD
provisions closely approximate the torsion-shear strength of HO-1 and HO-2 sections. The ACI
procedure underestimates the shear-torsion strength for 6 equal to 30° and 45°.
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FIGURE 5.10 Shear-torsion interaction diagram for NO-1 and NO-2.

As shown in Figure 5.10, again the AASHTO LRFD provisions closely approximate the
combined shear and torsion capacity for NO-1 and NO-2 specimens. However, when the
combined shear force and torsion reaches 125 kips and 86 kip-inches respectively, the equation
produced from substituting the shear stress v, with 0.25f". in Equation 2.4.9 and substituting 1,
with V,_., yields a negative number under the square root. This means that the concrete crushes
and no torsion would be obtained from the corresponding equation for the applied shear force
greater than 125 kips. To obtain the pure shear capacity of the section, T was set equal to zero
and the pure shear capacity of the section was found to be 0.25f'.b,,d,,. The estimated capacity
of the specimens where the equation yields negative number under the square root is shown as

straight line on the AASHTO LRFD curve.

60



350
—— AASHTO-LRFD(2008)

—s=—ACI (45 Degree)

‘\ ——ACI (30 Degree)
— e\ e Experimental Data Points

300

N
(Sa)
o
/

T(kip.in)
3 S
/ /

SO
RN

0 10 20 30 40 50 60 70
V(kip)

[
o
o

/

(%)
o

FIGURE 5.11 Shear-Torsion Interaction diagram for High-Strength box section HU-3.

In the above figure, the predicted shear-torsion capacity for the box section HU-3
subjected only to combined shear force and torsion is shown. According to ref (13) the section is
glightly under-reinforced. Using the ACI provisions, the torsion is controlled by Equation 2.5.10b
when the angle 6 is equal to 30. This implies that the concrete crushes if shear-torsion greater
than that shown in Figure 5.9 are applied on the section. However, the torsion is controlled by
Equation 3.2.2 when 6 is equa to 45 and the shear force is lower than 5 kips. For shear force
greater than 5 kips, the maximum torsion that the section can resist is controlled by Equation
2.5.10b. This simply means that the concrete may crush before the reinforcement yields if a
larger torsion is applied. Since Equation 2.5.10b is independent of the angled, both curves for
ACI (30° and 45°) give exact similar results after the curve for 8 equal to 45 bifurcates. T he
experimental result for pure torsion is exactly the same as predicted by ACI when 6 is 30°. The
results for NU-3 which is not included here were also consistent with that shown in Figure 5.9.
The only difference was that the experimental pure torsion strength was dlightly greater

compared to the strength predicted by ACI using 30°.
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From the above figure, it is obvious that the ACI provisions for 8 equa to 30 are
extremely un-conservative for NU-2 which is an under-reinforced specimen made of normal
strength concrete. The AASHTO LRFD curve seems to be conservative for most of the cases
studied. However, when the shear and torsion reaches 21 kips and 73.75 kip-inches respectively;
the longitudinal reinforcement starts yielding. As a value for shear force greater than 21 kips is
substituted in Equation 2.5.7 knowing that V, N,, A,s, and M,, are zero, a negative number under
the square root is produced and the equation remains unsolved. To determine the pure shear
capacity of the section, T,, in Equation 2.5.7 was set equal to zero and the equation was solved
for V,,. The portion of the curve where the reinforcement yields is shown by dashed lines in
FIGURE . The same responses were observed for NU-1, HU-1, and HU-2 where ACI Code for 6

equal to 30° gave extremely un-conservative results.
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Chapter 6: Conclusions and Recommendations

6.1 Members Subjected to Shear Only

The AASHTO LRFD (2008) general procedure to determine the shear strength of
prestressed and non-prestressed reinforced concrete members proved to be more economical than
the ssimplified-AASHTO procedure for prestressed and non-prestressed reinforced concrete
members, and ACI 318-08 shear provisions. This is due to the fact that the provisions for the
AASHTO LRFD general procedure is based on the Modified Compressions Field Theory which
takes into account the longitudinal strain  in the longitudinal non-prestressed reinforcement and
assume a variable angle for the diagonal compressive stresses in the web of the member.
Furthermore, the theory assumes that significant tensile stress may exist in reinforced concrete
members after cracking has occurred.

After analyzing six prestressed and non-prestressed shear critical reinforced concrete
beams, it was found that the required stirrup spacing for the general AASHTO procedure was
significantly larger compared to the smplified AASHTO and ACI -08 procedures. Nevertheless,
it predicted the shear capacity of the section consistently in comparison with the simplified-
AASHTO and ACI 318-08. In addition, the simplified-AASHTO procedure underestimated the
shear strength of sections compared to ACI 318-08 for all cases studied except where the
minimum shear reinforcement dominated.

When analyzing the shear capacity of a reinforced concrete member, It is extremely
important to note that a shear-critical section could not be only limited to the location where the
shear is maximum, rather a section may be shear critica if insufficient longitudina
reinforcement is provided.

