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ABSTRACT

Since 1963, the shear design of reinforced and prestressed concrete beams has
become unnecessarily complicated. There are currently two different procedures used to
design and detail the steel shear reinforcement in concrete beams. The first method, used
by the American Concrete Institute (ACI), is purely empirical. Their current design guide,
the Building Code Requirements for Structural Concrete (ACI 318-95) and Commentary
(ACI 318R-95)" uses the results of beam tests to produce the current code shear
reinforcement requirements. The second method, recently adopted by the American
Association of State Highway and Transportation Officials (AASHTO) in their Load and
Resistant Factor Design (LRFD) code? is called the Modified Compression Field Theory
(MCFT) approach. The MCFT approach, also referred to as the General method, was
developed by Professor Michael P. Collins at the University of Toronto. The MCFT
approach models the beam’s steel reinforcement as a variable angle truss. According to
Collins, the resulting steel shear reinforcement is designed based on a “physically
significant” quantity.3 The method relates the average strain in the longitudinal steel
reinforcement with the principal strains in the beam. The AASHTO method greatly
simplifies the design approach, since the same equations apply to both prestressed and
non-prestressed concrete beams and to any beam geometry.

According to two separate studies conducted by Collins and Mitchell,>* the MCFT

approach produces more accurate answers than the empirical ACI method. Collins
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concludes that the “General method” is more accurate than the ACI method, especially
when used to determine the shear reinforcing required in “large, lightly reinforced
members and members subjected to high axial compression where the ACI equations can
be seriously unconservative” (Collins, 1996). He further states that the ACI approach is
overly conservative for “uniformly loaded members, members with inclined prestressing
tendons and members subjected to high axial tension” (Collins, 1996). In his study,
Mitchell predicted the shear capacity of four beams based on both the ACI and MCFT
approaches. His predictions were then verified by experimental testing. In his
conclusions, he states that “the predictions of shear capacity using the modified
compression field theory are more accurate than the predictions using ACI 318M-89°
expressions” (Mitchell, 1994).

The ACI and AASHTO shear design methods seem to be diverging in approach.
While both methods provide safe designs, they present a different methodology towards
shear reinforcement design. As Robert W. Cannon states in Concrete International, the
changes in shear design are “due to academic research and not based on past performance
of structures, or (their) impact on construction procedures.”® The MCFT approach
adopted by AASHTO is not a result of the failure of the ACI code in design practice.
Rather, it is an attempt to provide a rational approach to shear design.

A recent development in thin-webbed precast concrete beams is the use of Welded
Wire Fabric (WWF) as shear reinforcement. The use of WWF has been shown to greatly

reduce the time, cost and the difficulty of on-site construction.’
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INTRODUCTION AND HISTORICAL REVIEW

Over the last several years, two methods have primarily been used to design the
shear reinforcement in prestressed and non-prestressed concrete beams. The focus of my
research was prestressed concrete beams using Welded Wire Fabric (WWF) as shear
reinforcement. Specifically, I wanted to compare the shear design approach used by ACI
318 with that used by the AASHTO LRFD design specifications for WWF.

The history of shear design methods can be traced back to about the year 1890 as
is shown in Figure 1. About the turn of this century, Morsch® investigated the diagonal
cracking in concrete railroad beams and developed the 45 degree truss analogy still used

as the basis for the ACI code provisions today.

ACI 318 Method

In 19535, a failure of an air force warehouse™'® led to the first major changes in the
ACI shear provisions. During the 1960’s, ACI-ASCE Committee 326 refined the ACI
shear provisions based on the results of tests conducted on over 924 beams. Similarly,
during the 1970’s, ACI-ASCE Committee 426 further refined the shear provisions based
on beam tests. As shown in Figure 1, research in the shear behavior of concrete beams

has increased dramatically in recent years.
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Figure 1. Number of papers on shear design (Collins, 1996)

The history of the ACI empirical approach to shear design has a well-documented
history. The ACI 318 specifications have become increasingly complex over the years.
As shown in Figure 2, the number of equations required for beam shear design has risen
significantly. Up until approximately 1963, the ACI 318 specifications included only 4
equations for shear design and analysis. The ACI 318-95 specification currently includes

over 40 equations for shear design and analysis. Even though these equations do not all




need to used or checked for each design, the number of complex equations in the ACI

code makes it extremely difficult to use without adequate training and experience.
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Figure 2. Number of equations for Shear Design in ACI Code (Collins, 1996)

AASHTO LRFD Method

The recently adopted 1994 AASHTO LRFD design guide uses the Modified
Compression Field Theory (MCFT) approach developed by Professor M.P. Collins at the
University of Toronto. The approach is “based on equilibrium, compatibility and the

stress-strain characteristics of cracked reinforced concrete” (Collins, 1996). In fact,




Collins developed the MCFT approach based on the desire of the 1973 ACI-ASCE Shear
Committee'" that the “design regulations for shear strength can be integrated, simplified,
and given a physical significance.” Testing done since 1971 has shown that, “in general,
the angle of inclination of the concrete compression is not 45 degrees, and that equations
based on a variable angle truss provide a more realistic basis for shear design” (Collins,
1996). The MCFT method provides a rational and simplified approach to shear design.
As a result, it has been adopted by several design codes in Canada and in the AASHTO

LRFD specifications in the United States.

In his text, Reinforced Concrete: Mechanics and Design ,'? James G. MacGregor

disagrees with the MCFT approach used by Collins. He states that one cannot predict
flexure-shear cracks based on the principal tensile stresses in a section, unless web shear
cracks precede them (which sometimes occurs in prestressed concrete beams but rarely
occurs in reinforced concrete beams). MacGregor, a member of the ACI 318 committee,
believes an empirical approach (such as ACI 318-95) is the only way to predict beam
cracking. He and several other “subject matter experts” advocate the use of arching

action in “disturbed” regions of a beam (such as near a support) to explain shear failure.

Welded Wire Fabric
Recently, the use of Welded Wire Fabric (WWF), primarily in prestressed concrete
construction, has taken on added importance. For instance, in Germany, WWF constitutes

over 40% of the steel reinforcement market and has been used successfully for over 50




years (Mitchell, 1994). The use of prefabricated WWF cages instead of conventional L-

| shaped or U-shaped stirrups for shear reinforcement has led to time savings of 70-75%
during actual construction (Mitchell, 1994). In addition, it has greatly reduced the amount
of steel reinforcement required in a given concrete beam, thereby greatly reducing the
cost. However, here in North America, the use of WWF for shear reinforcement is just
beginning to be an accepted practice. For instance, in 1980, the Precast Concrete Institute
(PCI) and the Wire Reinforcing Institute (WRI) formed an ad hoc joint PCI/WRI
committee to study the use of WWF for shear reinforcement.® This has led to ACI
acceptance of WWTF for use as shear reinforcement. ACI has currently restricted the

allowable yield strengths in the wire material (see Table 1 below).

ACI Code Version Allowable Yield Strength, Fy (ksi)

ACI 318-77 60 ksi
ACI 318-89 (Revised 1992) 60 ksi

ACI 318-95 60+ ksi (up to stress corresponding to 0.35 percent
strain)

Table 1. Allowable Yield Strength for Wire Reinforcement Based on ACI 318-XX.

