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ABSTRACT
An extensive load test program was conducted to investigate the shear strength of prestressed
concrete girders. A total of 33 full-size AASHTO type II prestressed girders were load-tested
at the Florida Department of Transportation's Structures Research Center in Tallahassee. The
precast girders were fabricated and transported by DURASTRESS of Leesburg, Florida as part
of the contribution of the prestressed concrete industry.
The main parameters in the investigation were the percentage of shielded strands, the size of
prestressing strands, and the web shear reinforcement. The main objectives were to study
transfer and development lengths of prestressing strands and the shear strength of the girders.
This report concentrates mainly on the shear strengths of the specimens. The test shear
strengths are compared with predictions based on the AASHTO 1989 Standard Specifications
for Highway Bridges, the 1990 and 1991 AASHTO Interim Specifications. Also, test results
were compared to the recently proposed AASHTO Code revisions for shear design, which are
based on the Modified Compression Field Theory (MCFT).
The results indicate that the current AASHTO code provisions predict shear strengths better
than the new proposed revision (i.e., MCFT). The investigation shows that although a
computer program based on the MCFT provided a good approximation of shear strengths, the
crude application of the MCFT, using tables as suggested in the proposed code, leads to
inaccuracies in computing shear strength. The principal conclusion of the research is that the
proposed code provisions for shear are not justified since the current AASHTO code
consistently provided the best approximation of the measured shear strength.

ii

CHAPTER 1.
INTRODUCTION AND BACKGROUND
The current popularity of prestressed concrete in bridge construction is likely to
increase in the future. In the design of such girders it is usual to aim for maximum
eccentricity of the prestress force where the bending moment is largest. In a simply
supported beam, this point is located at or near midspan, and the required
eccentricity at the supports is considerably less. It has been customary to drape or
harp the tendons in order to avoid the occurrence of unduly high tensile stresses near
supports. More recently, the debonding of strands near supports has been used with
the same result. The use of such "shielded" or "blanketed" strands allows the use of
straight strands throughout the beam, and has been found to be convenient,
economical and safe. Therefore, the prestressing industry has widely adopted the use
of shielding, over draping or harping of strands.
The adequacy of the current provisions in the ACI and AASHTO codes with respect
to transfer and development lengths as well as the shear strength has been the source
of much controversy. An attempt to introduce a new AASHTO Code is underway. A
comprehensive series of studies is now in progress in North America in order to
provide answers to the questions raised.
The Florida Department of Transportation (FDOT) recognizes its responsibility to
the public to design and construct efficient, economical,

and durable structures.

Prestressed concrete girders are used frequently in Florida's bridges. Therefore,
ensuring that these bridge components are efficiently designed is of great importance
to the Department.

During the past three years FDOT's Structures Research

Laboratory has been involved in the load testing of a large number of full-scale
AASHTO Type II prestressed concrete girders.
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The main objectives of this study were to determine experimentally the actual values of
transfer and development lengths of prestressing strands, effect of strand shielding
(debonding) on development length, shear and fatigue behavior, and the shear strength as it
compares to existing and proposed code provisions.
This shear capacity study is particularly significant in light of proposed changes to the
AASHTO code for the design of members subject to shear and torsion. This report presents
the results of the results of the shear capacity investigation.
Thirty three (33) full-scale AASHTO type prestressed concrete girders, designed in
accordance with the AASHTO 1991 Interim Specifications were fabricated and tested. The
girders were divided into three groups according to the size of strands used (1/2", 1/2"
special and 0.6" diameter strands). All girders were designed for approximately the same
nominal flexural moment.
In this report the test results are presented and compared with predictions based on the
1989 AASHTO Standard Specifications for design of highway Bridges1 ,the 19902 and
19913 Interim Specifications of that code, and the proposed revisions4 of the code based on
the Modified Compression Field Theory (MCFT)5.
The MCFT was applied using the procedures described in Reference 4, which provides
tables for determining the quantities, R and 0 in the MCFT equations. The term R is a
factor used in computing the shear resistance due to the tensile stresses in the concrete, and
\ 0 is the angle of inclination of the diagonal compressive stresses. Before using the tables,
it is necessary to calculate the longitudinal strain, εx, using a prescribed equation (Eqn.
5.8.3.4.2-2 of Ref. 4). Alternatively, a value of εx = 0.003 may be assumed for prestressed
members. Both approaches were used in the comparison with test results.

In

addition,

shear strength values were calculated using a computer program "RESPONSE" as
presented and documented by Collins and Mitchell (1991) (Ref. 5). This program is based
on the MCFT.
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The required shear capacities were computed for AASHTO type If girders of a
hypothetical bridge spanning 40 ft. with girders spaced at 10 ft on center. A 42 in. wide
by 8 in. thick composite concrete slab which was cast on the top of each girder prior to
testing. In calculating the loads carried by an interior beam, an overall roadway width of
43 ft was assumed, which is the width of a typical two lane interstate ramp or a divided
highway. The bridge girders were designed to carry the composite dead load of the
barriers and future surfacing, an 8 in. concrete deck and the required live load (HS-20
truck). In accordance with the. Florida Department of Transportation's (FDOT)
Structures Design Guidelines6, the live load was increased by five percent (5%) to
account for intermediate diaphragms. The required shear capacity was determined from
the shear loads computed using the FDOT's Prestressed Concrete Girder Design
Program7 (PCGDP).
In comparing the various predicted shear capacities with the test results, plots are used to
show the following:
1) Required capacity, Vu/0.85, due to the loading;
2) Shear capacity provided based on the current AASHTO Code (1,2,3)
(Vn CURRENT AASHTO);
3)

Shear capacity provided based on shear provisions of the proposed AASHTO
Code4:
a)

Using calculated values of longitudinal strain, εx,
(Vn PROPOSED AASHTO);

b)

Assuming longitudinal strain, εx = 0.003, (Vn AASHTO (εx = 0.003);

4) Shear capacities as computed by computer program "RESPONSE", (Vn
RESPONSE); and
5) The maximum shear load measured from the girder tests, (TEST NORTH and
TEST SOUTH).
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CHAPTER 2
DESCRIPTION OF SPECIMENS AND INSTRUMENTATION
2.1

DETAILS OF TEST PROGRAM

The test program consisted of thirty three (33) AASHTO Type H prestressed concrete girders,
41 feet long. All beams were designed for approximately the same ultimate flexural strength
(2100 ft-K). Three different size 270 ksi, Low Lax prestressing strands were used in the
investigation; namely, 1/2", 1/2" Special, and 0.6" strands. In addition, the amount of shear
reinforcement was varied by changing the area and spacing of stirrups. Shear reinforcement
ranged from the minimum (M) steel permitted by AASHTO, to three times (3R) the amount
required for the design dead and live loads.
The main variables in the test program were the percentage of shielded strands (25 and 50%),
the web shear reinforcement ratio and beam end details, and the size of the prestressing strands.
Details of the test program are shown in Table 2-1.
The girders were divided into three series, A,B and C. The letters A,B and C in these three
series define the strand size (i.e., A,B and C represent 0.5, 0.5 special and 0.6 inch,
respectively). Each series was divided into several groups as shown in Table 2-1. The shear
reinforcement as well as he percentage of strand shielding were varied in each group.
The girders were generally labeled according to the strand size, degree of shielding and the
amount of shear reinforcement (R, 2R, 3R, R/2 3R/2 and M) for example, A-00-R is interpreted
as follows:
A

Strand size of 0.5 inch,

00

zero shielding
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R

Required shear reinforcement based on AASHTO Code.