Since in the ACI 318-08 shear provisions, the concrete contribution to shear resistance,
V., is based on the load at which diagonal cracking is expected to occur, hence it is useful to
check whether or not the member cracks under service loads. This is not true in particular for
AASHTO LRFD (2008) because the concrete contribution in AASHTO LRFD (2008) is based

on the factor  showing the ability of diagonally cracked concrete to transmit tension and shear.

63



During this study, it was found that both simplified AASHTO and ACI-318-08 poorly
performed to predict the effects of longitudinal crack control reinforcement on the shear strength
of a section, however, AASHTO LRFD (2008) and Response-2000 performed well in this regard.
In addition, Response-2000 has proved itself as a useful tool to accurately predict the shear
strength of non-prestressed reinforced concrete sections.

6.2 Members Subjected to Combined Shear and Torsion

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 range of specimens
from over-reinforced to under-reinforced 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 compared to the ACI 318-08 provisions for
combined shear and torsion design. AASHTO LRFD (2008) provisions consistently were more
accurate and the predictions, while conservative in maority of the cases, were much closer to the
experimental data for close to all of the specimens. This included over-reinforced and under-
reinforced sections made of high strength and normal strength concrete.

During this study it was found that the AASHTO LRFD (2008) provisions to anayze a
section under combined shear and torsion may not be able to predict the complete T-V interaction
curve for cases leading to negative terms under the square root in the derivation process. This
particularly happens for over-reinforced or under-reinforced sections made of high strength or
normal strength concrete. The analytical reason is the limitation dictated by the AASHTO LRFD
Equation 5.8.3.6.3-1 related to the amount of longitudinal steel and equations 5.8.3.3-2 and
5.8.2.1-6 or 5.8.2.1-7 related to the maximum sustainable shear stress by concrete which
implicitly affects the level of the combined shear and torsion.

However, it should be noted that the maximum shear stress limit of 0.25f’ ¢ dictated by
the AASHRO LRFD 2008, was accurate in prediction of the behavior of sections experiencing

relatively high levels of shear stress. This was especially true for over-reinforced sections.
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On the other hand, the results by the ACI are frequently un-conservative when the angle
0 isequal to 30 degrees. Thisis especially true for the under-reinforced sections. However, when
the angle 0 is considered to be 45 degrees, the results are conservative for close to al of the
specimens. An important point for the ACI code is that the angle 0 is aways considered as 45
degrees for shear even if the angle for torsion is used as 30 degrees. Thisis a discrepancy in the
ACI code, while AASHTO is consistent from this perspective.

Compared to the ACI code, AASHTO LRFD (2008), provides a more detailed process to
assess the shear/torsion capacity of a section. As a result, the capacities evauated 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 compatibility 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 shear-torisonal capacity of a section.

6.3 Recommendations

The AASHTO LRFD (2008) Bridge Design Specifications and ACI 318-08 Code need to
address the following items:

1. The strain & in the longitudina tensile reinforcement can be
determined using Eq. 5.8.3.4.2-4 of the AASHTO LRFD
(2008). In the code, it is not explicitly stated whether the whole
area for longitudina reinforcement A, should be used for
sections subjected to pure torsion or negligible shear and high
torsion, or only the positive longitudinal reinforcement as
defined on page 5-73 of the code shall be used to determine
the value of «;.

2. Commentary C.5.8.2.1 on Page 5-61 of the AASHTO LRFD
(2008) is not clear on where to substitute V, withlj,_.,
obtained from Equations 5.8.2.1-6 and 7 for sections subjected

to combined shear and torsion. Although it explains why
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Equations 5.8.2.1-6 and 7 were added, it does not provide
enough details where exactly to substitute these equations.

. The resistance factor ¢ in the denominator of Equation 5.8.2.9-
1 should be removed.

In the commentary C5.8.3.4.2 on page 5-73 of the AASHTO
LRFD (2008), 0.5 cot & = 1 should replace 0.5 cot 8 = 2

In the ACI 318-08, the maximum limit of 10/, as the
maximum overall induced shear stressis very conservative and

may lead to un-economical design.
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and Non-P/S Concrete Beams

Appendix A

AASHTO LRFD (2008) SAMPLE CALCULATIONS FOR SHEAR DESIGN
Based on Modified Compression Field Theory (MCFT) and Simplified Provisions for P/S

Precast, Three Span Girder with Distributed Load:
Continues for Barrier, Future Wearing Surface, and Live Load
Simply Supported for Beam and Slab Dead Loads

Concrete Properties: * Note: In case the topping and girder
fCgicer 7\ksi both have the same f'c, make sure that
[— Aksi you enter f'c geqy, topping €qual to that of
n(modular ratio) 0.756 £'C girder
Veoncrete 0.15]kf
¢ siab,topping 3834.253513|ksi
E¢ beam 5072.240629|ksi

Prestressing Strands:

A 0.153|inZ (0.5in. dia., seven-wire, low-relaxation)
i 210
f, s
foo 189|ksi (fo0= A parameter for P/S)
foe 152.9|ksi (o= Effective prestress after all loses)
E, 28500k
Reinforcing Bars
As 1555 i’
f, 60 ks
3 29500  |ksi
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Over All Geometry and Sectional Properties: | ¥

Span Length, L 120|ft
Over All Depth of Girder,h 72]in.
Width of Web, b, 6|in.
Area of Cross-Section of Girder, Ag 767|in’°
Moment of Inertia, lg 545894|in*
Dis. From centroid to ext. bottom fiber, Y, 36.6|in.
Dis. From centroid to ext. top fiber, Yy 35.4{in.
Sec.modulus, ext.bottom fiber, Sy 14915 in®
Sec.modulus, ext.top fiber, S, 15421 in®
Weigh of Beam 0.799|k/ft

Over all depth of the composite section, h, 80|in.
Slab thickness, ts 8lin. l—
Total Area (transformed)of composite sect. A 1412|in’ *Note: If modulus of Elasticity for topping, slab, is different than modulus of
Moment of Inertia of the composite sec. I, 1097252, in* elasticity for girder, determin n=E sjab/Ec,beam called modular ratio and
. multiply it by the area of slab( befs x slab thickness). Add the given value to
Dis. From centroid of composite section to extreme bottom fiber,ypc g n- Area of Girder for total area of composite section.
Dis. From centroid of composite section to extreme top fiber of beam,yg 17.33 n- B e
Dis. From centroid of composite section to extreme top fiber of slab,yi. 23 n- ’_ L.t o]
3175
in® AR " AN |
Composite section modulus for the extreme bottom fiber of beam, Sy 20070.46 n ;: [ N?:\w\ih\\\\\\\ \\\\\\\5\}\:&\\\>1 |
. L 5 N
.3 N,
Composite section modulus for the extreme top fiber of beam, Sy 63315.18 in
Composite section modulus for the extreme top fiber of slab, 5. = 5
1/n*(I./y..) Critical in case n=0 s7304.7 [ " s
P
Total # of P/S strands 44 -
Area of P/S tension reinforcement 6.732]in?

Sectional Forces at Design Section

oo~ | o fues |

Unfactored shear force due to beam weight, Vg gider 42.3|kips *Note: The factored shear and moment is calculated using the following

Unfactored shear force due to deck slab, Vg gapn 64.6|kips combinations:

Unfactored shear force due to barrier weight, Vg parrier 7.8|kips Vy=0.9(Vy girder*V o slatV g, pearing) +1.50( Ve wearing) +1.75(Vi)

Unfact. shear force due to future wearing surface, Vg wearing 14.2|kips V=1.25(Vy girder*V stab+Va,bearing) +1.50( Vg wearing) +1.75(V11)

Unfactored shear force due to TOTAL D.L, V4 128.9|kips Select the MAX shear from above

Unfactored shear forces due to live load, V. 137.3|kips M,=0.9(Mb girdertMd,siab+Md bearing) +1.50 (Md,wearing) +1.75 (ML)
FACTORED SHEAR FORCE, V,, 404.95(kips M,=1.25(Mg girder+My siab+Ma, pearing) +1.50( My, wearing) +1.75(My,)

Select the MAX moment from above

Unfactored moment due to beam weight, My,girger 272.7|kips-ft It is conservative to select the Max moment rather than the moment
Unfactored moment due to deck slab, Mg giap 417.1|kips-ft corresponding to Max shear. (check the formula for My for abs.value)
Unfactored moment due barrier, Mg parrier -139.6| kips-ft

Unfact. moment due to future wearing surface, Mg, wearing -244.4]kips-ft

Unfactored moment due to TOTAL D.L, My 305.8|kips-ft

Unfactored moment due to live load, My,

-1717.8|kips-ft

FACTORED MOMENT, M,

-2877.57|kips-ft

70




SOLUTION:

Calculation of Effective Depth, d,:

____Control ; V-

518.9

Gy,

I
|
de 76.25in. *de=Effective depth from extreme compression fiber to the centroid of the tensile |
a (depth of compression) 6.02/in. force in the tensile reinforcement :
di=de-a/2 73.24]in. *Note: the value of "a"depends on location of cross-section. a=(Asor :
d,=0.9d 68.625in. Ass)*f,/(0.85*'c*b) because in this particular case itis intended to determine "a" at |
d,=0.72h 57.6Jin. critical section 7.1 ft from support for continuous beam, only non-prestrestressed |
Max d, (controls) 73.24in. reinforcement at the deck is considered in the calculation. | 116
e — —

a).Evaluation of Web-Shear Cracking Strength:
Vo (0.06*VF'c+0.3f,)b,d 4V,
Foc=Pse/ Ag-Pse*e *(yic-Yiu)/lg:HMagMas) * (VoY) Iy
Pse=# Of Strands*Agang*fse
v, 35.2]kips
efeccentricity ) 18.79in.
P 1029.3228]Kips
fpc 0.975795333| ksi
b) of Flexure-Shear Cracking Strength:

Vi=0.02V'c byd AVt M /M >=0.06VF'c byd,

ViV Vg

Muma=M,-My

Control : M-Phi

*f e = compressive stress in concrete (after allowance for all pretension losses) at
centroid of cross-section resisiting externally applied loads. ***f ,.= compressive stress
in 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
lies in the flange. In a composite section, f ,c 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 1
resisted by the precast member acting alone.