One of the main advantages of using WWF is that it may be fabricated with
whatever size wires or spacings that the designer deems necessary. Instead of the

standard WWF typically used for concrete slabs, the designer can now specify exactly




what types of steel reinforcement he wishes to use. If crack control is a concern, he can
reduce the wire spacing. If strength is a primary concern, the designer can use stronger
deformed wire or increase the wire size in the fabric.

Most of the recent testing of wire reinforcing has focused on the wire properties:
ductility, yield strength and bonding characteristics (smooth and deformed wire). Other
parameters investigated were the requirements for proper anchorage, the quality and
strength of welds at wire intersections and the need for proper wire sizes and spacings
when WWEF is used for shear reinforcement (Mitchell, 1994). In fact, Mansur, Lee and
Lee'*! concluded that the use of WWF as shear reinforcement results in smaller measured
maximum crack widths than those cracks resulting from the use of regular mild steel
stirrups. They found that these smaller cracks were a direct result of the smaller steel
spacings and the more effective “staple action” across the potential crack. They also
concluded that deformed WWF performed better than the smooth WWF in terms of
anchorage and overall crack control. This was verified by tests done by Pincheira,
Rizkalla, and Attiogbe.'® Mitchell confirmed that deformed WWF did lead to smaller
cracks at service loads than those beams reinforced with conventional stirrups. He also
stated that there was sufficient anchorage of the WWF when two horizontal wires were
used and that WWF exhibited sufficient ductility for use as shear reinforcement. Mitchell
also concluded that the “nominal yield stress of 500 Mpa (about 72.5 ksi) could be used
in design calculations” (Mitchell, 1994). This eventually led to ACI Committe 318
adoption of the ultimate yield stress of 60+ ksi (that is, up to the stress corresponding to a

0.35 percent strain) in ACI 318-95.




THEORY

Different types of cracking behavior are shown in Figure 3 below. Overall, there
are two critical types of inclined cracking in concrete beams. Flexure-shear cracks start as
vertical flexure cracks. The flexure-shear crack then develops “when the combined shear
and tensile stress exceeds the tensile strength of the concrete” (ACI 318-95). Web-shear
cracking “begins from an interior point in a member when the principal tensile stresses
exceed the tensile strength of the concrete” (ACI 318-95).

APPLIED LOAD
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- >
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Figure 3. Types of Cracking in Concrete Beams (Adapted from ACI 318-95)
Over the years, more research was done to look specifically at the failure

mechanisms along the diagonal cracks. Phenomenon such as “aggregate interlock™ at the




crack interface and “dowel action” of the reinforcing steel with the concrete became more
important for continued research.
ACI 318-95 Method

ACI Committee 318 established empirical shear reinforcement equations based on
the results of numerous beam tests. The model for the equations is based on a 45 degree
truss analogy. The ACI 318-95 expression for the shear strength of non-prestressed

concrete beams is:

Afd

s

V=V+V= 2\/70’de + where

V., = nominal total shear capacity of the section

V. = nominal shear capacity. of the concrete

V. = nominal shear capacity of the steel reinforcement
f/= concrete compressive strength

b, = effective web width of section

w

d = effective depth of section from extreme compression fiber to centroid of
longitudinal steel reinforcement

A, = cross sectional area of steel shear reinforcement
f, = yield strength of steel reinforcement

s = spacing of shear reinforcement
For prestressed concrete beams, the ACI equations are slightly more complex and

will not be given here (see ACI 318-95).




AASHTO LRFD Method

The MCFT approach is based on the strain compatibility in the cracked concrete
beam and allows for the fact that “even after cracking, tensile stresses in the concrete
between the cracks can resist shear stresses.” (Collins, 1996). In fact, Collins rationalizes
that the “loss of tensile stresses in the concrete at the crack must be replaced by increased
steel stresses” which are ultimately taken up by the longitudinal steel. This fact is shown

in Figure 4 below:
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N em—
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X oo
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(b) Calculated average stresses (c) Local stresses at crack

Figure 4. Reinforced concrete panels subjected to shear (Collins, 1996)

According to the MCFT, the nominal shear strength of a section is given by:

V=V, +V,+V,




where V, = shear load taken by a component of the prestressing steel

A,fd, cotb

But, V., =
s

where 8 = angle of principle compression

and V. =B,/ f’b,d, where B = tensile stress factor
However, B and @ are functions of the average longitudinal strain, €, , the shear stress,

v, and the crack spacing, s,, at the section such that:

_ a0, 4c0t0 2.16

= < where
1+,/500e, 534 24"

B

cr

a+0.63

a, = reinforcement bonding characteristics (1.0 for deformed bars)

o, = load factor (1.0 for short term monotonic loading)
€, = principle tensile strain

w_= crack width

cr
a= maximum aggregate size
but we also must calculate the shear stress at the critical section using the expression

V.-,
y="-—2F
bvdv'

and the average strain in the longitudinal steel reinforcement given by

M
d“ +0.5(N, +V,cot8)— A, f,,
g, =—
EA+EA,

10
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M, = ultimate bending moment load on the section

N, = ultimate axial load on section

V, = ultimate shear load on section

A, = effective cross sectional area of prestressing steel

f,, = stress in prestressed tendon when surrounding concrete is at zero stress

E_ = elastic modulus of longitudinal reinforcement

A = effective cross sectional area of longitudinal steel reinforcement

tx
[

elastic modulus of prestressing steel

o
i

effective cross sectional area of prestressing steel

The significant equations from both methods are summarized in Figures 5 and 6 below:
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ACI Method: V, =V, +V,

Non-Prestressed Vv

V.= (1.9JT;+2500pw “djbwd but ~%<10

Mll MM

Beams

V. <35/fb,d or V.=2\fb,d

d
V.= Afd v, <8,/fb,d
S

Prestressed Vd

V. =] 0.6,/f+700 L [pud but 2Jfb,d<V, <5[fb,d
Beams “

or VC = Vci = 06‘/Tc'bwd+Vd + ‘;}Mu

max

but V, 217f’b,d and V, <V, =(35/f +03f, )b, d+V,

d
y =2 (g Fbd
S

Figure 5. ACI 318-95 Shear Design Equations (Collins, 1996)
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General Method (AASHTO LRFD/MCFT): V, =V, +V, +V,

V.= B\/Tc'bvdv V.= -Avaydv cot8 where B and 0 are functions of the strain, €,

shear stress, v, and crack spacing, s,

IZI“ +0.5(N, +V,cotb)- A, f,

v

where v = —

vy

4

and € =
EA +EA,

Note: All equations use U.S. units.

Figure 6. General Method Shear Design Equations (Collins, 1996)
To ease the design process and to insure that concrete crushing does not occur,
Professor Collins developed two tables to use with the General method. These tables give

values for ® and B based on the average strain in the longitudinal reinforcing steel,
e ., and the shear stress, v, at the critical section of the beam. The critical section for
beams is located at a distance d, cot® from the middle of the support. The tables are

given for beams with and without steel reinforcement respectively. The table values shown

are for U.S. units.




v Longitudinal strain €, x 1000
£ <0 |<025]<050]|%1.00]|<150]|<200
<coosol 298 | 270 | 285 [ 290 [ 360 | 410 | 430
B | 488 | 349 | 251 | 223 | 195 | 172
coors) 2dee [ 270 [ 275 [ 300 | 360 [ 400 | 420
B | 488 | 301 | 247 | 216 | 190 | 165
cotoo 0 | 235 | 265 [ 305 | 360 | 380 | 390
B | 326 | 254 | 241 | 209 | 172 | 145
<corsoldee | 250 | 290 | 320 | 360 | 365 370
B | 255 | 245 | 228 | 193 | 1.50 | 124
0200|208 | 275 | 310 [330 | 345 [ 350 | 360
B | 245 | 233 | 210 | 158 | 121 | 1.00
<ozsol fdcs | 300 [1320 [ 330 | 355 | 385 | 415
B | 230 | 201 | 164 | 140 | 130 | 125

Figure 7. Values of  and B for members with web reinforcement (U.S. units).