Replacement of R by M indicates the minimum shear reinforcement specified in the
AASHTO Code. The key to the beam designation is provided at the end of Table 2-1. The
term, RD, indicates that shear reinforcement was provided in accordance with the current
AASHTO Specifications (R) and confinement bars, D, were omitted.
Figures 2-1 and 2-2 show details of the test girders. Shielding patterns of strands are
indicated in Figure 2-3 (a to c), with 1/2" and 1/2"S diameter strands shielded up to 5.5 ft
from each end of the beam, and 0.6" diameter strands shielded up to 4.5 feet.
Reinforcement details were varied at the ends of each beam as shown in Table 2-1 and
Figure 2-2.
The precast beams were produced by Durastress in Leesburg; Florida. After transportation
to the FDOT Structural Research Center, a top flange, 42 inches wide and 8 inches thick,
was cast on all the specimens (Figure 2-1). Both girder and cast-in-place concrete slab
were designed for a 28-day cylinder compressive strengths of concrete, f'c, of 6000 psi.
The initial compressive strength, f'ci, at transfer was 4000 psi.
2.2

TEST SETUP AND INSTRUMENTATION

The majority of girders were tested in flexure and shear under static loads. In these tests a
girder was subjected to a concentrated load applied incrementally to failure. The location
of the loading varied from girder to girder, or from one end to the other, depending on the
end of the beam being tested as shown in Figures 2-4 and 4-5. Upon: failure of one end of
a girder, the span was adjusted to eliminate the failed zone, and another flexure or shear
test was performed at the other end of the beam with the span between center to center of
supports consequently reduced.

It can therefore be seen, that the shear span/depth

ratio was also a variable in the study.
The load was applied using a hydraulic jack with a load cell to monitor the applied load.
The girders were loaded up to failure, which was defined as the inability to carry any more
loads, and coincided with a complete bond slip mechanism in the majority of the tests.
Upon the completion of each test the support was moved as shown in Figure 2-5 to
eliminate the
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damaged area of the girder. The test was then repeated at the other end with the
load applied at a different distance from the support
Linear voltage differential transducers (LVDT) were placed at the ends of all
strands and were used to monitor the slippage in each strand continuously as the
load was applied (Figure 2-6). Strain and deflection gauges were placed at
different locations as shown in Figure 2-7 to collect data during testing.
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CHAPTER 3
ANALYSIS AND DESIGN OF GIRDERS
The test girders were analyzed using the FDOT Prestressed Concrete Bridge Girder Design
Program (PCBGD). This program is used in the design or analysis of simply supported
prestressed concrete :girders. The results of the review mode analysis were used to determine
the applied shear forces due to dead loads (composite and non composite) and live load (HS-20
truck).
3.1

FDOT PRESTRESSED CONCRETE BRIDGE GIRDER DESIGN PROGRAM

(PCBGD)
A typical input for the PCBGD program is shown in Table 3-1 for Girder Al-00-R. These input
values are for a 40 ft. simply supported girder, with girders spaced at 10 ft., and an 8 in.
concrete slab. The live load distribution factor, S/5.5, specified in Table 3.23.1 of the current
AASHTO Code is divided by a factor of 2.0 since the girder program considers axle loads
instead of wheel loads. This results in a distribution factor S/11.0 = 0.91 for the test girders.
The transformed slab width is input as 42 in. corresponding to the actual slab width of the test
girders, as opposed to the effective slab width in the hypothetical bridge. This reduced slab
width does not effect the shear forces resulting from the beam program analysis, which
includes the entire slab width (10 ft.) in the load computations. However, this reduction slightly
affects the computed shear capacity provided by the concrete (Vci or Vcw).
The input for the prestressed beam program also includes non composite dead loads, material
properties, and section properties. Section properties were computed based on the geometry
and dimensions of the girder and slab. The material properties shown in the input data include
the unit weight of concrete, the modules of elasticity of concrete, the modules of
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elasticity of prestressing steel, strand clearances, and the allowable tensile and
compressive stresses of concrete.
Non composite dead loads consists of the weights of the girder, the slab and the stay-inplace forms. The weight of the latter is computed by subtracting the width of. the beam
top from the girder spacing (c/c) and then multiplying this distance by the weight of the
forms.
In the non composite dead load calculations, build-up over the girder is ignored, and the
program automatically computes the dead load of the girder and slab. The composite
dead load consists of the weight of two concrete barriers (418 lb/ft each) and future
asphalt surfacing (15 psf). This total load was distributed equally over four girders.
3.1.1 PCBGD Program Output
The output from the program is shown in Appendix Al for girder Al-00-R. This output
includes the input data, section properties, prestressed beam design (number, size, pattern
and force of strands), beam deflection and camber, summaries of applied moments and
shear forces along the span, girder stresses, shear strength Vc, for the concrete and stirrup
design (bar size and spacing). The calculations in the prestressed girder program are
based on the provisions of the current AASHTO Code.
3.2

SHEAR CALCULATIONS USING LOTUS SPREADSHEET

A Lotus spreadsheet was written and used in all the shear calculations. This spreadsheet
performs all the required calculations, except those performed by the Prestressed Girder
program (PCBGD) and the RESPONSE Program (Ref. 5) as follows:
1)

computes the composite and non composite dead loads needed for input in

the prestressed beam program;
2)

interpolates values of moment and shear, factored shear and moment values,

and required shear and moment capacities, Vu/φ and Mu/φ;
3)

interpolates Vc values and computes shear capacities, Vn and Vs, based on

the current AASHTO Code;
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4)

computes the shear capacity, Vn, Vc and Vs, and related factors (vc, εx, and θ)

in accordance with the proposed Code4;
5)

computes the shear capacities as stated in item (4) above but assuming a

constant value (0.003) for εx;
6)

computes input values for the RESPONSE program; and

7)

computes the dead, live and total shear forces and moments along the girder

due to the combination of dead load and the applied test load.
The spreadsheet results for Beam Al-00-R. are shown in Appendix A2.

