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Shear Strength of Thin-Webbed Post-Tensioned Beams

by Miguel Fernandez Ruiz and Aurelio Muttoni

This paper investigates the load-carrying mechanisms and the
strength of thin-webbed, post-tensioned beams failing by crushing
of the web. The shear strength in these members is significantly
reduced because of the state of cracking in the web and because of
the disturbance in the flow of stresses introduced by the prestressing
tendons. The interaction between both effects is investigated. To
that end, the results of six full-scale tests performed on actual
prestressed beams extracted from a girder bridge are presented.
The results are analyzed and various approaches for the modeling
of such members are investigated and compared.
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INTRODUCTION

Since the inception of reinforced concrete, and especially
since the development of prestressed concrete, girder bridges
have always been simple, economic, and suitable choices for
small- to medium-span bridges. The erection of thin-webbed
girders with precast elements and significant post-tensioning
tendons has been common practice since the 1950s and
1960s.! Many existing bridges of this type present a ratio
between the tendon diameter and the width of the web close
to one-half. In the past decades, there has been a tendency to
increase the width of the webs with respect to the tendon
diameters. Thus, usual, current values of the tendon-to-width
ratio have decreased to one-third. This is explained by the
increase in the concrete cover requirements as well as by the
con51derat10n of the strength reduction due to the presence of
tendons? (which was not included in most codes of practice
until the end of the 1980s). Recent increases in strength
requirements and traffic loads have raised the question of the
suitability of some existing bridges of this type.

The strength reduction due to the tendon presence is taken
into account in most current design codes by means of a
strength reduction factor np. The value of np depends on the
duct diameter, on the duct material (steel or plastic), and on
the injection (or not) of the tendon.? This factor can be
introduced in the analysis performed using two different, but
equivalent, approaches:

1. Defining an effective width of the web b, obtained by
reducing the actual width of the web by np, ( JZ =b,Mp)-
The overall strength of the member is thus affected because
the shear carried by a web requires the development of an
inclined compression field whose strength depends on the
effective width of the web; and

2. Alternatively, this reduction can be introduced by
reducing the compressive strength of the concrete of the web
by the same factor (f,,,, =/, ,,1p) and considering the actual
width of the web b,,,.

The strength of the inclined compression field is also
affected by the state of cracking in the web. It is thus necessary
to consider another strength reduction factor m, to account
for this effect in the compression field. Usually, a multiplicative
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formulation is adopted for the interaction between these two
factors (np and ).

Using this approach, the strength and the angle of the
compression struts of the web can be determined (Fig. 1).
The angle is usually limited to a given value (21.8 degrees in
Eurocode 2° and AASHTO LRFD%), although values
significantly smaller than the usual 11m1ts are sometimes
adopted in the checking of actual brldges

This paper presents the results of an experimental investi-
gation performed on five beams extracted from a thin-
webbed bridge replaced after 36 years of service. The web of
the bridge (125 mm [5 in.] thick) contained two 60 mm
(2.4 in.) tendons, with a tendon to web width ratio of 0.48.
The aim of the tests was to study the actual strength of thin
post-tensioned webs and the interaction between the state of
cracking in the web and the disturbance induced by the
tendon. The experimental results are also used to investigate
the suitability of several analytical approaches (stress field-
based approaches and various design codes) for the
modeling of such members.

RESEARCH SIGNIFICANCE
Some existing girder bridges with thin post-tensioned
webs do not satisfy current shear strength requirements. This
paper details the experimental results obtained from six tests
performed on beams of this type failing by web crushing.
The experimental results are used to explain the behavior of
these members and to investigate the interaction between the

Fig. 1—Post-tensioned girder with thin web: inner forces in
cross section, web thickness by, tendon diameter dp,, and
compression field angle 6.
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state of cracking in web and the presence of tendons. Also,
the experimental results are used to investigate the suitability of
several analytical approaches to estimate the shear strength
of such members.

EXPERIMENTAL CAMPAIGN

Six tests were performed using beams extracted from the
viaduct Viadotto Sopra le Cantine in Switzerland. The bridge
was erected in 1967 (Fig. 2) using limited construction
equipment due to the location of the bridge. The weight of
the beams was consequently reduced to a minimum. The webs
were 125 mm (5 in.) thick, with two post-tensioning tendons
placed in 60 mm (2.4 in.) diameter corrugated steel ducts.