(Collins, 1996)

Longitudinal strain €, x 1000

Sx

<0 | <025}1<050|<1.00|<150] <200
Odeg | 270 29.0 310 34.0 [36.0deg|38.0 deg

<Sin.
B 494 378 3.19 256 | 2.19 1.93
<10in. Odeg | 300 340 37.0 40.0 43.0 [45.0deg
B 4.65 345 2.83 2.19 1.87 1.65
<1Sin. Odeg | 320 370 40.0 450 48.0 {50.0 deg
B 447 3.21 2.59 1.98 1.65 1.45
<25in. Odeg | 350 41.0 45.0 51.0 540 157.0deg
) 4.19 2.85 2.26 1.69 1.40 1.18
. Odeg | 38.0 48.0 53.0 590 63.0 |66.0deg
<50 in.

B 383 | 239 | 182 | 1.27 | 1.00 | 083
<100 | 8deg | 420 | 550 | 620 | 69.0 | 720 [75.0deg
in. B 347 | 188 | 135 [ 087 | 065 | 052

Figure 8. Values of 6 and B for members without web reinforcement (U.S. units).

(Collins, 1996)




RESULTS

To test the difference between using the two methods, I chose two specific
example problems to demonstrate the procedures for shear design. These design examples
are contained in Appendix 1. In addition, I used the RESPONSE'"? computer program
developed by Collins to analyze the two example problems. The results of this computer
analysis are outlined in Appendix 2.

Both the ACI 318-95 and the AASHTO LRFD approach produce safe, economical
designs. The MCFT approach better approximates experimental test results. In a study
conducted by Xuan, Rizkalla and Maruyama'® in 1987, the authors concluded that “ACI
code underestimates the ultimate shear capacity for beams with shear reinforcement by 43
to 79 percent.” They go on to state that this is due to the measured shallow angle, 6, of
the diagonal cracks which measured about 25 degrees instead of the 45 degrees assumed
by the ACI code.

The benefit of using the General method, according to Collins, is that “prestressed
concrete beams, non-prestressed concrete beams and partially prestressed concrete beams
having a wide variety of cross-sectional shapes can all be designed using the same basic
expressions. The beneficial effects of prestressing are accounted for in the design by
allowing lower values of theta to be used which will result in less transverse

reinforcement.”"’

15
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Durrani and Robertson conclude that “the observed concrete shear strengths are

between 28 and 54 percent higher than the ACI Code predicted values” (Durrani, 1987).

Their testing also resulted in cracks at 8 = 30 degrees to the longitudinal axis of the

beams. The nominal shear failure loads that they observed were 37 to 55 percent greater

than the ACI predicted values.

Perhaps the best comparison between the ACI 318-95 and the AASHTO LRFD

shear design methods is done by Collins. Based on parameters such as member size and

maximum aggregate size, Collins compares the results of the two approaches with his own

experimental results as shown below in Figure 9.

d (m)
psi O .
units MPa
32l 4 units
- —10.25
2.8\ ]
[ ]
— \\ b
2.4} —0.20
\\\ 1
\ 4
20k TN \\ AC! 318-95 Prediction |
= RS V=2[f"bd 1
ﬁ [f: L sd\ fc w —0.15
1.6 \ T-.. General Method Prediction 1
B . \ T < ]
1.0l Experimental ‘e - ~ S —o.10
B \\\ ------- - 4
T e e e e e, ™ 4
0.8 A j
,=—_  p=-2=-0.004 1
- bd, bd —0.05
0.4 f; = 3500 psi (24.1 MPa)
L fy = 52 ksi (386 MPa)
l i L L L 1 1 1 Il 1 ]
% 2 3 4 5 6 7 8§ 9 0 °

d (teet)

Figure 9. Influence of member size and maximum aggregate size on shear stresses at

failure (Collins, 1996).
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Figure 9 shows the predicted shear failure levels based on ACI 318-95, the General
Method and the experimental results. On the vertical axis, the tensile stress factor, B, is
plotted. Increasing beam depth is plotted on the horizontal axis. In this case, the ACI
318-95 method is unconservative, since it overestimates the concrete strength of the
section. The General method, while also unconservative, gives a much better
approximation of the experimental beam behavior. Collins summarizes his results with
those done by several researchers in recent years as shown in Tabie 2. A total of over 528
beams were tested. Based on a number of parameters such as beam size, loading, and
concrete strength, this table shows that the ACI approach can be very inaccurate and
unconservative for large, lightly reinforced members and members under high axial
compression. For members with uniform loads, members with inclined prestressing
tendons and members under high axial tension, the ACI approéch is unnecessarily

conservative (Collins, 1996).




Experiment/predicted
Stirrups rCh Genenl
AS,
Number and bus Coefficient Coefficient
specimen . ) Concrete, psi of variation, of variation,
Reference Date type Loading Depth, in. psi Mean| percent [Mean| percent
68 IR
19 2 point loads on
Kani' 1979 | rectangular simple span 61048 2230 t0 5320 V] 1.23 149 1.35 8.0
. 2 point loads on
9 A
Kani' 1979 95 T-beams simple span 12 2510 to 5550 0 1.60 11.5 1.63 10.1
13 Uniformly
Shioya'* 1989 | rectangular | distributed load on 5t0124 2860 to 4130 0 0.86 429 0.98 25.1
beams simpie span
10 End loads applying
Gupta® 1993} rectangular shear and 12 8700 to 9120 0w170 |0.85 213 1.13 16.8
beams compression
Adebar and 7 rectangular| End loads applying
Collins?! 1996 1" 1 imms <hear and tension 12 6700 to 8500 0 275 514 0.90 12.8
6 prestressed Uniformly
Gé‘f]‘?' ad | 1993| bridge | diswibuted load on 36 6500108400 psi| 3700590 | 106 175 137|127
ollins girders continyous span
14 .
i Point loads on
Coilins and Végh?®3 | 1993 mb::;ium continuous span 111036 72501013500 | 00120 | 084 182 107 159
Griezic, Cook, and Uniformly
Mitchel 2 1993 | 4 T-beams | distributed load on 16 5800 22510350 {134 122 134 126
simple span
. Point loads on beams
H andaddade - H;gs- 1971 | 59 T-beams |  with tension or 18.5 1950106500 | 010700 |161] 323 1.45 18.7
anoc compression .
; 33 .
Elzanaty, Nilson, 2 point Joads on
and Slate2® 1986 pt:suessed simple span 14 and 18 600010 11,400 | 00700 | 1.07 11.6 1.35 9.5
Pasley, Gogoi. .
Darwin. 3ad | 1990} 13 T-heams o s oonn 18 4500 0082 [099]| 120 |127{ 70
McCal
31 Point loads on beams
Martock® 1969 | rectangular with tension or 12 2200 to 8000 0 1.56 247 1.45 14.0
beams compression
20 .
Bennett and 2 point loads on
B iya® 1971 px[t-stx:ssed simple span 10 and 18 4400 to 6460 | 63010 1900 | 1.71 194 146 18.2
22 .
Bennett and Point joad on
Debaikey® 1974 pr[e_snessed simpie span 13 6000 to 10,500 | 103 to 5600 | 1.15 9.9 1.54 10.9
Moody, Viest, 12 .
Eismer.and | 1954| rectangular |  Foint load on 12 380 to 4600 0 1271 w2 || 135
Hognestad®! beams simple span
33 :
Point load on
MacGregoc®? 1960 prﬁsutssed simple span 12 2400 to 7000 010470 1.09 258 1.54 225
27 R
Oleson. Sozen, and Point load on
Siess? 1967 prluumed simple span 12 2450 to 6700 00350 | 1.06 18.8 1.59 15.3
' 10 Point load on
Roller and Russeil**} 1990 | rectangular : 25w 34 10,500t0 18,170 0Oto 1176 |1.05 20.0 1.19 13.5
simple span
Shahawy. R 39 full-size
wy, Robi p d Point load on 44
and Baic 35 | 1993 bridge simple span 6000 16510 1670 | 1.09 19.5 1.13 15.8
girders
Yoon. Cook, and 12 Point load on
Mitchell ¥ 1996} rectangular simple span 30 52201012615 | Ot 145 | 1.14 13.8 1.07 10.3
528 beams Average { 1.32 337 1.39 19.7