As an illustration

of the spreadsheet calculations, the relevant values are computed at 0.3L for Girder Al-00R in the following section. .
3.3

CALCULATIONS FOR GIRDER Al-00-R AT 0.3 L

3.3.1 Vn Required
From the shear forces computed by PCBGD program, the required shear capacity, Vn
REQUIRED, was determined by dividing the factored shear forces by the strength
reduction factor, φ = 0.90 for the current AASHTO Code, and φ = 0.85 for the proposed
code, as follows:
Vn = Vu/φ = (1.3 V D + 2.17 V (L+1) )/φ

[1]

At 0.3L, of Girder Al-00-R, the shear forces due to dead load, Vd, and live load, VL, are
15.4K and 41.7K, respectively. Thus, the factored shear, Vu, is computed as:
Vu = 1.3(VD +5/3(V(L+I)) = 110.4K.
The shear strength required is computed by dividing the strength reduction factor. For the
current AASHTO Code; Vn = Vu/0.9 = 122.6K.
For the proposed AASHTO Code; Vn = Vu/0.85 = 129.8K.
3.3.2 Vn (Current AASHTO)
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The PCBGD program computes the values of shear strength provided by the
concrete, Vci or Vcw, at the tenth points of the span.

In

accordance

with

the

AASHTO code, the smaller of the two values was used as the shear strength of the
concrete, Vc.

Values of Vc at other intermediate points were found by linear

interpolation using the values of Vc at the tenth points. The total shear capacity or
strength provided, Vn, was computed as:
Vn = Vc + Vs

[2]

Where, Vs is the shear strength provided by shear reinforcement and is calculated
using current AASHTO provisions.
Vs=Avfyd/s

[3]

Where, Av = area of shear reinforcement bars of diameter, d, having a yield strength,
fy, and spaced at a distance, s, c/c.
The location of the shear reinforcement for beam Al-00-R is shown in Figure 2-2. At
locations where the stirrup spacing or the total stirrup area changes, average values
of s and Av values are used in Eqn. [3]. For example, the shear strength provided by
the steel Vs, in girder Al-00-R at 0.3L is calculated a s :
Vs = (0.2)(60)(40.25)1(10) = 48.3 K i p s .
At 0.3L of Girder. A1-00-R, the shear capacity provided by the concrete is 95.6 kips
(the smaller value of Vci=95.6 K and Vcw=166.6 K).
Thus, total shear capacity at 0.3L = 95.6 + 48.3 = 143.3 Kips.
3.3.3 Vn ( P r o p o s e d A A S H T O )
The shear capacity, Vn, was calculated in accordance with Section 5.8 of the
proposed AASHTO Code (Ref. 4), which gives the nominal shear resistance, Vn, at a
section as:
Vn = Vc + Vs + Vp

[4]
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Where Vp is the shear strength provided by of prestressing tendons which is equal to
zero in girders with straight tendons. An upper limit for Vn is given as:
Vn ≤ 0.25f‘cbvdv+Vp

[5]

For the test girders, the shear resistance would be limited to 349 kips. The shear
resistance provided by the concrete and the stirrups ( a = 90) are, respectively, given
in Eqns. (6) and (7):
Vc = β

f ' c bvdv

Vs = Avfydvcot θ/s

[6]
[7]

In Eqns. (5)-(7), dv is the effective shear depth calculated as the distance between the
resultants of the tensile and compressive forces due to flexure. Thus, the value of dv
varies only in the end region for beams with shielded strands. The effective web
width, bv, is 6 in. for AASHTO type II girders.
In the proposed code two tables are provided for the determination of β and θ; one
table for sections with transverse reinforcement, and a second table for sections
without transverse reinforcement. These Tables are reproduced as Table 3-2(a and b)
in this report. All of the test girders, except B1-00-OR, contained transverse shear
reinforcement.
The tabulated values in Table 3-2 are based upon the assumption that the diagonal
cracks have a 12 in. spacing. In order to use this table, it is necessary to compute two
values, the applied shear stress, v, and the longitudinal strain at mid-depth of the
member, εx. These values are computed in accordance with the proposed code
provisions using Equations (8) and (9), respectively:
v = (Vu –φVp)/ (φ bv dv)

[8]

εx = [(Mu/dv)+(0.5Nu)+(0.5Vu cot θ) -(Apsfse)]/(EsAs + EpAps)

[9]

3-34

The terms in the above two standard equations are defined in the list of notations.
Once these values are computed the table may be entered with values of v/f’c and (ε x
x1000) to determine the values of constants β and θ. It is necessary to estimate
initially the inclination of diagonal cracks, θ in order to calculate the value of εx. The
code recommends a value of 30 degrees as a starting point in the iteration process for
calculating εx. The computations for the shear capacity were made at points along the
beam and near the support by applying the equations for strain and shear stress given
in Eqns. (8) and (9), respectively. In the strain equation the values for Mu\u and Vu
were computed using the PCBGD program.
The Lotus Spreadsheet was used to make the necessary calculations. The spreadsheet
uses Equations (4), (6) and (7) to compute the shear capacity after the values of β, εx,
dv, v/f'c, and f se are determined. The effective prestress force in the strands was taken
from PCBGD, which calculates the jacking force for the 1/2 in. dia., 270 ksi
prestressing strands to be 30,990 lbs, and the prestress loss as 24.02 percent. Thus,
the effective prestress was computed
f se = Pi ( 1 - 0.2402) / AP = 30,990 (1-0.2402)/ 0.153 = 154 Ksi
The effective shear depth, dv, was computed as
dv = jd = (d - a/2).
In the above calculations, d is the effective depth of the section (beam plus slab) and
a is the depth of the equivalent rectangular stress block As shown in Figure 2-1, the
total height of the section is 44 in. and the strand pattern is such that 7, 5, 3 and 1
strands, are located at 2, 4, 6 and 8 inches, respectively, from the. bottom of the
beam. Thus, the center of gravity of the prestressing strands is 3.75 in. from the
bottom of the girder. Therefore, d = 44.0 - 3.75 = 40.25 in.
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The value of a is computed after determination of the stress, f*su , in the prestressing
steel at ultimate as follows:
f*su = f’s [1-(γ*/β1)(ρ* f’s / f’c]
= (270)[1-(0.28/0.75)(0.001448)(270/6)] = 263.4 ksi.
a

= (A* s f* su)/(0.85 f’cb)

a

= (2.448)(263.43)/[(0.85)(6)(42)] = 3.01 in.

dv

= jd = (d-a/2) = 40.25 - (3.01/2) = 38.74 in.