Also, due to weight reasons, each beam of the bridge was
assembled from two 10 m (32.8 ft) long half-span precast
elements. These elements were prestressed in the precasting
yard by means of 12 straight wires of 7 mm (0.27 in.) diameter
in the lower flange. Once the precast elements were placed,
the deck slab of the bridge and the diaphragms over piles and
at midspans were cast in place. Two post-tensioning tendons
each consisting of 27 wires of 7 mm (0.27 in.) in diameter
were post-tensioned at a later stage to create a continuous
five-span bridge. The post-tensioning tendons were thus the
only reinforcement present at midspan. The peculiar layout

Fig. 2—Cantine viaduct beams (Switzerland): (a) construction,
1967; and (b) testing at Ecole Polytechnique Fédérale de
Lausanne (EPFL), 2004.
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of the tendons, with a larger curvature at midspan than over
the support, as shown in Fig. 3(c), was aimed at reducing the
post-tensioning secondary (redundant) moments.

The bridge was replaced in 2003 because of the deterioration
of the deck slab and bearings of the bridge. Five of its beams
without signs of deterioration were tested to failure at the
Structural Concrete Laboratory of EPFL (Ecole Polytechnique
Fédérale de Lausanne, Switzerland [Fig. 2(b) and 3(a)]). The
tests aimed at investigating the actual behavior of these
members under various loading conditions (Fig. 3(a) and 4)).
Detailed information on the testing and main results of this
campaign can be found in Reference 6.

Materials

The concrete properties for the precast elements and the
deck slab were tested for all specimens by extracting a series
of cylinders and prisms from each specimen. A summary of
the results obtained is presented in Table 1.

Also, the main properties of the various types of steel used
in the precast elements—the deck slab, the tendons, and the
prestressing wires—were measured. A summary is presented
in Table 2.

Prestressing force

Measurements were taken’ to determine the actual
remaining amount of prestressing before testing the specimens.
It was found that for the various specimens, a mean value of
Cpoo ™ 530 MPa (77 ksi) remained. Taking into account that
the initial prestress was 6,y = 1190 MPa (172 ksi), this
means that only 45% of the initial prestress remained. Such
significant losses can be explained by the strong prestressing
of the beams, both in the precasting yard and after placement
of the beams.

Table 1—Measured properties of concrete for
tested specimens

Test | SHI | SH2 | SH3 [ SH4a | SH4b | SHS
Precast element: prisms h/b,,/d, mm (in.) = 240/125/120 (9.44/4.92/4.72)

Jfems MPa | 534 523 55.8 49.5 60.0 472
(ksi), No. | (7.74),4 | (7.58),4 | (8.08),2 | (7.17),3 | (8.69),2 | (6.84), 4

Deck slab: cylinders height/diameter, mm (in.) = 200/100 (7.87/3.93)

Sem» MPa | 482 449 53.7 59.2 59.2 46.2
(ksi), No. | (6.98), 3 | (6.50), 3 | (7.78),3 | (8.58),2 | (8.58),2 | (6.69), 3

E.,,MPa| 33500 | 36,000 | 35,500 | 37,000 | 37,000 | 36,200
(ksi), No. | (4850), 1 |(5220), 1| (5140), 1|(5360), 1|(5360), 1|(5250), 1

Table 2—Measured reinforcing and prestressing
steel properties

Type |db, d,,,mm (in.) |/}, 0.29» MPa (ksi) |f;,,, MPa (ksi) |&,, % | No.
Web and lower flange
Lad 1 s315) 624 (90.4) 747(108) | 57 | 5
Lad 1 100.394) 582 (84.3) 730 (106) | 49 | 5
Deck slab
Hotrolled] 12 (0.472) 392 (56.8) 544 (78.8) | 152 3
Hotrolled| 20 (0.787) 374 (54.2) 521(75.5) | 115
Hotrolled| 26 (1.02) 371 (53.7) 560 81.1) | 155 1
Prestressing wires of post-tensioning tendons
Wires | 7(0275 | 145711 | 1738251 [45] 3
Prestressing wires of precast elements
Wires | 7(0275) | 1340(194) | 1707(247) [46] 5
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Testing

The test setup is shown in Fig. 3(a) and 4. It can be noted
that an eccentric external axial force N was applied during
the test, providing enough flexural strength. This force was
necessary to avoid flexural failure because the tested girders
were single-span beams, whereas the original bridge girders
were continuous beams. It can be noted that Specimen SH4
was tested twice, changing the loading and support conditions
and, thus, the location of the shear failure. The loads applied
at failure for each test are given in Table 3.