Table 2. Experimental verification of ACI 318 vs. General Method (Collins, 1996)
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| Based on the results of Table 2 and Figure 10 below, it can easily be seen that the

\"_,lp (kips)

\’"p (kips)

(Collins, 1996).

800
o/
700 ~/
/ Q
/ h
600 V.o / >
o/ // i
soob M/ . !
Y, / X
/ . ;
400+ / .
/ ¢ // Qé/l
300 / -
/ . ///
L]
w0l S A el i
/ {/‘ P 1
/o 3 // i
100 Dy |
- 1
0 i ¢ ; . ‘ { !
¢ 100 200 300 400 500 600 700 800
Vearc (KiPS)
100
Mean = 1.32
COoV = 30.1%
100
Veaic (KiPS)
(a) AC!

\'e,p {kips)

Vexp (KipS)

General method better represents the actual physical behavior of the beam under loading
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Figure 10. Experimental and predicted failure shears for 528 tests: ACI vs. General

method (Collins, 1996).
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Welded Wire Fabric

While the tensile strength of WWEF turns out to be higher than that of
conventional stirrups, Xuan notes that the ductility of the WWF is significantly less than
that of the stirrups. He states that “the ultimate strain of the WWF is usually less than 2
percent while that of conventional stirrups is greater than 15 percent.” (Xuan, 1988).
However, he also states that WWF “used as shear reinforcement should exhibit adequate
ductility to insure the overall ductility of the member.” Xuan also concludes that
anchorage by using two horizontal wires (as outlined in both the ACI 318 and AASHTO
LRFD codes) at the top and the bottom of the vertical wires is sufficient to prevent
premature beam failure (Xuan, 1988).

In testing completed by Pincheira, Rizkalla and Attiogbe® in 1988, the authors
state that the “deformed WWF seems to provide a slightly better crack width control
compared to conventional double-legged and single-legged stirrups.” They also conclude
that anchorage of the WWF by two horizontal wires at the top and bottom of the shear
reinforcem¢nt was sufficient. However, they found that deformed “WWF is not as
effective as conventional stirrups under cyclic loading” (Pincheira, 1989).

Durrani and Robertson indicate that the “observed shear strength contribution of
the mesh reinforcement (WWF) was consistently higher than the ACI Code value by more
than 50 percent (Durrani, 1987). They also conclude that two anchorage wires are
sufficient for guarding against shear failure. Based on their testing, they conclude that

both horizontal wires are “active” in taking the load and that premature failure of one wire
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did not lead to beam failure. However, in beams with only one horizontal wire for

anchorage, there was premature failure. The authors directly relate the strength of the

anchorage to the strength and quality of the welds in the fabric. They further state that

deformed WWE forms a better bond with the concrete than that formed by smooth WWF

(Durrani, 1987). Some details of WWF anchorage based on ACI 318-95 are shown in

Figure 11:

minimum of 2"

/4
maximum maximum

8 Wire digmeter
bend (minimum)

7]

2 horizomal wires
top & bottom.
L
'h
2"min.
smooth or deformed at least the
vertical wires as M‘\ greater of /4 or 27
mid -depth of munb«j at least the
(2d/2) greater of /4 or 2
. q
pnmary
reinforcement =" 2"min.

\ou_m wire not above lowes?

prmary reinforcement

Figure 11. Anchorage of WWF in Concrete Beams (ACI 318-95)
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Mitchell, Griezic and Cook compared the shear strength of WWF using both the
ACI and General method approaches (Mitchell, 1994). In their study, they tested 4 beams
using either WWF or conventional stirrups as shear reinforcement. They also kept the
same steel ratio so that they could make a direct comparison of the results between the
beams. The reinforcement details of two of the beams with deformed WWF shear

reinforcement are shown in Figure 12:

8500 - Moderate Shear Beam

I I
l._m m—“|
n.s—l L— o7 J 70228 1 m.sl 10200 1 nuso—-l r— n
000

ASGQ ~ High Shear Beam
- 4700 1
t—m m—_‘l
s - s 4 70173 Juu.L 7 » ] -
—1 s o173 58100 J— s0
f - !
S 1
o:""m..""——/r b J ° _'i“
e
2~Me. 10 leng.
2-Me. 10 iraneverse ©230mm specings hd 00
30 bors .._.// fjA

Figure 12. Detail of WWF Reinforcement in Beams A500 and B500 (Mitchell, 1994)
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The cracking patterns of the four beams are shown in Figure 13:

|
|

Ll

AS00

T AT
AT

N A
AT,

Figure 13. Cracking patterns of the four test beams (Mitchell, 1994).

The results of the comparison between the ACI empirical method and the General

method are outlined below in Table 3:
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Test results ACI 318M-89 predictions MCFT predictions
Vimas at d, Failure Vaatd, Failure Vimas Vaatd, Failure Vmar
Beam kN mode kN mode Vact kN mode Vuerr
AS00 332 Flexure 200 Shear 1.66 330 Flexure 1.01
A400 334 Flexure 212 Shear 1.58 316 Flexure 1.06
|
i B500 291 Flexure 162 Shear 1.80 267 Flexure 1.09
| B400 272 Flexure 169 Shear 1.61 266 Flexure 1.02

Table 3. Strength predictions using ACI 318 and General method (Mitchell, 1994)

As a result, Mitchell concludes that the smaller diameter WWF prevents larger
cracks as compared to conventional stirrups with equivalent amounts of steel. Thisis a
result of the smaller wires effectively “stapling” any diagonal cracks before they can open
up. He also concludes that two horizontal wires are sufficient for anchorage. Mitchell
states that “cold-rolled deformed welded wire fabric stirrups exhibited large strains and
sufficient ductility to redistribute the stresses in the stirrups to avoid a sudden, brittle shear
failure.” He goes on to state that the “predictions of shear capacity using the modified
compression field theory are more accurate that the predictions using ACI 318
expressions.” In addition, he recommends using the full nominal yield stress of

500Mpa(about 72 ksi) for design calculations (Mitchell, 1994).