The terms in the last two standard equations are defined in the list of notations.
The calculation of shear capacity at 0.3L for Beam A1-00-R, using the provisions
of the proposed code is described in the following paragraph.
From the FDOT's PCBGD program, the values of the factored shear and moment
are Vu=110.37 K and Mu= 1504.14 K-ft. In the study, both the factored axial force,
Nu, and the vertical prestress force, Vp, were zero. The value of v/f’c is then
computed as:
V=

(Vu - φ Vp)/( φ bvdv )

= (110.37)/(0.90(6)(38.74)) = 0.559 ksi
V/f'c = (0.559)/(6) =0.093
The longitudinal strain, εx, is computed from Eqn. (9):
ε x = [(1504.14)(12)/38.74)+(0)+(0.5(110.37)(cot30°) -(2.448)(154]/(0+(28,000)(2.448)
= 0.0026918

εx x (1000)=2.6918.
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Applying these values for εx and v/f’ c in Table 3(a), results in θ =38° and β =1.00. The
shear capacity is then computed substituting Av = 0.2 in2, and s =10.00 in. as follows:
Vc = 1.00 ( 6000 ) (6)(38.74) =18.0
Kips From Eqn. (7):
Vs = (0.2)(60)(38.74)(cot 38°)/10 = 59.5 Kips
Vn = Vc + Vs =18.0 + 59.5 = 77.5 Kips
The shear capacity values computed at other locations along the beam are shown on
page four (4) of Appendix A2.
3.3.4 Vn PROPOSED (x =0.003)
As a simplification, the proposed code allows the shear capacity to be computed
assuming a value of εx =0.003. The shear capacities at different sections along the girder
are computed in the same way as those for the proposed AASHTO Code (as described in
the preceding section) with the exception that longitudinal strain is assumed equal to
0.003. Thus, for use in Table 3-2, εx (1000) = 3.00. In this particular example, at 0.3L of
Beam Al-00-R, both the values 2.69 and 3.00 result in the use of the column for εx =3.00
of the table. Therefore, the values calculated for the shear capacities are the same as
those using the computed value for Ex as discussed in the previous section: θ = 38°,
β = 1.00, Vc = 18.0 K, VS=59.5K and Vn=77.5 K.
3.3.5 Vn (RESPONSE)
The computer program RESPONSE is based on the formulation presented in Reference
(5) which provides details of the formulation for the Modified Compression Field Theory
(MCFT) and the pertinent equations used in the program. The maximum shear capacity
given by RESPONSE is taken as the shear strength, Vn RESPONSE. Using MCFT, this
program
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computes the load-deformation response of a member using equilibrium, compatibility,
and stress-strain relationships. It is pointed out in Reference (5) that for a given level of
shear, V, there are five unknowns: the stress in the longitudinal bars, G; the stress in
the longitudinal prestressing tendons, fp; the stress in the stirrups, fv; the diagonal
compressive stress in the concrete, f2; and the inclination, 0 , of the diagonal
compressive stresses. While the original Compression Field Theory ignores the tensile
stresses in the concrete, the MCFT includes the effects of diagonal tensile stresses, f$,
in the shear resistance.
As in the current AASHTO provisions, the shear resistance of a member is given as the
sum of contributions from concrete and shear reinforcement:
V= f 1 b w jd c ot θ + A v f v jd c ot θ /s

[10]

The quantity, fv, is the average tensile stress in the shear reinforcement.
Input values for RESPONSE are calculated using the Lotus spreadsheet. The program
input and output for test girder A1-00-R at 0.3L are shown in Appendix A3. Although
three concrete types are shown in the input, only type 1 is used. With f'c = 6000 psi,
and using a maximum compressive strain in the concrete of 3.00 millistrain, the
program selects a value of concrete modules of elasticity, Ec = 4000 ksi. This

is

approximately the value recommended by the FDOT's Structures Design Guidelines6
and used in the PCBGD program.

The tensile strength of the concrete, fcr, is assumed to be 4

f ' c = 310 psi. A tension

stiffening factor of 0.49 was chosen fo r bonded strands in sustained and repeated
loading. For low relaxation strands, strain hardening is assumed to begin at 10 millistrain with rupture occurring at 40 milli-strain.
The stress-strain response of the prestressing strands is represented by a modified
Ramberg-Osgood function. The constants A, B, and C in the input data are the factors
corresponding to low relaxation strands having an ultimate tensile stress of 270 ksi.
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The section properties computed for the test beam are shown in the input data of
Appendix A3. The distance to the moment axis is the distance to the neutral axis
measured from the bottom of the beam. The shear depth, jd, is the same as the
shear depth, dv, computed for the PROPOSED AASHTO result The distance to
the web strain, ex, and the distance to the center of the web are computed as
23.12 in., corresponding to a distance jd/2 above the centroid of the flexural
reinforcement
The equations used to compute the average crack spacings, smx and smv for a
member subject to longitudinal tension and transverse tension, respectively, are
given as follows:
smx = 2(cx + sx /10) + 0.25k1 dbx /ρx

[11]

smv = 2(cv + s/10) + 0.25k1 dbv /ρv

[12]

Where;
ρv = Av/(bw s)

[13]

ρx = (Asx + Apx)/Ac

[14]