The strains in the web and in the upper flange of the girder
were measured by following the in-plane deformation of a
mesh of 270 mm (10.6 in.) equilateral triangles. Based on
these results, the principal strains and their directions could
be determined. In the lower flange, because of its limited
height, only measurements of the longitudinal strain along a

Table 3—Applied loads at failure

line at the centroid of the flange were performed. Other
measurements, including forces, displacements (linearly
variable displacement transducer [LVDT]), and rotations,
were also taken.5

Failure mode

All specimens failed by web crushing along the
prestressing tendons with spalling of the concrete cover in
the failure zone. Figure 5 shows the cracking pattern for
Specimens SH1 and SH3 after failure.

MAIN RESULTS OF
REPRESENTATIVE BEAM: TEST SH3
In this section, the results of Specimen SH3 are presented
in detail as a representative beam of the test series. The
results of the other specimens are detailed in Reference 6 and
summarized in Table 3.
The loading pattern and the load-midspan deflection

Test Voo MN (Kips) N,o MN (Kips) curves are plotted in Fig. 6. Initially, the beam was only
loaded with a shear force V up to 0.81 MN (181 kips), after
SH1 1.49 (333) 3.58 (801) . . .
which the external axial force N was also gradually applied.
SH2 126 (281) 2.02 452) At failure, significant strains were measured in both
SH3 1.53 (343) 3.76 (840) flanges and in the web. Compressive longitudinal strains
SH4a 1.12 (250) 0.693 (155) larger than 2%o were measured in the upper flange (refer to
SH4b 1.67 (338) 2.45 (549) Fig. 7(a)). In the lower flange (Fig. 7(b)), a crack width of
SH5 1.66 (371) 2.98 (667) 11 mm (0.43 in.) was measured at the joint between the two
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— A — B ~C
! ! viz v
== o.asi == |
1 . 1 X :r
! Il A I-——- B [ I
Original .. - 0.06 | Original
rigina bridge
bridge 045 050 0.50 0.45 s:p ;-D 9
support
(b)
A-A B-B c-C B-B
b b b
3dv8 T
230 55 230 .55 1
I 165 | 195 4;;:2 == : ds 7 @ 200
3 3 1240 252747 I [ o7 @200
10 1100 950 10 1100 750 6§ A T de 6 @ 200
adT de 10 @ 200
1 f’fé 12de7 =t S du b @ 200
. . oo t 2ds 10
. 2dn8
125
430 430 150 450 150
(c)
H 3'. z
GRS == | =
- . x
! 6.25 ! 4.00 ! 6.25 )

Zpap = - 0012855 + 0.2614:x + 0.086 Zpiap

= 0.0525%° + 0.175

=- 0.01285%" + 0.2614-x + 0.086

Zpsup

310

= 001107 + 0.2343x + 0.169 z 0.04755% = 0.01107-x" + 0.2343x + 0.169

Z g 2t +0.065

%
Fig. 3—Geometry, reinforcement, and prestress layout of beams: (a) longitudinal view
(dimensions in meters); (b) cross sections of beams and reinforcement detail in Section B-B
(dimensions in mm) (upper flange width b = 745 mm (29.3 in.) for all specimens except

Specimen SH4 where b = 705 mm (27.7 in.) (dimensions in mm); and (c) prestress layout
(axis in meters). (Note: 1 m = 39.37 in.; 1 mm = 0.03937 in.)

ACI Structural Journal/May-June 2008



precast elements. The longitudinal tensile strain in the
precast elements was larger than 2%o. In the web, vertical
strains larger than 5% were measured, indicating extensive
stirrup yielding (refer to Fig. 7(c)). It should be noted that the
strains were measured from the beginning of the test. Thus,
the strains corresponding to the initial prestressing and its
losses are not included.