-3700.7

Capacity Predictions: (V=Vc+Vs)

---*V/, = vertical component of effective pretension

Simplified
force at section.(strands which are not straight or draped or harped) Method ACI (Kips) ReSPOﬂse
*e=eccentricity of P/S strands from the centroid of the non-composite section of cross-  (Kips)  pasiro (RED (Kips) 2000 (Kips)
section. "= 458.2975 488.5884006  538.4369563 576.5555556

moment of inertia of non-composite section. o=

compressive stress in concrete due to effective pretension forces ONLY (after Note: Vresp2000 on the graph is Vu

Mq=(le/yi) *(0.2VF c#oe-f,) where fic for section with neg.moment i that for topping.

allowance for all pretension losses) at extreme fiber of section where tensile stress is
caused by externally applied loads. In this particular case, where the beam at this
ection is under net negative moment, hence the top portion of deck slab is in tension

fa=Mawyic/le

vi 276.05]kips Wake
- sure that

Moy -3183.37]Kips-ft e oot
o =0 *NO.P/SH,0/Agth,s™No.P/SH,*e e/l 0|ksi right f'c,
Yeeand foe

fy, put the right y . 0.084712507|ksi hile
Mer 1138.142624|kips-ft calculatin

where prestressing doesn't affect because P/S is limited to non-composite section.
fpe=0 (Always satisfy for composite section under negative moment). When calculating fpe
using flexure formula, consider Ic or comp.moment of inertia .

*fywas calculated using f&=Mawy:c/I.. Because this section is under net negative
moment Mdw was evaluated conservatively by considering the DL negative moment as

that resulting from the DL acting on a continuous span. A >0‘06‘Jf'cbvd,,
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c).Evaluation of Concrete Contribution:

V=Min(V¢,Vew)

d).Evaluation of Required Transverse Reinforcement:

V,=A,*f,*d, *cotB/s
Transverse Reinforcement Required

Assume:

CHECK:
cot® 1 *cotB=1 if M>M,, else cot9=1+3f,,¢/‘lf'c
VS (Req'd) 216.34|kips
AvminfS 0.0084]in’/in.

12 in. c/c

OK

*Note: the assumed spacing and selected bars are
valid for CSA approach also.

Area (#5 stirrups)

0.306796158 |in’

OK

A./s (Provided)

0.051132693|in’

V,(Provided)

224.6975058|kips

e).Checks:

o1sessel |

Ay, min>0.0316Vf'ch, S/fy

V,<0.25f'cb,d,+V,

OK
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Modified CSA Approach or Compression Field Theory:

a).Evaluation of &

€,=(Mu/dv+0.5N+ IV -Vl -Ap ¥ o) /(2% (EAHE,*ALS))

#of A 12 Ifthereis no

B2 tension
Aps 1.836|in’ reinforceme
Ex 0.000484093|in/in ntin

b).Evaluation of B and ©

6=29+7000*€ ,
<] 32.4| Degrees
B 2.78]

c).Evaluation of Concrete Contribution

Vc=0.0316B\f'c b,d,

d).Evaluation of Required Transverse Reinforcement
V=A,*f,*d,*cotB/s
Transverse Reinforcement Required
312.6(kips

Check

Vs (Reqd)

Spacing, S 11.0fin.
A/s (Porvided) 0.05578112|in’/in.
V, (Provided) 386.4236566(kips
e).Checks:

Ay min>0.0316Vf'ch, S/fy

V,<0.25f'ch,d,+V,
OK

73

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

*Aps , As=P/S and non-prestressed reinforcement respectively at tensile zone NOT all
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 (kips)

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



Appendix B

VERIFICATION OF RESPONSE-2000

For Simply Supported and Continuous Beams

Simply Supported Beams:

Control : M-Phi

B100 siMPLY SUPPORTEDC CASE:

Total Spans Lengt
width, w
height, h

critical section from

=
N o

right support, L
Yconcrete KN/ma
Welf-wt 7.068 KN/m
Vexpeirimental KN Note: Vexperimental is the shear where it causes shear failure at critical
section of the member.
Verit,o.L 0 KN
Verit L 225 KN

Vresp2000

Vexp 225|KN

V- Control : M-Phi
B100D simpLy SUPPORTEDC CASE: 1 ._C_orﬂrgl LYK

Vu

Meire o 25.76286 KN.m

Meir, L 607.5 KN.m
Mu 633.26286 KN.m

Total Spans Lengt

width, w m
height, h m
critical section from 2.7 m
right support, L
Yeoncrete 23.56 KN/m?
Wielf-wt 7.068 KN/m
Vexpeirimental KN Note: Vexperimental is the shear where it causes shear failure at critical
section of the member.
Verit,o.L 0 KN
Verie,LL 320 KN