DISCUSSION AND CONCLUSIONS

Both the ACI 318-95 approach and the AASHTO LRFD (General method)
approach to shear design produce safe beam designs. The empirical ACI 318
specifications are the result of years of testing and code refinement. While much can be
said about the improvements in ACI shear design methods in the last 40 years, the code
has been slow to change. One of the main reasons for this is that changes in the ACI 318
code specification must be approved by a voting committee. Another reason that the ACI
318 code is slow to change is that the current specifications have “passed the test of time.”
That is, they have been used successfully for many years. Despite the desire of the 1973
ACI 318 committee to have a “physically significant and rational method for shear
design,” the code has remained strictly empirical in its approach to shear design.

The General method adopted by the AASHTO LRFD specifications provides a
“simplified, physically significant and rational” approach to beam shear design. This
method offers several advantages:

- it is a rational approach based on the physical properties (stress-strain,
equilibrium and compatibility conditions) of the beam

- it more accurately represents the “true condition” of the concrete beam by
considering the strain in the longitudinal steel and the level of cracking in the beam. It

accounts for the ability of the concrete between the cracks to carry some tensile load. It
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also accounts for the vertical component of the prestressing force to help carry some of
the shear load.

- it uses fewer equations than the complex equations found in the ACI 318
specifications. The same General method equations cover all beam types, sizes and

geometries.

The biggest obstacle faced by the General (MCFT) method is that it is relatively
unproven in the construction industry. It will be interesting to see the level of acceptance
of the AASHTO LRFD approach once many designers and steel detailers have a chance to

become familiar with the procedure.

Welded Wire Fabric

Welded Wire Fabric greatly reduces the time, effort and material required for shear
reinforcement design and placement. It can be an effective shear reinforcing material
when proper attention is given to anchorage details and weld quality. Although WWF is
less ductile than conventional cold rolled steel stirrups, its higher yield strength makes it a
desirable material.

The two design examples done in Appendices 1 and 2 yield approximately the
same answers using both the ACI 318-95 and the AASHTO LRFD approaches. In the
first example problem, a 115 foot long, prestressed concrete bulb tee girder with

composite slab is analyzed for shear reinforcement requirements. The web thickness of
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the girder is only 6 inches, thus making it a candidate for WWF shear reinforcement based
on the confined work area for steel placement. The prestressing tendons are harped. The
ACI 318-95 strength, minimum area and maximum spacing criteria are checked. In this
case, the strength criteria controls and the steel wire spacing is selected at 1.5 inches.
Next, the same girder is analyzed with the AASHTO LRFD procedure. After checking
“the maximum spacing, minimum reinforcement and strength criteria, we find that strength
criteria controls. The steel wire spacing is selected at 4 inches.
The second example problem consists of a 75 foot long, prestressed concrete Type
IV girder with composite slab. Once again, after checking the strength, minimum area and
maximum spacing criteria according to ACI 318-95, we find that strength controls. The
steel spacing is selected at 3 inches. Next, the same girder is analyzed with the AASHTO
LRFD procedure. After checking the maximum spacing, minimum reinforcement and
strength criteria, we find that minimum reinforcement controls. This time the spacing is

selected at 3 inches, the same as determined for the ACI 318-95 method.
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APPENDIX 1: DESIGN EXAMPLES USING ACI 318-95 AND

AASHTO LRFD GENERAL METHOD

Example IA: Prestressed Concrete Bulb Tee Girder with composite slab. Span

length is 115 feet. Consider HS 25 loading.”

78
{ —— f
Deck® | -. 4 .. ~ .°" : *.°' * | 85 Buikdup
) 3.5'.;.% —
-~ £
e{ 72 Precast Height
8.6
)

Figure 14. Girder Cross-Section Example IA (Feeser, 1994)
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I 04L =48 ' 0.4, = 48 ]
Figure 15. Prestressing Steel Harping Pattern Example IA (Feeser, 1994)
Dist. Vi | Mmax V/ Vei | Veimin | Vew | Mer
Ft. kips k-ft ¢ kips kips kips k-ft
0.00 160.4 0.0 284.3 | 10000.0 | 50.9 128.7 | 1642.8
1.58 157.3 250.3 284.3 28140 | 50.9 208.8 | 4269.8
2.30 156.6 361.1 284.3 19400 | 50.9 210.8 |4194.9
3.41 154.7 | 530.5 284.3 1309.2 | 50.9 213.7 14080.9
4.60 152.7 706.5 279.7 973.6 50.9 216.8 |3962.8
6.90 | 1489 | 1036.1 270.7 650.5 51.0 223.0 | 3743.1
9.20 1450 | 1350.0 | 261.7 488.4 51.5 230.6 | 3535.8
11.50 | 141.1 | 1648.0 | 2527 390.7 52.1 237.8 | 33408
23.00 | 121.7 | 2902.1 207.4 191.3 547 270.4 | 25518
2875 | 1119 | 3381.4 184.9 149.5 56.0 284.0 |2273.3
3450 | 102.0 | 37622 162.1 120.3 57.3 295.7 | 2072.3
46.00 71.9 4271.8 116.6 75.9 59.9 3124 | 1902.3
57.50 51.7 4409.1 70.8 42.9 59.9 297.2 117237

e

Table 4. Critical locations and loads for Example IA (Feeser, 1994)
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Method A: ACI 318-95:

Based on the table above, the critical point is located at a distance h/2 or 3.41 feet

from the support. At this distance, the shear component required to be carried by the

reinforcing steel, V, =70.6 kips. Since 4.[f .b,d <70.6kips(Spec.11.5.4.3), the shear

reinforcement spacing is either less than 3/4 of the height or 24 whichever is smaller.

That is, s <0.75 h or 24" (Spec.11.5.4.1). Checking the shear component for its

maximum value, V, <8./f".b,d (Spec.11.5.6.8) is okay. We therefore need to check the

shear reinforcement based on three criteria: strength (Spec.11.5.6.2), minimum area
(Spec.11.5.5.3) and maximum spacing (Spec.11.5.4.1).

_Af,d (0.031in*)(60ksi)(63.56in)
1% 70.6kips

s

=1.67" based on the assumption that

Strength: s

=0.031in? using D4.0 wire WWF. (Durrani, 1987).
g

A.f, _(0.031in*)(60,000psi) _
50p, 50(6in)

6.2"

Minimum Area: s=

0.75h =0.75(80.5) = 60.4"
24"

Maximum Spacing: s< {
Therefore, strength criteria controls and we would choose D4.0 wire shear reinforcement
at approximately 1.67” (say 1.5”) on center. We would then check anchorage

requirements (Spec.12.13.2) and figure R12.13.2.4. We would also need to check

development length requirements (Spec.12.7).
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Method B: AASHTO LRFED:

The critical section using this approach is located at either a distance

0.5d, cot © or adistance d, from the support. We assume 8 =30 degrees and the strain
in the longitudinal steel, £ =0 near the support. Thus, d, =0.9d, or 0.72h=67.05.”
Therefore, 0.5d, cot® = 0.5(67.05)(cot 30) = 58.06" and the previous value of

d, =67.05" controls.