W
SHaa = AT
SH4b _b—H_—__:::Z:%:rT:ﬁ_—Z‘_
SHS _.._““_Taﬁa}*_:.issif:—f._

Test by[m] | ay[m] c[m] | as[m] | bs[m]
(fin) | ([in) | ([inD | ([in]) | ([in])
SH1 3.03 4.44 1.56 4.44 3.03
(119) (174) | (61.4) | (174 (119)
SH2 1.83 4.44 3.96 4.44 1.83
(72.0) (174) (156) | (174) | (72.0)
SH3 3.03 4.44 1.56 4.44 3.03
119 | a9 | 614e | a9 | 119
SH4a 1.00 3.23 0.84 10.73 0.70
(394) | (127 | 330 | 354 | (27.5)
SH4b 4.25 8.38 0.84 2.33 0.70
(167) | (329) | 33.1) | 0.7 | (27.5)
SH5 243 4.80 2.04 3.60 3.63
(95.6) (189) | (80.3) | (142) (143)

Fig. 4—Loading patterns for test performed and failure
zone (shaded cells in table).

SH1

Fig. 5—Cracking pattern and concrete spalling after failure
for Specimens SHI and SH3.

N [kips] w [in]
0 300 600 0 1 2
2 ; . 2 ; ,
1400 1 400
g £z E
St {200 2 gl' { 200 £
N N ~ N
0 e 0 0 . . 0
0 1 2 3 4 0 20 40 60
N [MN] w [mm]
(a) (b)

Fig. 6—Beam SH3: (a) V-N loading pattern (with unloading-
reloading cycle); and (b) plot of midspan deflection versus
applied load.
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Figure 8 shows the longitudinal and vertical strain profiles
of Beam SH3 at various load levels. It can be noted (Fig. 8(a))
that plane sections remain approximately plane except in the
vicinity of the tendons where a significant increase in the
longitudinal strains is observed. Also, vertical strains (Fig. 8(b))
are not uniform in a given section, with larger strains above
the tendon than below. These results (confirmed by the other
specimens tested) indicate that a strain localization developed
at the level of the tendons and that the tendons were actively
interacting in the structural response of the member.

This interaction is further investigated in Fig. 9, where the
principal compressive strain directions are shown for two load
steps. Figure 9(a) plots the strain state for a small value of the

(@) &5 1501 X [feet]
25 20 -15 -10 -5 0 5 10 15 20 25
3 3
2 z=1.31m(51.6in) 2
K ’% !
0 A 0
1 1
-8 -6 -4 2 0 2 4 6 8
x [m]
(b ) exv,-,,f[%n] x [feet]
25 20 -15 -10 -5 0 5 10 15 20 25
2
’ I | | \“"J | ’
z=0.0
4 4
8 -6 -4 -2 2 4 6 8
x [m]
(C) £, [%0] x [feet]
25 20 15 10 5 0 5 10 15 20 25
0 N\ N =3 0
2 047/0 2
0.81/0.05 —
0.97/1.09 —
4 122/236 — 1 4
V/N[MN/MN]=147/3.33 —
6 6
-8 -6 -4 2 0 2 4 6 8
x [m]

Fig. 7—Plots of strains in Beam SH3 at various load levels:
(a) horizontal strain &, along upper flange; (b) horizontal
strain & along lower flange; and (c) vertical strain &, along
line at two-thirds of beam’s height. (Note: 1 MN = 224 kips.)