In the above equations, ρv is computed from the shear reinforcement, and
kl = 0.4 for deformed bars and 0.8 for bonded strands. Similarly, ρx is computed
from the longitudinal reinforcement. The first term, Asx, in Eqn. (14) applies to
reinforcing steel and the second term, Apx, applies to prestressed steel, while Ac
is the area of the concrete section. In Eqns (11) and (12), the distance c is the
maximum distance from the reinforcement.
For test girder Al-00-R, both 1/2 in. (#4) stirrups and 1/2 in. diameter
prestressing strands are used. Thus:
smx = 2(12.5+ (2/10)) + 0.25(0.8)(05)/(2.754/705)) = 51.0 in.
smv = 2(3.5 + (10/10)) + 0.25(0.4)(0.5)/(0.2/(6)(10)) = 24.0 in.
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The area of the longitudinal steel (2.754 in2), includes the two prestressing strands in
the top flange which are stressed to 5000 lbs. For double stirrups the maximum
distance away from the steel is 2.0 inches; for single stirrups the maximum distance
away from the steel is 3.5 inches; giving an average of 2.75 inches. The maximum
aggregate size is 0.75 in. which is consistent with class III concrete in accordance with
Ref. (7).
The concrete layers and tendon layers are input to correspond to the beam section
dimensions and the prestressing. steel layout (Figure 2-1). The bottom cover for the
prestressing strands is 2 in. In general, for the various test girders, the RESPONSE
input data is altered as appropriate to represent the test girder properties (strand and
stirrup data).
With the appropriate input, the program RESPONSE is run for each girder at the
location where the shear capacity is desired. The fact that stirrup details change along
the length of the girder is taken into account. Also, strand shielding where present, is
taken into consideration. When the program is run, the following options are selected:
SHEAR AND AXIAL LOAD, CONSTANT AXIAL LOAD, FULL RESPONSE. The
axial force is taken as zero, and a parabolic concrete model is used for the concrete
stress-strain relationship. The RESPONSE program output for girder Al-00-R is shown
in Appendix A3. The output includes axial loads, shears, moments, strains, and angles
of diagonal cracks. From this output data, the maximum shear of 144.9 kips, was
selected.
For each test girder the input and output for Response were obtained at the tenth
points, at points near the support, and several other intermediate locations. The
maximum shear value corresponding to zero axial load is selected as the Vn
RESPONSE value, and is plotted for comparison with the other shear capacities.
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CHAPTER 4
PRESENTATION AND DISCUSSION OF RESULTS
4.1 GENERAL
Both plots and tables showing the predicted shear capacities and the test shear values
are used to summarize the results. Table 4-1 summarizes the results of the test
program, and includes measured and predicted shear capacities, the shear spans, and
the ratios of test capacity to predicted capacity. Appendix A4 presents plots of
predicted and test shear capacities of all test girders,. while Appendix A5 contains
crack pattern charts.
It should be noted that for those beams failing in flexure, the actual test values of the
applied shear force, V, are used in calculating the shear ratios for the different
approaches. As can be seen from this table, for those beams failing in shear, the best
predictions of shear capacities are obtained applying the current AASHTO code
followed by the RESPONSE program. Table 4-2 shows the means, coefficients of
variation, and standard deviations for the shear capacity ratio for the girders which
failed in shear. As shown in Table 4-2, for all Group A girders failing in shear the
mean and standard deviation of the shear capacity ratios are 1.17 and 0.15,
respectively, for the current AASHTO Code.
Figure 4-1 shows the results for beam AO-00-R. The shear capacities are plotted at the
twentieth points along the span. Several of the trends in this figure are typical of the
results shown in Appendix A4. As shown in Figure 4-1, the proposed code predicts
elevated shear strengths near the. support and greatly reduced shear strengths beyond
the 0.2 L . When the longitudinal strain is assumed to be εx=0.003, instead of the
computed value, the proposed code predicts very low shear strengths near the support
and is very conservative. The values computed by the two methods of the proposed
code diverge towards the supports, but converge

4-1

as the distance from the support increases and become the same from approximately
0.25L to mid span.
At distances near 0.2 L and greater, the values from the proposed code values are lower
than the shear capacity values predicted by the current AASHTO code, although the
latter values are greater than those required (Vu/0.85). For both plots for the proposed
code, the values at h/2 are assumed equal to the values at 43 in. since the proposed code
states that sections less than a distance dv from the face of the support, may be designed
for the same factored shear, Vu, as that computed at a distance dv. This is due to the fact
that the loading produces compression in the end of the girder.
Near the ends of the girder, the shear strengths predicted by the current AASHTO
Code provisions lie between the extreme values for the proposed code. At h/2 and at dv
(38.7in.), the current AASHTO values are approximately equal to the proposed code
values computed by assuming a longitudinal strain is equal to εx = 0.003. Over the
entire length of the girder the shear capacity based on the current AASHTO provisions
remains greater than the proposed code values with εx = 0.003.

In Fig. 4-1, the test

shear strengths are greater than all the predicted values.
In general, the form of the shear capacity plots shown in Figure 4-1 for beam AO-00-R
is typical of plots for all other girders except those with shielded strands, minimum
shear reinforcement and two to three times the amount of shear steel required by the
current AASHTO Code. Shear capacity plots for all beams are shown in Appendix A4.
Figure 4-2 shows the shear capacity plots for girder Al-00-M which was provided with
the minimum shear reinforcement permitted by the current AASHTO Specifications. It
is seen that for this girder the shear capacities predicted by the proposed code are lower
than those predicted by the current AASHTO code, which gives the best prediction of
shear strengths.
For girders with shielded strands, such as beam AO-25-R (Figure 4-3), the calculated
shear capacity resulting from computing the longitudinal strain, ex, is greatly reduced
at the end region of the girder. These values become approximately equal to or less
than the current
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AASHTO predicted shear capacities. Therefore, both the proposed and current codes
account for the reduced shear strengths exhibited in the end regions of girders with
shielded strands. However, -as shown in Figure 43, the test shears for girder AO-25-R,
were greater than all the predicted values, and were also greater than the required shear
strengths. . According to Table 4-1, the current AASHTO Code provides the best
prediction of shear strength but this was still 28% less than the test strength.
For girders with shielded strands, i.e., girders A2-25-3R (Fig. 4-4) and A2-50-3R (Fig. 45), in comparison with the companion unshielded specimens, the effect of the shielding
reduces the shear capacity predicted by the proposed code with the values for εx=0.003,
and εx computed, approaching the same. Also, the predicted shear capacity values are
essentially the same for beam A2-50-3R. In addition, because the shear steel is greatly
increased, the shear capacities predicted by- the proposed code (with both εx=0.003, and
εx computed) are greater than the values predicted by the current AASHTO Code. This is
clearly shown in both Figures 4-4 and 4-5. However, these latter-figures also show that
the test shears are much less than the predicted strengths due to the mode of failure being
flexure rather than shear.
It is clear that while the effect of shielding the strands is to reduce the shear capacity,
the increase in predicted strength due to the increased shear steel (in girders with 2 and
3 R) is too great. It should be noted that except near midspan, the girders with added
shear reinforcement, far exceeds the limits imposed by the current and proposed
AASHTO Codes. Such girders tended to fail in flexural mode, with the applied shear at
failure section being well above the required shear strength.
4.2

EFFECT OF CONFINEMENT STEEL

The effects of confinement steel can be seen by comparing the results for those girders
provided with confinement steel against those not provided with such reinforcement
and indicated by the final letter "D" in their designations. For example, the results for
girders AO-00-R (with confinement steel) and AO-00-RD (without confinement steel )
are shown in Figures 4-1 and 4-6, respectively. As shown in these figures, the predicted
shear capacities are
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not effected by the presence or lack of confinement steel. However, the test results
clearly show that test shear strength is reduced when confinement steel is not present.
In Figure 4-1 the values for the tests shears at both ends of AO-00-R are much greater
than the predicted capacities, the ratio of the test values to the AASHTO Code values
being 1.41 and 1.25 for the TEST NORTH and TEST SOUTH values, respectively.
Figure 4-6 shows that the test shears of beam AO-00-RD are greatly reduced in
comparison to AO-00-R. The test shears in the former specimen are approximately
equal to the current AASHTO predicted values, the ratios of test capacity to current
AASHTO capacity being 1.06 and 1.03 for TEST NORTH and TEST SOUTH,
respectively (Table 4-1). As shown in Table 4-1, the values of the load position, a,
differs somewhat in these tests for AO-00-RD and AO-00-R, the a/L ratios in the
corresponding sets are approximately the same.
The results for specimens Al-00-R and A1-00-RD (Figs. 4-7 and 4-8) also show a
similar reduction in shear capacity is reduced when confinement steel is not present.
The shear capacity for Al-00-R with confinement steel (Figure 4-7) is greater than the
capacity predicted by the current AASHTO Code, the test to AASHTO ratios being
1.09 and 1.31 for the TEST NORTH and TEST SOUTH, respectively. However,
shear capacity is reduced in beam Al-00-RD, for which,- the ratios of the test capacity
to current AASHTO capacity are 0.93 and 1.19, respectively for the TEST NORTH
and TEST SOUTH values. For the TEST NORTH values, the presence of
confinement steel increases the shear capacity by 17% (from 179K to 210K).
Similarly, for the TEST SOUTH values, the presence of confinement steel increases
the shear capacity by 10% (from 189K to 208K).
For girders A2-00-3R and A2-00-3RD (Figs. 4-9 and 4-10), the failure mode was that
of flexure, since the high amount of shear reinforcement eliminated a shear failure.
4.3