Vresp2000

Vexp 320|KN

Vu

Meirt,0.L 25.76286 KN.m
Meir, L 864 KN.m
Mu 889.76286 KN.m
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Control : M-Phi

B10OOH simPLY SUPPORTEDC CASE: -, control : V-C

Total Spans Lengt

width, w

height, h

critical section from
right support, L

Yconcrete
Wself-wt 7.068 KN/m

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

Vexpeirimental

Verit,o.L 0 KN

Vcrit,L.L

Meirt,0.L 25.76286
Meire, 521.1

B10OOHE simpLY SUPPORTEDC CASE: . >= -_g)rltrgl “MPhi

Total Spans Lengt

width, w

height, h

critical section from
right support, L

|
|
|
|
|
|
|
|
|
18
Yconcrete |
Wself.wt 7.068 KN/m
Note: Vexperimental is the shear where it causes shear failure at critical
section of the member.

Vexpeirimental KN

Verit,o.L 0 KN

Vcrit,L,L

Meirt,n. 25.76286 KN.m
Mire, L 585.9 KN.m

Control : M-Phi

B10OL sivPLY SUPPORTEDC CASE:

Total Spans Lengt
width, w
height, h

critical section from
right support, L

Yeoncrete 23.56 KN/m>
Weelf-wt 7.068 KN/m
Vexpeirimental KN Note: Vexperimental is the shear where it causes shear failure at critical
section of the member.
Vcrit,D.L 0 KN
VeitLt 223 KN

Vresp2000 158.9[KN

Vexp 223[KN

Meirtp.L 25.76286 KN.m
Meirt L 602.1 KN.m
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Control : M-Phi

B100B simMpLY SUPPORTEDC CASE:

Total Spans Lengt

width, w

height, h

critical section from
right support, L

=

=3

Yeoncrete

Wself—wt 7.068 K N/m

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

Verito.L 0 KN

Vcrit,L.L
Vresp2000

Vexp 204|KN
Meirt,p.L 25.76286

Meire L 550.8

Control : M-Phi

496.9

BN100 simPLY SUPPORTEDC CASE:

Total Spans Lengt

width, w

height, h

critical section from
right support, L

o

Yeoncrete
Wself—wt 7.068 K N/m

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

Verito.L 0 KN

Vcrit,L.L
Vresp2000
Vexp 192{KN
Mirt,p.L 25.76286
Meire L 518.4
BNDZ100 simpLy SuPPORTEDC CASE: | control: V-Gxy Control : MPhi
2011 h h
I I
Total Spans Lengt m I I
width, w m : :
height, h m | |
I I
critical section from 2.7 m 1 1
right support, L 1 ]
. 2.
Yconcrete 23.56 KN/m3 : 1.2 1:
Wself—wt 7.068 KN/m
Vexpeirimental KN Note: Vexperimental is the shear where it causes shear failure at critical
section of the member.
Vcrit,DAL 0 KN

Vcrit,L.L
Vresp2000

Vexp 258|KN
Meirt,p.L 25.76286 KN.m

Meirt, L1 696.6 KN.m
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Total Spans Lengt
width, w
height, h
critical section from
right support, L
YEoncrebe

Wielf.wt 7.068

Vexpein’mental

Vcrit,D.L 0

Verit Lt

Meirt,o. 25.76286
Meirt,L.L 521.1

BH100 simpLy SUPPORTEDC CASE:

KN/m

KN

BHD100 simpLY SUPPORTEDC CASE:

Total Spans Lengt

width, w
height, h
critical section from 2.7
right support, L
Yeoncrete 23.56
Wieit-wt 7.068

Vexpeirimental

Verit,p.L 0
Vcrit,L.L 278
Meire 0. 25.76286
Meirt,L.L 750.6

3 333

KN/m®
KN/m

KN
KN

KN.m
KN.m

BRL10O sivpLY SUPPORTEDC CASE:

Total Spans Lengt

width, w
height, h
critical section from 2.7
right support, L
Yeoncrete 23.56
Wielf.wt 7.068

Vexpein‘mental

Verit,o.L 0

Vcrit,LL

Meirt .t 25.76286
Mci rt,L.L 440.1

Control : M-Phi

610.9

Control : V-Gxy

N
T

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

Vexp 193|KN

Control : V-Gx Control : M-Phi

13 2.

T

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

Vresp2000 252.8|KN

Vexp 278| KN

Control : V-Gx

Control : M-Phi

[y
N =
INg
N

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

Vresp2000

Vexp 163| KN
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Control :

BM 100 simPLY SUPPORTEDC CASE:

Total Spans Lengt
width, w
height, h
critical section from
right support, L
Veoncrete KN / m3
Wielf-wt 7.068 KN/m

xpeirimental
section of the member.