(a) q

SH3 £ 0 4 [%0)
| IR ——

1 L
8262y -7

Fig. 8—Plots of strains measured in Beam SH3 at various
load levels: (a) longitudinal strains &,; and (b) vertical
strain g,. (Note: Dimensions in inches; 1 in. = 25.4 mm.)
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external axial force. A significant change in the strain direc-
tion is observed at the level of the tendons. Figure 9(b) plots
the same result before failure when a very strong external axial
force was applied, reducing the relative deviation at the tendon
level. Some inclination of the direction of the compressive
strains in the upper flange can also be noted in this Fig. 9(b).
In addition to in-plane strain measurements, measurements
of the transverse expansion were performed in the failure
zone. Figures 10(a) and (b) show the location where the
measurements were taken. The measurements show that the
transverse expansion developed at a similar rate than the
in-plane strains (Fig. 10(c)). This result in the failure zone is
in good agreement with the behavior observed in several tests
performed on reinforced panels with post-tensioning tendons.”
The strain measurements of the tendons during the tests as
well as the strain measurements of the residual strain after
testing (obtained by cutting the tendons) allow estimation of
the bond stress of the tendons. A reasonable estimate® is
obtained assuming a constant bond strength of 7, = 0. lecmZ/ 3,
This strength is rather small compared with usual values in
similar cases (for instance, values of 1, = 1/3fcm2/ 3 are
proposed in Reference 8). This value can be explained
because smooth wires were used (instead of twisted strands).

ANALYSIS OF POST-TENSIONED
GIRDERS USING STRESS FIELDS
The stress field method is an equilibrium solution based on
the lower bound theorem of plasticity, which is suitable for
the dimensioning of reinforced and prestressed concrete
members.” A stress field is developed for a given structural
element using smeared struts that allow one to directly
obtain the stresses in the concrete.

(a) q
e V/N [MN/MN] = 0.81/0.05 ) )
_____ —
= TS
= i Iy S =iy

—_
=
—

s V/N [MN/MN] =1.47/3.33

|
|
|
|
|
|
|
i -

e o /////, - —
T T T S
e,

—

el MY

Ri=26.2) 7 + 5 a 3 2 1

Fig. 9—Plots of principal compressive strain direction &5 in
Beam SH3 at various load levels: (a) VIV .y = 0.54; and (b)
VIV et = 0.98. (Note: Dimensions in meters; 1 m = 3.28 ft.)

(a) (b) (c)

¥ [MN]

L Measurement point
r=431m(l4.1 )

Fig. 10—Transverse expansion of web: (a) location of point
of measurement; (b) transverse expansion measurements w;
and (c) plot of transverse strain w/by, and in-plane principal
compressive strain £; in measurement point.
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The application of this method to the analysis of post-
tensioned girders is investigated in the following. Its
application in this case is particularly efficient because
concrete crushing is investigated and the stresses in the
concrete are a direct result from the stress field.

The stress field method can also be applied with the aim of
understanding the structural response of post-tensioned
girders by increasing the complexity (and accuracy) of the
proposed stress fields. First, two discontinuous stress fields
are investigated: a straight stress field and a deviated stress
field. The discontinuous stress fields are solely based on
equilibrium conditions and can be easily developed by hand.
Some level of experience is required for their development,
however, because no compatibility conditions are explicitly
introduced and deviations from the actual behavior may
result.” The study is completed by a continuous stress field
developed with the help of the finite element method, ' where
compatibility conditions are respected. The continuous
stress field results are also used to investigate the suitability
of the discontinuous stress fields.

ANALYSIS OF BEAM SH3 USING
STRAIGHT STRESS FIELDS
The behavior of Beam SH3 is investigated in this section
with the help of a straight compression field. This is the
typical approach followed by European design codes (for
instance, EC-23 and SIA 26211). The force in the tendon is
assumed to be equal to the prestressing force after losses
(Fig. 11(a)). Using the vertical equilibrium conditions of the
free-body diagram shown in Fig. 11(c), the following is obtained

V=Vt Vpo, (1)

The value of 6 (the compression field angle) can be calculated
for a straight stress field assuming yielding of the stirrups
(refer to Fig. 12(a))

Vst =V- VP,ao = pwbeCOt(e)fy -

bz ! (2)
—>0= arctan(p”—”f*‘)
VP,
(a) i
!J)
P .
~x [m[iLc‘ll]_ - I{"'\ B
8.25(27.1) 6.06(19.9) 2.07(6.79)
(b) "

(c) —— PN

B .
Vt.:“”;;ii}!’rié;ii””

Fig. 11—Analysis of Beam SH3 at failure considering no
stress increase in tendons: (a) prestressing force P, prestressing
force after losses (P, = 1.10 MN [246 kips]) and vertical
component of prestressing force Vp; (b) resulting stress
field; and (c) free body equilibrium.
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With the value of 0, the concrete stresses in the web can be
obtained using (Fig. 12(b))

_ V_VP,oo

6, = ——————— 3)
b,,zsin(0)cos(0)

Applying the previous expressions to Specimen SH3 (V =
1.535 MN [343 kips]) and adopting a constant lever arm of
z = 1100 mm (43.3 in.), an angle for the compression field
equal to 6 = 20 degrees is obtained, resulting in a compression
stress in the web of 31.2 MPa (4520 psi).