EFFECT OF STRAND SHIELDING

The specimens, AO-25-R, A2-25-3R, A2-50-3R, CO-25-R, CO-50-R, Cl-25-R and
C1-50-R contained shielded strands. By comparing Figures 4-1 and 4-3 (AO-00-R
and AO-25-R), it is seen that strand shielding reduces the shear capacity predicted by
the proposed code (for
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computed εx), but outside of the transfer length, has no effect on the shear capacity
predicted by the current AASHTO Code. The test capacity for the north end of AO-25R is 28% greater than the AASHTO predicted value (TEST NORTH/AASHTO =1.28).
This excess strength is less than that for the girder in which all strands are bonded: (AO00-R), which had a test strength 41% greater than the AASHTO predicted value.
However, the reduction in strength due to shielding is not as great as the reduction in
strength due to the absence of confinement steel. (1.06).
For specimens A2-25-3R (Fig. 4-4) and A2-50-3R (Fig. 4-5), the high percentage of
shear reinforcement provided allowed a flexural failure to develop, before the applied
shear force reached the predicted values. However, the values of the applied shear force
at failure were in excess of the shear strength required.
In Group C four girders had shielded strands. These girders are CO-25-R, CO-50-R, Cl25-R and C1-50-R. Shear capacity plots for specimens CO-25-R and CO-50-R are
shown in Figures 4-11 and 4-12, respectively. The test shear capacities for these girders
are closely predicted by the AASHTO Code. For CO-25-R, the ratios of shear capacities
(Test/AASHTO) are 1.11 and 1.18, respectively, for TEST NORTH and TEST SOUTH.
Similarly, for CO-50-R, the ratios are 1.09 and 1.22, respectively, for TEST NORTH
and TEST SOUTH. The increase of strand shielding from 25% to 50% has the effect of
reducing the shear capacity by 2% for the TEST NORTH and increasing the capacity by
3% for the TEST SOUTH. However, it should be pointed out that the mode of failure
for the south end of both girders was flexure. Thus, the change in capacity due to
increased strand shielding is negligible for girders loaded outside the transfer length.
Girders C1-25-R and Cl-50-R had two load points and a span of 40 ft., thus test values
for both ends were for the same load condition. As was the case for beams CO-25-R and
CO-50-R, the ratio of test shear values to AASHTO predicted capacities were all greater
than 1.0. The values ranged from 1.09 to 1.21, as shown Table 4-1. For TEST NORTH,
the increase in strand shielding from 25% to 50% results in a decrease of test shear
values of 3.7%. In both girders the failure initiated at the north end which prevented the
occurrence of
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failure at the south end as. can be seen from the crack pattern charts in Appendix A5.
Also, it can be seen from the crack charts that the increased shielding resulted in lesser
number of cracks an a different failure mode as- indicated in Table 4-1(c).
4.4