Verit,.L 0 KN

Vcrit,L.L

Note: Vexperimental is the shear where it causes shear failure at critical

Meirt,p.L 25.76286 KN.m
Meirt, L1 923.4 KN.m

Control : V-Gx

BM100D sivPLY SUPPORTEDCCASE: ~  —Tarpgm —— — — — —

Total Spans Lengt
width, w
height, h

critical section from
right support, L

- 7.6
Yeoncrete 23.56 KN/m
Wieif-wt 7.068 KN/m
Vexpeirimental KN

section of the member.
Verit,.L 0 KN

Vcrit,L.L

Note: Vexperimental is the shear where it causes shear failure at critical

Meirt,o.L 25.76286 KN.m
Meirt, L1 1244.7 KN.m
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Continuous Beams:

SE100A-45 conTiNuOUS CASE:

Total Span lengths
width, w
height, h
critical section from right
support, L
YConcrete

Wielr.wt

Vexpeirimental

Vcrit,D.L

Vcrit,L.L
Vu

Mcirt,D.L

Mcirt,L L
Mu

Total Span lengths
width, w
height, h

critical section from right
support, L

Yeoncrete

Wielr.wt

Vexpeirimental

Vcrit,D.L

Vcrit,L.L
Vu

Mcirt,D.L

Mcirt,L. L
Mu

SE100A-83 conTINUOUS CASE:

Total Span lengths
width, w
height, h
critical section from right
support, L
Veoncrete

Wielr.wt

Vexpeirimental

Vcrit,D.L

Vcrit,L.L
Vu

Mcirt,D.L

Mcirt,L. L
Mu

SE100B-45 conTiNuOUS CASE:

1.19968

Control : V-Gxy Control : M-Phi

299.2

o
e

1.19968 m
23.56 KN/m® 1.0
6.9502 KN/m

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

23.63290406 KN *Vresp2000=Vresp2000ptyar-Verito.L

201 KN
224.6329041

221.0671|KN

33.35339783 KN.m
241.13568 KN.m
274.4890778 KN.m

Control : V-Gx

Control : M-Phi

346.3

y

23.56 KN/m® 1.4
6.9502 KN/m
KN Note: Vexperimental is the shear where it causes shear failure at critical

section of the member.
23.63290406 KN

281
304.6329041 261.5671|KN

33.35339783 KN.m
337.11008 KN.m
370.4634778 KN.m

Control : V-Gx

280.1

Control : M-Phi

1.19968
3
23.56 KN/m 0.8 0.
6.9502 KN/m 1

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

23.63290406 KN

303 KN
326.6329041

256.3671|KN

33.35339783 KN.m
363.50304 KN.m
396.8564378 KN.m
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SE100B-83 continuous cAsE:

Total Span lengths
width, w
height, h

critical section from right 1.19968

support, L
Yeoncrete 23.56 KN/m?®
Woeif-wt 6.9502 KN/m

Control : M-Phi

=

Vexpeirimental
section of the member.

Verit,o.L 23.63290406 KN
Verit L 365 KN

297.1671|KN

Meirt,.L 33.35339783 KN.m
Meirt, LL 437.8832 KN.m

i

Note: Vexperimental is the shear where it causes shear failure at critical

SE100A-M-69 conTINUOUS CASE:

_________ Control : M-Phi _

I 6585 .
Total Span lengths i |
width, w | |
height, h : :
critical section from right 1.19968 I |
support, L I |
Yconcrete 23.56 KN/m3 : :
Wit 6.9502 KN/m 7-8: 2-9:

V expeirimental KN Note: Vexperimental is the shear where it causes shear failure at critical

section of the member.
Verit,o.L 23.63290406 KN

Verit,LL 516
521.5671|KN

Meirt,0.L 33.35339783
Meirt L 619.03488

SE100B-M-69 conTinuous cASE:

Control : V-Gx

Total Span lengths

Control : M-Phi

|

|

width, w :
height, h |
critical section from right 1.19968 m :
support, L |
Yeoncrete 23.56 KN/m? 9 '7:

Wielf-wt 6.9502 KN/m I

Vexpeirimental
section of the member.

Verit,o.L 23.63290406 KN
Vcrit,LAL 583

637.5671|KN

Meirt,.L 33.35339783
Meirt,L.L 699.41344

Note: Vexperimental is the shear where it causes shear failure at critical

80




Appendix C

EXAMPLES SOLVED USING THE DEVELOPED MATHCAD DESIGN TOOL
USING AASHTO LRFD SHEAR AND TORSION PROVISIONS
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LRFD Shear and Torsion. using Sectional Model (SECTION 5. Interim 2008)

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;, P,,, etc., need to be evaluated beforehand due to possible

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

f the distance between zero-shear point and the face of support is less than 2d (d is the
Histance between the compression side and centriod of tensile reniforcement) OR a
concentrated load causing more than 1/2 of the shear at a support is closer than 2d from
the face of support, 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,
Etrut-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)

Acp = ll60in2 total area enclosed by outside perimeter of concrete cross-section (in2).
Having the section, this value needs to be calculated

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

A, = 380i112 area enclosed by the shear flow path, including any area of holes therein (in2).
Having the section, this value needs to be calculated

g = 1o 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
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the section, modified for the presence of ducts where applicable (in.)

b= 8in width of web (in.)

d. = 72 distance from extreme compression fiber to the centroid of the nonprestressed
g = /- tensile reinforcement (in.)