A straight stress field does not allow one to increase the
force in the prestressing tendon, which remains P,.. Thus, an
inconsistency is found when investigating the flexural
strength at midspan, where the sum of the external axial
force plus the prestressing force P, is not sufficient to satisfy
the equilibrium of moments. Furthermore, due to compatibility
requirements, the stress in the tendons must increase with the
deformation of the beam. A more consistent stress field that
satisfies both the equilibrium of forces and moments, and
that considers the stress increase in the tendon, can be
developed assuming a deviated stress field in the web.

ANALYSIS OF BEAM SH3 USING
DEVIATED STRESS FIELDS

The force in the post-tensioning tendons can be increased
with respect to its initial value (force after losses) if other stress
fields are considered; some examples are discussed in Muttoni
et al.? Figure 13 shows, for instance, a possible stress field of
this type for Beam SH3. The force in the tendons (Fig. 13(a))
is calculated using the measured value of the bond strength
before yielding of the tendons (tp, = 0.15f,,2>). After
yielding, the bond strength is reduced to one-half.'?

The increase in the tendon force reduces the shear force
that is carried by the web, which can be regarded as a positive
effect (resulting in less inclined struts and consequently
smaller compressive stresses). To increase the force in the
tendons, however, the struts have to be deviated. As a conse-
quence, more inclined struts result above the tendon, which is
detrimental as the stresses in the compression field increase.
Both phenomena tend to compensate, their final effect
depending on the geometry and loading pattern of the member.

The complete calculation of the stress field (Fig. 13(b) and
(d)) is rather tedious. The critical zone of the stress field
(where 6 is minimal), however, can be easily investigated.
Figure 13(c) shows the equilibrium of the critical free-body.
The forces acting on it are obtained from the equilibrium of
the left-hand and right-hand side free-bodies of the system.
With the values of the forces, the angle of the struts in the
critical region can be determined, resulting in 0 = 19 degrees—
slightly smaller than the angle obtained with the straight
stress field. Consequently, the compressive stress in the web
is 34.4 MPa (4980 psi), larger in this case than the value
obtained with the straight stress field.

DISCUSSION ON SUITABILITY OF
DISCONTINUOUS STRESS FIELDS
Principal compressive strain direction
The measured angle of the principal compressive strain 6
of Specimen SH3 before failure, measured at two depths of
the web, is compared in Fig. 14 to the results of the two stress
fields. A satisfactory agreement is obtained in both cases.
The development of fans close to the loading plates is
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confirmed by the measurements as well as the value of 6 in
the failure zone.

Shear strength
The strength of the web, f,.,, according to the stress field
method, can be estimated as

Jee =fcnfanna 4)

where f_ is the compressive strength of the concrete (56 MPa
[8120 psi] in this case).

The strength reduction factor ng. provides an equivalent
concrete plastic strength. It can be evaluated as

(a) (b)

z.cot@

Vy,=z-cot®- b, p,fy V—V,,=2-c0s0- b, 0, sin0

Fig. 12—Analysis of straight stress field: (a) shear carried
by stirrups; and (b) equilibrium of compression field.

(a) VP W

& x
—x [m(feet)) _— ——

6.06(19.9)  4.89(16.0)

825 (27.1) 207(6.79) 1.04(341)

¥
(b) - 12 ¢

Fig. 13—Stress field analysis of Beam SH3: (a) prestressing
force P and vertical component of prestressing force Vp; (b)
adopted stress field; (c) analysis of critical deviated stress
field; and (d) complete strut-and-tie model.
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ny = (%")1/3 )

where f, is 30 MPa (4350 psi). For Beam SH3, itis 5 = 0.81.

The strength reduction factor 1, accounts for the transverse
strain state (its value can be considered 0.60 in the web’ ) and
the strength reduction factor np accounts for the presence of
the duct, its value can be estimated as

= 0.76 6)

= 1_kz;ﬁ>

where k can be set to 0.50 according to References 3 and 11
(similar values for steel ducts have also been reported in
Reference 2) and Zdj, is the sum of the diameter of the ducts
at a given level in the web.