EFFECT OF LOW PERCENTAGES OF SHEAR REINFORCEMENT Except

for those girders without confinement steel,, most beams provided with less than or
equal to 1.5 times the shear steel required by the current AASHTO Code, gave test shear
capacities greater than those predicted by that code. The only exception was C1-00-3R/2
which had a north end test shear capacity of 192K which was only 2% less than
predicted AASHTO capacity, 195K. This girder developed many flexural cracks. The
crack pattern for this girder is shown in Figure 413. For the TEST SOUTH of girder Cl00-3R/2, ratio of the test capacity to me capacity predicted by the AASHTO code was
1.03.
The south end of Cl-00-R and north end of beam C1-00-3R/2 were subjected to the
same load conditions. Comparison- of the shear values for these two beams indicates
that the test shear for C1-00-R(S) (196K) is greater than the test shear of beam Cl-003R/2(N) (192K). The crack patterns shown in Figs. 4-13 and 4-14 indicate that flexure
played a major role in the failure of these beams. However, as shown in Table 4-1, the
moments developed during testing exceeded the design flexural capacity of the girders,
thereby confirming that the reduction of shear capacity for beam Cl-00-3R/2 is
influenced by the flexural mode of failure. This also explains why C1-00-3R/2 was
slightly lower than the shear capacity predicted by the AASHTO Code (195K).
4.4.1 Group A1 Girders
Girder Al-00-M was provided with the minimum amount of shear reinforcement
permitted by the current AASHTO Code. It is shown in Figure 4-2 that the shear
capacities predicted by the proposed code are much lower than the capacities predicted
by the current AASHTO Code. The latter code provides the best approximation for the
test shear capacities. As shown in the Figure 4-2, the TEST NORTH value was slightly
lower than- that required, but was . approximately equal to the prediction of the current
AASHTO Code. The ratio of the test value to the AASHTO code value is 1.08 for the
north end test. The test shear capacity for
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the south end was 41% greater than the code prediction. For this same specimen, Al-00M, the least strength prediction results from applying the proposed code with εx=0.003
which predicts a strength of 42K, i.e., one-fourth of the test shear (168K). The plots for
girder Al-00-R/2 (Figure 4-15) show that the test strengths are 16% and 34% greater
than predicted by the current AASHTO Code, which again gives the best prediction of
shear strength. Both TEST NORTH and TEST SOUTH shear strengths are greater than
all the predicted capacities, and also greater than the required capacities at the test
sections. Furthermore, although, the shear reinforcement provided was only one-half of
that required by the current AASHTO Code, girder A1-00-R/2 test results indicate shear
strengths which are only slightly lower than the required strengths. This is even more
so, than is shown in the Figure 4-15, since the required strength for the current
AASHTO code is less than that shown (i.e. Vu/0.9 instead of Vu/0.85).
From the results for girder. Al-00-R (Fig. 4-7), it can be seen that the shear
capacities predicted by the current code are greater than the required shear
capacities, and that both tests shear values are greater than all the predicted shear
capacities. The ratios of the test capacity to the AASHTO capacity are, 1.09 and
1.31 for the TEST NORTH and TEST SOUTH, respectively (Table 4-1). For, the
south end (TEST SOUTH), the applied load was 124 inches from the centerline of
the support, i.e. 0.33L of the span. The shear capacities predicted by all provisions
of the proposed code (97K) is less than 50% of the test value of 208K. Thus, the
proposed code greatly underestimates the shear strength of this beam which was
reinforced for shear in accordance with the current AASHTO code provisions,
while the current code gave the best prediction.
Girder A1-00-3R/2 was provided with one and one-half tines the shear
reinforcement required by the current AASHTO code. The shear capacity plots for
this beam are shown in Figure 4-16. Again, the current AASHTO code provides
the best prediction of shear strengths with the TEST NORTH shear capacity being
approximately equal to the predicted value. The shear capacity ratios based on the
latter code for the NORTH TEST and SOUTH TEST were 1.04 and 1.18,
respectively.
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The test shear values of girder A2-00-3R, shown in Fig. 4-9 fall between the limits
recommended by the two codes (AASHTO and the proposed code). These shear
values are much less than the predicted shear strengths, which is due to the fact that
the beam failed in flexure rather than shear.
4.5.2 Group B0 Girders
Groups B0 and B1 girders include specimens which were provided with two and
three times the amount of shear reinforcement required by design. The plots for shear
capacities for girders BO-00-R, BO-00-2R and BO-00-3R are shown in Figures 4-19
to 4-21. Figure 4-19 and Table 4-1(b) show that the test results for Beam BO-00-R
are greater than the predicted shear values and that the current AASHTO code
provides the best predictions of shear strengths.
Figure 4-20 shows that the test shear values for Beam BO-00-2R which failed in
flexure are lower than the values predicted by the current AASHTO Code, the ratio of
test values to AASHTO values being 0.84 and 0.97 for TEST NORTH and TEST
SOUTH, respectively. For, the proposed AASHTO Code, the ratio of the test shear
capacity to the proposed code value is 1.19 for TEST SOUTH. By Comparing the test
shears for girders BO-00-R and BO-00-2R it is seen that the relative increase in test
shears due to doubling the amount of shear steel is small, and functions mainly to
transform from a shear failure mode to a flexural failure. The same is also true for
girder BO-00-3R. This indicates that for shear reinforcement greatly in excess of the
amount required by AASHTO, although not warranted from the point of view of
shear, may be useful in guaranteeing the more desirable flexural mode of failure. The
moments developed in these beams ranged from 89% to 114% of the design flexure
capacity (Table 4-1(b)).
A comparison of the crack patterns for girders BO-00-R, BO-00-2R and BO-00-3R
(Figures 4-22 to 4-24) indicates that as additional shear reinforcement is provided, the
shear strength of the
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girder and the number of flexure cracks, as an indication of the enhanced ductility, are
increased.
4.5.3 Group B1 Girders
Group B 1 girders also demonstrate the effect of increased shear reinforcement. The
girders in this group were 21 ft. versus 41 ft. for all girders in other groups. This group
was designed to investigate only the shear behavior of the girders. Therefore all tests
were conducted with very short shear span as shown in Table 4-1. Also, the shear
span/depth ratio was much lower than group BO girders due to the shorter span length.
All the B1 girders failed in shear, with typical diagonal shear cracks developing with
simultaneous strand slip. The additional load applied to the girders after the initial shear
cracks varied depending on the amount of provided shear reinforcement. The crack
patterns at failure for these girders are shown in Figures 4-25 to 4-28.
Girder Bl-00-0R contained no shear reinforcement. The predicted shear capacities for
this beam are shown in Figure 4-29. This figure along with Table 4-1(b) indicate that
the codes greatly under-predict the shear contribution of the concrete, Vc, to the overall
shear strength. The current AASHTO code gives the best approximation, but even this
value is an average of only 54% of the test value.

The least prediction of Vc is

provided by the proposed AASHTO Code provisions with an assumed longitudinal
strain , εX = 0.003, which predicts a ve r y low shear strength of 14K, i.e., less than 10%
of the test value.
The shear capacity plots for girders BI-00-R, B l-00-2P, B l-00-2R(2), and BI-00-3R
are shown in Figures 4-30 to 4-33. As shown in Figure 4-30, for Bl-00-R, the current
AASHTO code gives the closest prediction of test results; the shear capacity ratios
being 1.16 and 1.10 for the TEST NORTH and TEST SOUTH, respectively.
Figures 4-30 and 4-31 show that the test shears for two identical girders BI-00-2R and
B1-00-2R(2) which were subjected to the same loading were approximately the same.
For the test values versus the current AASHTO values, the average shear capacity ratios
were 0.79 and 0.76 (ignoring the code specified limit for shear reinforcement) for the
north and south ends,
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respectively. For the two beams, the average test shear capacities were 265K and 251K
for TEST NORTH and TEST SOUTH, respectively.
Doubling of the shear reinforcement between girders B 1-00-R and BI-00-2R resulted, in
an increase in shear strength of only 8%, at both ends. For Bl-00-2R and B1-00-2R(2),
the test shear capacities were slightly greater than the shear capacity limits proposed by
the current AASHTO Code. The average ratios of the test shear strength to predicted
shear strength were 0.78, 0.51 and 0.74 for the CURRENT AASHTO, PROPOSED
AASHTO, and PROPOSED AASHTO with εx=0.003, respectively. These ratios were
computed using predicted shear capacities (averaged for both TEST NORTH and TEST
SOUTH) ignoring the upper code limits. If the code limits are imposed, the shear
capacities would be limited to 239 Kips for the current AASHTO code and 351 Kips for
the proposed code, and would result in the shear capacity ratios being 1.08, 0.74 and 0.74
for CURRENT AASHTO, PROPOSED AASHTO, and PROPOSED AASHTO with ex
=0.003, respectively. This justifies the imposition of limits on the shear strength due to.
shear reinforcement and, in this case, the current AASHTO limit best approximates the
test results.
The crack patterns for these girders (Figures 4-26 to 4-28) indicate that shear cracking
was concentrated in a very narrow band. Shear failure occurred soon after shear cracking
commenced, and increased shear reinforcement had very little effect on the failure shear
values. Figures 4-30, 4-31 and 4-33 show that if the imposed limits are ignored, the shear
capacities proposed by the codes increase as the amount of shear reinforcement increases.
For beam B l-00-3R (Fig. 4-33), the current AASHTO Code predicts the lowest shear
capacity values. However, the test shear values are much less than the predicted values
since the excessive amount of shear reinforcement was above the code limit. The
increased shear reinforcement resulted in enhanced ductility. Again, it is seen that for
shear reinforcement greater than the amount required by AASHTO, large increases in
shear reinforcement are not necessarily accompanied by large increases in shear strength.
For girder B1-00-0R, the concrete shear contribution, Vc , at the north and south ends
were 166K and 155K , respectively. Since the shear span was constant for all girders in
this
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group, the concrete shear strength, Vc, for girder B1-00-OR can be used in
calculating the actual shear reinforcement contribution, Vs for beams B1-00-R,
BI-00-2R, B l-00-2R(2), and B l-00-3R. Utilizing the value of Vc for the north
end test (165K) the values of Vs can be obtained be subtracting Vc from the
actual shear at failure. The resulting Vs values are 79K, 96K, 102K and 98K for
girders B l-00-R, B l-00-2R, B l-00-2R(2), and B l-00-3R, respectively.
Similarly, for the south end test with Vc =155K , the Vs values are 77K, 92K,
100K, and 108k, respectively. By averaging the values for the north end and the
south end and also averaging the values for girders B l-00-2R and B l-00-2R(2),
the average Vs values based on the current AASHTO Code are as follows:
Girder B1-00-R, Vs = 78K
Girder B1-00-2R, Vs =98K
Girder B1-00-3R, Vs =103K.
Thus, increasing the shear reinforcement by 100% (i.e., from R to 2R) results in
only a 25% increase in Vs. Further increase from 200% to 300% (i.e., 2R .to 3R)
results in only 5% enhancement in shear strength provided by the steel
reinforcement.
4.6