Therefore, based on the critical loads shown in Table 4 and using Specification

5.8.3.4.2, the shear stress is approximately:

|11 _ (279.7)(0.85) — (0.85)(36)(0.153)(183.6)

u 14

0b,d, 0.85(6")(67.05")

v = = 0.68ksi assuming that we are

using 1/2” diameter stress relieved strand prestressing steel. Assuming also that f/=5 ksi,

we have the following:

2% o136
f! Sksi

Therefore, from Table 5.8.3.4.2-1 with £_=0, we arrive at 6 =24 degand § =2.57.

Using these new values, we calculate €, according to Specification 5.8.3.4.2:

M, | 0.5N, + 0.5V, cot6 — A f,,

g =% <0.002
EA +EA,

Substituting our values, we get:

62.8k — f)(12 in / ft
(39628k — )21 /1) ) 5979 7)(0.85)(cot 24 deg) - 36(0.153)(184ksi)
e = 67.05in =-0.16

* 29(2.65) + 28.5(5.508)
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We now calculate the required steel reinforcement according to the maximum spacing
(Spec.5.8.2.7), minimum reinforcement (Spec.5.8.2.5) and strength (Spec.5.8.3.3) criteria:

0.4d,
Maximum spacing: since V, 2 0.1f.b,d, then s < { }
12"

0.4(67.05in) = 26.8in}

Substituting our values: s< )
£ {12m

Af, __ (0.031in’)(60ksi) _ , .0,
316Fb,  0.0316(/5ksi)(6in)

Minimum reinforcement: s= 00

A fd,cot®  (0.03 1in?)(60ksi )(67.05in)(cot 24 deg)
70.6 kips

=397"

Strength: s =

5

Therefore, strength criteria controls and we would choose a spacing of 4 inches. We
would use D4.0 wire WWF at 4” spacing.

Comparing the two methods, with ACI 318-95 we would use D4.0 wire WWEF at
1.5” spacing. With AASHTO LRFD, we would use D4.0 wire WWF at 4” spacing.

In the AASHTO analysis, we started with a conservative estimate that
0 =30 degrees. Based on the critical loading and the section properties, we found that

8 =24 degrees. The computer analysis done in Appendix 2 shows that the maximum

shear capacity of the section occurs at 6 =29 degrees.




Example IB: Prestressed concrete Type IV girder with composite slab.

Slab length is 75 feet. Single span with two traffic lanes. HS-20 loading.”'

Section Properties

A, =789 1n.2

1 . 260,730 in.

yy = 24.73 in.

Sy < 10,543 1n.
3

St s 8900 in.

= 822 plf

4

54°

3

24.73"

w

r

28"

Figure 16. Cross Section of Girder Example IB (Feeser, 1994)
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Figure 17. Transformed section of Girder Example IB (Feeser, 1994)
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Based on HS-20 loading, we calculate the design loads at the critical section as:
V., =99.95 kips and M, =2779 kip — ft.

Method A: ACI 318-95. Using a similar procedure as in Example IA, the shear required

to be carried by the steel reinforcement is found to be: V, = 35.12 kips

_Afd (0.031in*)(60ksi)(57.5in)
V 35.12kips

s

=3.05"

Strength: s

A,f, _ (0.031in”)(60,000psi)
50b 50(8in)

=4.65"

Minimum Area: s=

w

0.75h=0.75(61.5") = 46.1"}

Maximum Spacing: s<
p g {2 o

Therefore, we would choose D4.0 wire at 3” on center. We would also need to check
anchorage requirements (Spec.12.13.2) and development length requirements (Spec.12.7)

as well.

Method B: AASHTO LRFD. Using the same method as Example IA, the critical section

is located at d, = 57.5" from the support. We then calculate the shear stress at this point:

V=0V,  99.95kips(0:85) - 085(36)(0.153)(1836ksi)
" obd, 085(8in)(57.5in) -

—1.98ksi

Assuming that f/=5 ksi, we calculate the ratio l, =-040

[




From Table 5.8.3.4.2-1 with £, =0,0 =27deg,} = 4.88, we calculate the average

longitudinal steel strain according to Specification 5.8.3.4.2:

IZ" +05N, +0.5V,cotd — A, f,,

m

Il
<

n
()

* EA+EA,
Now, calculate the reinforcing steel according to maximum spacing (Spec.5.8.2.7),

minimum reinforcement (Spec.5.8.2.5) and strength (Spec. 5.8.3.3) criteria:

Maximum spacing: Since V, <0.1fb,d, then

{O.8dv =08(57.5in) = 46'}
s<
24"

<2 .
Minimum reinforcement: s= Ay = (0.031in )(6_01{?1) =32
0.0316,/f’b, 0.0316+/5ksi (8in)

A, f,d, cot (0.031in*)(60ksi)(57.5in)(cot 27 deg)
35.12 kips

=5.98"

Strength: s =

5

Minimum reinforcement controls and we would use D4.0 wire WWF at 3” on center

spacing.
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Based on both ACI 318-95 and the AASHTO LRFD specifications, we would use

D4.0 wire WWF at a spacing of 3” on center.

Once again, in the AASHTO analysis we started with a conservative estimate that

6 = 30 degrees. Based on the critical loading and the section properties, we found that

8 =27 degrees. The computer analysis done in Appendix 2 shows that the maximum

shear capacity of the section occurs at 8 = 32 degrees.




APPENDIX 2: DESIGN EXAMPLE ANALYSIS USING RESPONSE

COMPUTER PROGRAM

EXAMPLE JA

Name of beam? Example IA

Web widthin 76

Shear depth DV in ? 67.05

Total concrete area AC in2 ? 1314

Cylinder strength of concrete FCP psi e.g. 3500 ? 5000
Peak strain x 1000 ECP e.g. -2.2 7 -3

Cracking strength of concrete FCR psi 7 300
Maximum aggregate size MAGG in. e.g. 0.75 7 0.75
Tension stiffening factors e.g. 1.0, 0.7 or 0.49 ? 1
Total area of longitudinal rebars ASX in2 ? 2.65

Yield strength of longitudinal rebars FYX ksi ? 60
Area of longitudinal tendons APX in2 ? 5.508
Ultimate strength of tendons FPU ksi ? 189

Modulus of tendons/1000 EP ksi e.g.297 28.5

Ram-Os parameters of tendon A,B,C e.g. 0.025,118,10? 0.017,134,10
Strain difference of tendonx1000 DEP e.g. 67 5.4
Area of stirrup legs AV in2 7 0.031

Spacing of stirrups S in? 4
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Yield strength of stirrups FY'V ksi ? 60
Crack spacing controlled by long. reinf. SMX in ? 38.75
Crack spacing controlled by stirrups SMV in ? 31.07

***************************************************************

SHEAR RESPONSE OF MEMBER Example 1A
***************************************************************
SECTION PROPERTIES
BV=6in DV=67.05in AC=1314in2 MAGG=.75 in
FCP= 5000 psi ECP=-3 FCR=300psi TSF=1
ASX=2.65in2 FYX=60 ksi
APX=5.508 in2 FPU= 189 ksi A=.017B=134C=10
AV=.031in2 FYV=60 ksi
SMX=38.75in SMV=31.07 in
**************************************************************
If axial load constant type 1 if N/V constant type 27 1
Axial load N kips 7 0
Axial Load N=0 kips
s s ks ks ok ok o o sk sk ks ko ke st ok ok o ok R sk sk ok sk R R sk ok sk sk sk ok ok K sk kR sk Rk Rk o o
Value of prin.tens.str.x 1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. 7 0.01
THETA=12.84 N= -0.0kips V= 58.9kips