With these values, the effective strength of the concrete is
fie = 20.7 MPa (3000 psi). This strength is smaller than the
stresses obtained with the previous stress fields. This difference
is justified by the fact that some load-carrying mechanisms
(or physical effects) in the development of the stress fields
have been neglected:

Inclination of compression chord—The flanges of the
beam (and especially the upper flange in this case) have
some capacity to carry shear forces. As shown in the
measurements of Fig. 9, the principal compressive strain
direction in the upper flange presents an inclination. Taking
into account the forces in the compression chord, a fraction
of the total shear force can be carried by this effect. The
actual contribution of this phenomenon to the shear strength
is difficult to estimate when developing discontinuous stress
fields. Consequently, it is advised to neglect it.

Contribution of concrete in carrying shear forces across
cracks—The stress field method neglects the ability of
reinforced cracked concrete to carry tensile forces across
cracks. A shear-carrying mechanism of this type, however, is

Test SH3 measurements =
Straight stress field ——
Deviated stress field —
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Fig. 14—Plots of principal compressive strain angle along
two lines (Test SH3): test measurements and discontinuous
stress fields.
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considered when investigating shear strength according to
other approaches. Some design codes'” propose combining
the shear-carrying capacity of a truss model with a term V.
accounting for this effect, resulting in V = V. + V;. The
results obtained with this approach will be discussed in
the following.

Estimation of n.—The value adopted for the strength
reduction factor m, is 0.60, corresponding to the value
usually accepted in the design of such structures. This value
is adopted without deriving it from an equation accounting
for the state of cracking in the web and thus it may be conser-
vative for the case studied.

Coupling of strength reduction factors—Another effect
that has to be taken into account is whether the multiplicative
formulation adopted in Eq. (4) is suitable or not. In all the
specimens tested, spalling of the cover along the tendon took
place at failure. In an experlmental series of 16 panels tested
without straining the stirrups, 2 however, no spalling of the
cover was detected. Failure in these panels took place when
a crack, in the central part of the panel, developed in the
plane of the tendon. These observations indicate that two
different failure zones develop. The first (where spalling of
the cover develops) is mainly affected by strains in the stirrups,
e, Whereas the disturbance caused by the tendon, np, is
mainly influencing the central part of the web. In this case,
the multiplicative formulation adopted (n 1) seems conser-
vative because the zones affected by these two effects are
different. Both phenomena are not, however, completely
uncoupled because the flow of stresses is disturbed by the
presence of the tendons and, thus, some effect is induced by
the tendon in the plane of the stirrups. This assumption is
also confirmed by tests on precracked panels extracted from
the girders investigated in this paper.2 Other possible
crushing modes of the web (where concrete spalling does not
develop or only in a limited manner) also lead to adopt a
multiplicative formulation.

The previous effects explain some differences between the
actual strength and that predicted by the discontinuous stress
fields. In any case, neglecting these phenomena when
developing discontinuous stress fields seems prudent because
their quantification is complex and the actual security
margin is adequate.

CONTINUOUS STRESS FIELD
ANALYSIS OF BEAM SH3

The ability of a given stress field to reproduce the actual
behavior (and strength) of a member is significantly influenced
by its strain compatlblhty The most compatible stress
fields are those that present a smooth variation of the stresses
between adjacent struts, so-called continuous stress fields. 10

The hypotheses for the development of continuous stress
fields can be implemented in an effective way using the
finite element method (FEM) as introduced in Reference 10.
The compressive strength of the concrete is introduced as
an equivalent plastic strength

fce =fcnfcns (7)

where 1, is obtained from Eq. (5). The strength reduction
factor n, accounting for the cracking state can be computed
and introduced locally for each element on the basis of the
laws proposed by various authors. For instance, according to
Vecchio and Collins'#
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where g is the transverse strain of the concrete.