- distance from extreme compression fiber to the centroid of the prestressing
P S tendons (in.)

SecType := "Solid" Type of the cross section to design

If the girder is prestressed, put Yes
PreStressed := "No"

TensionControlled := "Yes" If your section is nottension controlled, put No

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

£ lksi (can be calculated) compressive stress in concrete after prestress losses

pc — 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)

fpu = 270ksi specified tensile strength of prestressing steel (ksi)
fltl = 32ksi Assumed value for long-term losses of prestressing steel (ksi)
fpi = 0,7.1:pu You may change the value if there are explicit information

i = 189-ks

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

fps = Tpi ~ T fos = 157ks
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Ep = 28600ksi Modulus of elasticity of prestressing tendons (ksi)

fet specified = "No”

f = 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

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

A fg = 1297 x 10 kip

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)

¥y = Aps <oy

Vp = 23.77-kip
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
1= 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

3

tt

-3

1.5
15 ft -
EC = 33000K1-WC {kl—pj . ,fc-km
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E, = 4.463 x 103.kgi Modulus of elasticity of concrete (ksi) (5.4.2.4)

A= 580in2 . . .

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

SCrackContro] = 210 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.)

Jemanded Shear and Torsion, Moment, Axial Force:

‘he 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

Intermidiate Calculations:

Needs in depth revision based on type of concrete, prestressing, tension controlled or not,
location, etc. What is here for ¢ are ALL TEMPORAL and will cjhange,

[Article 5.5.4.2) |

¢ = |if PreStressed = "Yes"

1.0 if TensionControlled = "Yes" C5.5.4.2.1 states that "For sections
subjected to axial load with flexure,
factored resistances are determined by

0.7 otherwise

otherwise multiplying both
0.9 if TensionControlled = "Yes" Pnand Myby the appropriate single
value of ¢

0.7 otherwise

¢y = 0.9 if ConType = "Normal" ¢bp = |09 if ConType = "Normal"

0.7 otherwise 0.7 otherwise
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bg = 0.9

Aof-d + A f.-d
d = sy 95+ ApsTps [Equation 5.8.2.9-2)

< Agty + Apg g

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 d-or 0.72h (in.)

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

Ml.l
o (deJ [c5.8.2.9-7) |
Agty + Apsips dy = 70.556-in
(Eq 5.8.2.9-2)
dy == max(0.9d,,0.72-h, dy 1) d,, = 70.556-11

Calculate the Shear Stress:

Vo= d)v-Vp
vy = ————— (Eq 5.8.2.9-2) Induced demanded shear stress
Pyby-dy
Note that this should be Vn and not Vu or we
Vy = 0.535ks need to remove the strength reduction fator
Calculating S, ,,, (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 Acpzlpc so that we address a cellular case, per 5.8.2.1-5
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cr

A 2
theVal = P it SecType = "Solid"
—_ _)’PC DULIU
P
otherwise y j
Equation 5.8.2.1-5
la2 (a2 .
|22 i | 22 | <o,
Ye \ FPe }'
2A,b,, otherwise

Calculate Cracking Toresion: VEquation 5.8.2.1-4)
= 10.125. [f -ksi-theVal |1 + L if ConType = "Normal"
0.125- fc-ksi
otherwise
fpc

if fc:t_spe'::iﬁed = "Yes"

0_125_11]]-11(4_7.1'“,\}fc.ksi)-theVal- l+ 0.125-1ni11(4-7'fct= fc'kSi)

otherwise

fpc

0.125-0.75 [f.-ksi

0.125-0.75 [f.-ksi-theVal- [1 + if ConType = "AllLightweight"

T

0.125-0.85 [T ksi-theVal- |1 + = otherwise
0.125-0.85 [f.-ksi
3., .
T, = 3.868 x 10" -kip-in
Check if the torsion can be ignored:
IgnoreTorsion := |"Yes" if T, <025 ¢ T, (Equation 5.8.2.1-3)

"No" otherwise

IIgnoreTorsion = "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.
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ueq"

> L2
=

2, (2t

k 2-A, )

ppik ) .
otherwise

(Equation 5.8.2.1-6 and

Va eq = 348.962 -kip

This equivalent V is just for checking the adequecy of the section, when needed, otherwise
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:.'

fpo = 0.71fpu

a parameter taken as modulus of elasticity of prestressing tendons
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 Es 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 M| > |(Vy = Vp)-dy
(Vu - Vp)'dv otherwise

M, = 8237 x 10*kip-in

(Article 5.8.3.4.2) |

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 6

Mull

+ 0.5N, + |Vu - Vpl — Apstho

VEquation 5.8.3.4.2-4)

Esl =

ES'AS a Ep'Aps

€51 = —5.284 x 10

4
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Note the commentary C5.8.2.1 on P 5-61
compared to 5.8.3.6.2 P5-84 (that the
modification for torsion is not applied but
says that for teta is applied are in



contradiction, and Vu here, should or
should not have the implicit modification!?