ETx1000=-0.00 EXx1000=-0.19 GAMMAXx1000= 0.09




Fl= 33 psi F2= 642 psi F2MAX= 5000 psi

Crack spacing =26.9in  Crack width = 0.000 in

Concrete tension limited by crack slipping.

sk sk 5k sk ok oK sk 3K sk sk 3k ok sk 3k sk sk sk 5k 3k ok sk sk sk ok ok sk s ok sk sk ok sk sk ok sk ok ok ok sk sk sk sk sk ook sk stk sk skeok sk skokok skokosk kok kskoksk ok
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.02
THETA=17.45 N= -0.0kips V= 85.3kips

ETx1000=-0.00 EXx1000=-0.19 GAMMAXx1000= 0.13

Fl= 67 psi F2= 675 psi F2MAX= 5000 psi

Crack spacing =26.0in  Crack width = 0.001 in

Concrete tension limited by crack slipping.

sk sk sk ok ok o o o K sk R sk ok sk sk ok ook o o ok ok s R s KRS R sk Rk sk sk ok SR KR KR KRR K RO
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.03
THETA=20.61 N= -0.0kips V= 107.0kips

ETx1000= -0.00 EXx1000=-0.19 GAMMAXx1000= 0.16

Fl= 100 psi F2= 707 psi F2MAX= 5000 psi

Crack spacing=25.5in  Crack width = 0.001 in

Concrete tension limited by crack slipping.

3k sk sk sk sk 3k sk 3k ok ok 3ok sk ok sk 3k sk ok sk ok sk sk sk ok sk sk 3k ok 3k ok ok sk ok ok sk sk sk sk ok sk sk sk sk sk sk sk skok sk sk sk sk sk skok sk kosk skeok ko

Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.04
THETA=23.01 N= 0.1kips V= 126.3 kips

ETx1000=-0.00 EXx1000=-0.19 GAMMAXx1000= 0.19
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Fl= 133 psi F2= 739 psi F2MAX= 5000 psi

Crack spacing =25.2in  Crack width = 0.001 in

sk ok e ks ok ook ok ok ook o s ks sk sk ko ok ok Rk K sk K Rk Rk R sk ko ok kSRR ok ko sk Kok ok
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.05
THETA=24.93 N= -0.0kips V= 144.3 kips

ETx1000=-0.00 EXx1000=-0.19 GAMMAXx1000= 0.22

Fl=167 psi F2= 772 psi F2MAX= 5000 psi

Crack spacing =25.0in  Crack width = 0.001 in

*****************************************************************

Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.06
THETA=26.51 N= 0.0kips V= 161.3 kips

ETx1000=-0.00 EXx1000=-0.19 GAMMAXx1000= 0.25

F1=200psi F2= 804 psi F2MAX= 5000 psi

Crack spacing =24.8 in  Crack width = 0.001 in

sk sk sk sk sk 3k 3K sk ok ok o sk 3K sk sk sk ok 3k oK ok ok ok ot ok sk ok sk sk ok sk sk sk sk sk sk sk ok ok sk ok sk sk sk skeok ok sk sk skokokokoskok skl ko ok ok skok

Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.07
THETA=27.85 N= 0.0kips V= 177.7 kips

ETx1000=-0.00 EXx1000=-0.19 GAMMAXx1000= 0.27

F1=233 psi F2= 836 psi F2MAX= 5000 psi

Crack spacing =24.7in  Crack width = 0.002 in

sk sk st ok ok 3K 3k ok sk 3k 3K 3k 3k 3k sk ok ok 3k ok 5K ok sk sk sk sk sk ok sk sk sk sk sk sk ok ok sk sk sk sk s sk sk sk sk sk sk s skok sk ok sk sk sk ke ke sk ok
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Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.08
THETA=28.99 N= 0.0kips V= 193.6 kips

ETx1000=-0.00 EXx1000=-0.19 GAMMAXx1000= 0.30

F1=267 psi F2= 868 psi F2MAX= 5000 psi

Crack spacing =24.6 in  Crack width = 0.002 in

*****************************************************************

Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.09
THETA=28.27 N= 0.0kips V= 185.5kips

ETx1000= 0.01 EXx1000=-0.19 GAMMAX1000= 0.30

F1=247 psi F2= 858 psi F2MAX= 5000 psi

Crack spacing =24.6 in  Crack width = 0.002 in

*****************************************************************
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 toend. 7 0.1

THETA=28.13 N= 0.0kips V= 185.1kips
ETx1000= 0.02 EXx1000=-0.19 GAMMAX1000= 0.31
Fl=245psi F2= 861 psi F2MAX= 5000 psi

Crack spacing =24.7 in  Crack width = 0.002 in

*****************************************************************

Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.5

THETA=25.04 N= -0.1kips V= 183.3 kips

ETx1000= 0.35 EXx1000=-0.17 GAMMAXx1000= 0.62




F1=200 psi F2= 989 psi F2MAX= 5000 psi
Crack spacing =24.9in  Crack width = 0.012 in

Concrete tension limited by crack slipping.

*****************************************************************

Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 100
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EXAMPLE IB

Name of beam? Example IB

Web width in 7 8

Shear depth DV in 2 57.75

Total concrete area AC in2 ? 1429

Cylinder strength of concrete FCP psi e.g. 3500 ? 5000
Peak strain x 1000 ECP e.g.-2.2 7 -3

Cracking strength of concrete FCR psi ? 300
Maximum aggregate size MAGG in. e.g. 0.75 7 0.75
Tension stiffening factors e.g. 1.0,0.7 or 0.49 7 1
Total area of longitudinal rebars ASX in2 ? 2.65
Yield strength of longitudinal rebars FYX ksi ? 60
Area of longitudinal tendons APX in2 ? 3.672
Ultimate strength of tendons FPU ksi ? 189

Modulus of tendons/1000 EP ksi e.g.297 28.5

Ram-Os parameters of tendon A,B,C e.g. 0.025,1 18,107 0.017,134,10

Strain difference of tendonx1000 DEP e.g. 67 5.4
Area of stirrup legs AV in2 7 0.031

Spacing of stirrups S in? 3

Yield strength of stirrups FY'V ksi ? 60

Crack spacing controlled by long. reinf. SMX in 7 34.48
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Crack spacing controlled by stirrups SMV in ? 27.34

sk sk 3K sk sk ok sk 3k 3K s 3k ok sk ok sk ok ok 3k sk sk 3k sk sk sk sk sk sk sk sk s sk ok sk ok ok sk sk ok sk sk sk sk ok ok sk kol skoskok sk skokoskoskok kokokek ok

SHEAR RESPONSE OF MEMBER examplelB

sk sk sk 3k sk ok sk 5k ok sk sk sk sk sk 3k sk sk ok sk sk sk sk sk sk sk sk st sk 3k sk sk sk sk sk ok ok sk sk ok ok o sk sk sk ok sk sk ok sk sk skokosk skokokskokokok