USE OF WIRE MESH AS SHEAR REINFORCEMENT

In girders A3-00-RA and A3-00-RB (Table 4-1(a)) a welded wire mesh was
fabricated and used as shear reinforcement. The span and load points for girders
A3-00-RA and A3-00-RB were the same used in Al-00-R and AO-00-R,
respectively. The vertical bars of the wire mesh provided shear reinforcement
approximately equivalent to that provided in girders Al-00-R and AO-00-R,
therefore,

except

for

A3-00-RA

the

predicted

shear

capacities

were

approximately the same at the load points. The predicted shear capacities for A300-RA are shown in Fig. 4-34. It can be seen that the current AASHTO Code
underestimates the shear capacity but still provides a closer prediction of shear
strength than the proposed AASHTO Code.
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For girders A3-00-RA and Al-00-R, the test loads were applied , respectively, at
102 in. (0.21 L) and 124 in. (0.33 L) from the centerline of the support for the TEST
NORTH and TEST SOUTH. From a comparison of these tests, there is a noticeable
increase in the shear capacity of girder A3-00-RA. This girder was subjected to
shears equal to 271K and 232K. for TEST NORTH and TEST SOUTH,
respectively, which were 60% and 41% greater than the current AASHTO
predicted values. In addition, the moments developed in this girder were 13%
and 18%.greater than the required design flexural capacity. The test shears in
Al-00-R were 210K and 208K which were 9% and 31% greater than the shear
capacities predicted by the current AASHTO Code. Therefore, girder A3-00RA had shear capacities 29% and 12% greater than those of Al-00-R. Table 4-1
shows that the shear capacities predicted for the two girders were different at
the load point, due to a difference in shear reinforcement details at this
location. The crack patterns for girder A3-00-RA are shown in Figure 4-35.
Girders A3-00-RB and AO-00-R were both loaded at 85 in. and 124 in. (0.18L
and 0.26L) from the centerline of the end supports. In the north end test, A300-RB failed in flexure. However, the shear value (297K) reached during the
test exceeded the AASHTO predicted value (221K) by 34%. In TEST SOUTH,
shear played a greater role in the failure mode, the shear capacity being 275K,
which was 24% greater than the current AASHTO predicted value. The shear
capacity plots for beam A3-00-RB are shown in Fig. 4-36, which shows that
the current AASHTO Code predicts a much lower shear capacities than those
in the tests. The crack patterns for beam A3-00-RB are shown in Figure 4-37.
A comparison of the results for girders A3-00-RB and AO-00-R, shows that
the shear forces developed in A3-00-RB for TEST NORTH (297K) were 5%
less than those developed in AO-00-R (313K). This is due to the fact that
flexure was the mode of failure in A3-00-RB. For TEST SOUTH, the shear
capacity of the two girders were essentially the same.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1 CONCLUSIONS
The main conclusions from the research are as follows:
1. The current AASHTO code predicts shear capacities for prestressed, concrete girder
better than the provisions of the proposed code, although the latter gives a more rational
design. approach for shear. Some refinement is required for the proposed method of the
code to be acceptable.
2. The provision of confinement steel for the prestressing strands at the end regions of a
girder increases its shear capacity.
3. The current AASHTO code predicts shear capacities which are adequate for girders with
or without confinement steel .
4. The AASHTO code limits the amount of shear strength which may be provided by shear
reinforcement.

The limit compared well with the test results.

5. Using a wire mesh for shear reinforcement may provide a significant increase in shear
capacity and ductility.
6. Shielding of prestressing strands reduces shear capacity in the end regions of a girder.
Girders with 50% of the strands shielded and loaded at 140 inches from the ends exhibited
a shear mode of failure with decreased ductility when compared to girders with 25%
shielding. Therefore limiting the percentage of shielded strands to 25% appears to be
reasonable.
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7. The reduction of strength due to the absence of confinement steel was more significant
than the reduction in strength due to shielding of prestressing strands.
8. Both the current AASHTO code and the proposed code greatly under-estimate the
shear. strength provided by concrete. The current AASHTO code is the less conservative
of the two. Since this conclusion was made based on the test results for one girder (B100-OR), additional tests are needed to determine better approximations for shear strength
provided by the concrete.
5.2 RECOMMENDATIONS
1. Refinement of the proposed AASHTO Code method for shear design is required, since
this extensive study shows that it is too conservative.
2. Since the current AASHTO Code provisions for shear design have been shown to be
superior in predicting shear strengths, there is no justification in abandoning it for the
more conservative proposed provisions based on the Modified Compression Field
Theory. The rational approach of the latter method is attractive but requires extensive
refinement before adaptation.
3. The study has demonstrated the beneficial effect of confinement steel in delaying bond
failure of prestressing strands, and in enhancing shear capacity. It is recommended that
provisions of such reinforcement in the end zones of prestressed girders be considered.
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Appendix A1
FDOT Prestressed Concrete Bridge Girder Program
Output for Girder A1-00-R
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Appendix A2
Lotus Spreadsheet Results for Girder Al-00-R
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Appendix A3
RESPONSE Program Input and Output for
Girder A1-00-R at 0.3L
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Appendix A4
Plots of Shear Capacity Comparison
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Appendix A5
Girder Crack Patterns
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