‘Article 5.8.3.4.2)
Page 5-74

This and the follwing are
evaluates g, presisely

[Mu] + 05N+ |V = V| = A
d, i u P Apstpo

27 E A, +E E A
sigt p'ApsJr c et

if Esl < 0.0

and does not use zero.

-5
e = 442 % 10

£41 otherwise

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,
foo can be conservatively taken as the average stress in the tendons when the posttensioning is

completed.

. —4
€= |8 < 00004 it £55 <—4.0x 10 " 1477 care of the last condition on

gy < 0.006 if £ > 0.006 evaluation of &,

) otherwise

~ no 10 | [Aricle 58342
Eg= Haex Page 5-72 to 74

NOTE
For sections closer than dy to the face of support the value for £, calculated at dy from the face
of support may be used to evaluate B and 0

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

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

S 1= lnin(dv-’SCraCkControl) Reinforcement in each layer not less than 0.003b s,

Sy = 2111
1.38 \Equation
S =8,
xel X o 1 063in [P-8.3.4.2-5)
g Article 5.8.3.4.2)
Page 5-73 line 2

89



Sxe = 12 1f Sxel < 12

otherwise
80 if Syel 80

Sxel otherwise

“Xe

8o |—22 i HasMin = "Yes" (Equations 5.8.3.4.2-1 and 2) |

1+ 7SO-€S

4.8 51
. otherwise
{ 1+ 75053} [39 _ Sxe} B = 4.965

o)5= i o SHLEgEy (Equation 5.8.3.4.2-3) | Here we use deg to get the angle

in deg for further calculations
6 = 28.845-deg

V, = 0.0316-3 [T ksi-b -d, Equation
5.8.3.3-3)

V. = 216.904-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 = | "Ves" if Vy = 050 (Ve # Vo) [Equation 5.6.2.4) ]

"No" otherwise |NeedShear: "Yes" |

Based on 5.8.3.3-1

Here we need to check for mininum reinforcement as per 5.8.2.5-1

A, = 0,621112 using number 5 bar (change accordingly if different)- 2 Legs

VT

| Yu . ] i .

Vy = mm[—,0.25tc-b‘_,-@1V + \’p} V,, = 325.556-kip
Vv

Vo= Vy— Ve o Vp
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— QA QR .1 .
Vg T Omo0sME Here Smin actually means the s based on

tha minimiim rantiiramant athanviea thie
ARG TN |GL|“||G|||G| v, wiuiel vvl-:lG, Ll

Av'fy ~is the limit for spacing and the specing

Siin = 8,000 = 00.07 .
min 0.0316-b- [T ksi min should be less or at most equal to this
}r A\_-fy-d\,-(cot(e) + cot(a))-sin(a)_l
Si‘eq = 1f] Vs <0, Simin _
L Vs J kEquation 5.8.3.3-4 |
Sreq = 56.14-1n
A min( Smin’ Srcq)
s = 56.14-in

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

[Eqs. 5.8.2.7-1 and 5.8.2.7-2) |

" Vu- d)v'vp
Smax -~ W T v
q)v'(bv'dv)

<0.125 'fc . min(O.S-d\,, 24in) ,111i11(0.4- dv s 12in):|

S 24-in

max —

The spacing of the transversal reinforcement is as follows:

Sactual = mln( S, Smax)

Sactual = 24 in

» address 5.8.3.3-2 , The upper limit of V,,, given by Eq. 2, is intended to ensure that the
ncrete 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.

0.25-£,-by-dy, = 846.667-kip

Check if the section is enough:
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| V i
" " = ) u

SecEnough = I Yes" if —_—= Vp < 0.25-1 -b.-d,
v

[SecEnough = "Yes" |

Also we need t

(]
on
Ee}

ecify 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=A /s for shear:

avss =

S
aciual v = 00264

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.

Ty

&,
avstl = ! if IgnoreTorsion = "No" VEquation 5.8.3.6.2-1) |
2-A0-fy-cot(8)

0.0 otherwise 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
A,
S K ol = —
ShearTorsion avs
SShearTorsion = 11-843-11

Design for Torsional longitudinal reinforcement: (Article 5.8.3.6.3
Longitudinal Reinforcement) [Also consider Eq. 5.8.3.5-1]
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tmpVal = 1.805 x 10°-kip

Eq.
5.8.3.6.3-1

qg.
.8.3.6.3-2

Note that distribution of A, should be evenly around the section
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