SECTION PROPERTIES
BV=8in DV=57.75in AC= 1429 in2 MAGG= .75 in
FCP= 5000 psi ECP=-3 FCR=300psi TSF=1
ASX=2.65in2 FYX= 60 ksi
APX=3.672in2 FPU= 189 ksi A=.017B=134C=10
AV=.0311in2 FYV=60 ksi
SMX=34.48in SMV=2734in
st s sk s sk ok ok o o ook o sk sk sk sk sk sk ok Kok sk sk skt Rk R sk sk skt ko ak ok ok ok Rk Rk ok
If axial load constant type 1 if N/V constant type 27 1
Axial load N kips 7 0
Axial Load N= 0 kips
s sk 3k 3k sk 3k sk 3K 3k 3K Sk oK sk 5k sk ok o 3k ok sk sk sk sk ok sk sk 3k ok sk ok ok ok ok sk sk sk ok st ok skosk sk sk sk sk sk skok sk sk koskokesk skskok sk sk ok
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.01
THETA=15.88 N= 0.1 kips V= 54.2Kkips
ETx1000=-0.00 EXx1000=-0.12 GAMMAXx1000= 0.07
Fl= 33 psi F2= 412 psi FZMAX= 5000 psi

Crack spacing =23.2in  Crack width = 0.000 in
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Concrete tension limited by crack slipping.

e sk sk sk ke sk sk e s sk e o ok sk ok ok ok ok ok ke sk sk sk sk ok e st ok ok ok sk ok sk sk ok sk sk ok sk sk sk sk sk sk ok ok sk ko sk skok skokosk otk sk ook sk ok ok
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.02
THETA=21.16 N= 0.0kips V= 79.6kips

ETx1000=-0.00 EXx1000=-0.12 GAMMAXx1000= 0.11

Fl= 67 psi F2= 445 psi F2MAX= 5000 psi

Crack spacing =22.4in  Crack width = 0.000 in

Concrete tension limited by crack slipping.

sk sk sk sk sk ok o s sk ks ks ok sk ok s sk sk ook ok st ok sk ok sk ks sk sk s ok sk sk sk ok sk sk ook ok R R ok K
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.03
THETA=24.59 N= 0.1kips V= 101.0Kkips

ETx1000=-0.00 EXx1000=-0.12 GAMMAXx1000= 0.13

Fl= 100 psi F2= 478 psi F2MAX= 5000 psi

Crack spacing =22.1 in  Crack width = 0.001 in

sk 3 sk sk sk sk sk e ok ok sk sk sk sk ok sk oK sk ke ok sk sk sk sk sk sk sk sk ok ok sk ok ok ok ok ok ok e sk sk sk sk sk sk sk sk ek skeskok sk skok ok sk ok ok ok sk ok ok ok
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.04
THETA=27.07 N= -0.0kips V= 120.6 kips

ETx1000= -0.00 EXx1000=-0.12 GAMMAXx1000= 0.16

Fi= 133 psi F2= 511 psi F2MAX= 5000 psi

Crack spacing =21.8 in  Crack width = 0.001 in

sk 3k sk ok sk sk 3k 3k sk 3K 3k 3K sk ok ok 3k sk ok sk ok sk ok sk sk sk sk 3k ok sk ok sk sk sk sk ok sk ok sk sk sk sk sk sk sk Sk sk sk sleok sk sk sk skosk skokokok sk skosk ko




T

Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.05
THETA=28.99 N= 0.0kips V= 139.0 kips
ETx1000= -0.00 EXx1000=-0.12 GAMMAXx1000= 0.18
Fl= 167 psi F2= 543 psi F2MAX= 5000 psi
Crack spacing =21.7 in  Crack width = 0.001 in
e o s ok ok ok o o s s sk sk ok ok ok o sk sk sk sksk sk ook ok o sk ok sk skok sk sk stk ok sk sk skok skl skokesksk ok ook ki sk kol kok ok
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.06
THETA=30.52 N= 0.0kips V= 156.8 kips
ETx1000= -0.00 EXx1000=-0.12 GAMMAXx1000= 0.21
F1=200psi F2= 576 psi F2MAX= 5000 psi
Crack spacing =21.6in  Crack width = 0.001 in
***********************>I<*****************************************
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. 7 0.07
THETA=31.78 N= 0.0kips V= 174.1 kips
ETx1000=-0.00 EXx1000=-0.12 GAMMAXx1000= 0.23
F1=233 psi F2= 608 psi F2MAX= 5000 psi
Crack spacing =21.6in  Crack width = 0.002 in
e s sk sk s sk sk s o sk ok o o ok o ok ok sk sk s sk sk sk ok sk ok skok o skook sk sk sk k sk skt kok sk ok sk sk sk sk skok s skok skl sk kool ok ok skok ok
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. 7 0.08
THETA=32.83 N= 0.0kips V= 191.0kips

ETx1000= -0.00 EXx1000=-0.12 GAMMAXx1000= 0.25
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F1=267 psi F2= 641 psi F2MAX= 5000 psi

Crack spacing =21.5in  Crack width = 0.002 in

sk 3k 3k 3K 3K 3k 3k 3k ok ok ok sk sk sk 3k 3k 3k 3k 3k 3K ok ok sk sk sk sk ok ok ok sk sk 3k ok ok sk sk sk sk skok sk sk sk sk sk kR K sk ok ok ok ok sk sk sk sk skesk skok skokeokook

Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.09

THETA=31.89 N= 0.0kips V= 180.5kips

ETx1000= 0.01 EXx1000=-0.12 GAMMAX1000= 0.26

F1=243 psi F2= 628 psi F2MAX= 5000 psi

Crack spacing =21.6in  Crack width = 0.002 in

Longitudinal reinforcement yielding at crack.

sk sk sk sk sk sk sk ok 35 sk sk ok ok ok ok sk sk sk ok ok sk sk sk sk sk ke s sk sk sk sk ok ok sk sk ok ok ok ok ok ok ok ok sk ok sk sk ok sk sk sk ok ok sk sk ok ok sk sk sk sk koK
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.1
THETA=31.70 N= 0.0kips V= 180.3 kips

ETx1000= 0.02 EXx1000=-0.11 GAMMAXx1000= 0.26

F1=240psi F2= 633 psi F2MAX= 5000 psi

Crack spacing =21.6in  Crack width = 0.002 in

Longitudinal reinforcement yielding at crack. |

s s s sk ks ok sk sk ok ks ks ok ook SR SRR SRR KKK K SR K Sk R R sk R sk sk Rk sk R sk ok ok ok ok
Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 0.5
THETA=27.15 N= 0.0kips V= 181.2 kips

ETx1000= 0.35 EXx1000=-0.09 GAMMAXx1000= 0.60

Fl= 188 psi F2= 778 psi F2MAX= 5000 psi
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Crack spacing=21.8in  Crack width= 0.011 in

Longitudinal reinforcement yielding at crack.

sk sk sk e ok 3k sk ok 3k ok 3K 3K 3K sk s ke 3K 3k 3k ok st ok ok sk 3k 3k ok sk sk sk sk sk ok sk ok sk sk sk sk sk ok sk sk ok sk sk skoskokok sk sk skokokokok kR sk ok kb

Value of prin.tens.str.x1000 E1 e.g. 2 Input 99 to change N.Input 100 to end. ? 100
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