The application of the continuous stress fields to post-
tensioned girders, where the duct reduction factor np, has to
be taken into account, can be performed by reducing the
thickness of the web in the zone where the tendons are
placed. Figures 15(a) and (b) show the mesh used for
modeling Beam SH3, where the thickness of the web in the

zone between tendons is reduced to
bogr=b,np )

The actual reinforcement and tendons were introduced
throughout the model using link elements'® (with an initial
strain in the case of the tendons). The layout of the mesh was
created to facilitate the placement of the reinforcement and
the tendons at its actual location.

The failure load of Beam SH3 obtained with the continuous
stress field is rather accurate (V = 1.61 MN [360 kips]),
slightly higher than the actual strength (V = 1.535 MN
[345 kips]). Some remarks can be derived from the continuous
stress field analysis:

1. A minimum angle of 19.6 degrees is found in the critical
zone, in good agreement with the discontinuous stress
field results;

2. A strain reduction factor n, = 0.59 (Fig. 15(c)) is found
in the critical zone, confirming the design values usually
adopted for this parameter;

3. The critical shear region is located outside the fans
developed by the introduction of the point load. This
behavior results from the very different values of 1 inside
and outside the fans (refer to Fig. 15(c)) in spite of the fact
that stresses are larger in the fan region. Consequently, the
validity of the region typically investigated with the discon-
tinuous stress fields is confirmed; and

4. The shear forces carried by the various elements of the
girder (the web, the upper and the lower flanges, and the
prestressing tendons) can be investigated with the results of
the continuous stress fields. Figure 15(d) plots the various
contributions where the important role of the upper flange
can be noted.

SHEAR STRENGTH BASED ON STRESS FIELDS
AND COMPARISON WITH CODES OF PRACTICE
If a straight stress field (refer to Fig. 11) is developed for
Beam SH3 respecting the value of ., in the web, a value of
0 = 24.8 degrees is obtained in the critical zone, leading to a
failure load of 1.25 MN (279 kips). Thus, the ratio between
the measured failure load and the predicted failure load is

Ve _ 93 (10)

S—-SF

A better stress field respecting the effective strength of the
member is shown in Fig. 16. The compression field angle in
the critical region is again 24.8 degrees for both the regions
above and below the tendon. The tendon force is thus
increased by deviation of the inclined struts outside the critical
zone. It leads to a failure load of 1.42 MN (297 kips), and a ratio
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—test = 1,08 (11)

D-SF

The difference between the strength of both stress fields is
due to the increase in the tendon force in the second case,
which increases the part of the shear carried by the post-
tensioning tendon.

As already mentioned, the continuous stress field provides
a failure load of 1.61 MN (360 kips), thus leading to a ratio

View _ 096 (12)

C-SF
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Fig. 15—FEM for continuous stress field analysis: (a) thick-
nesses and actual reinforcement; (b) FEM mesh; (c) plot of
strength reduction factor 1\, according to Eq. (8); and (d) shear
forces carried by various elements of cross section.
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Fig. 16—Deviated stress field analysis with constant angle
in failure zone: (a) prestressing force P and vertical component
of prestressing force Vp; and (b) adopted stress field.
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Table 4—Comparison between actual and
computed strength

Vo Vs Vs Vi Vi Vi
Test VS —-SF VD -SF VC -SF vSIA 262 VACI 318-05 VAASHTO
SHI 1.21 1.07 0.95 1.21 1.62 1.16
SH2 1.06 1.00 1.05 1.06 1.37 1.06
SH3 1.23 1.08 0.96 1.23 1.65 118

SH4a | 0.92 0.91 0.92 0.92 1.16 1.02

SH4b | 129 1.28 0.96 1.32 1.65 1.29
SH5 1.40 1.22 1.02 1.40 1.85 133

MEAN 1.19 1.09 0.98 1.19 1.55 1.17
Ccov 0.14 0.13 0.05 0.15 0.16 0.10

Note: S-SF: straight stress field (Fig. 11); D-SF: deviated stress field (Fig. 17); C-SF:
continuous stress field; COV: coefficient of variation.

Table 5—Comparison of hypotheses adopted in
various analyses

ACI AASHTO
Parameter | S-SF | D-SF | C-SF |SIA262'!| 318-0513 | (04)*
Theory DSF DSF CSF DSF MTA MCFT
0 Variable| Variable | Variable| Variable |45 degrees | Variable
25 21.8
Otim - - - degrees 43 degrees degrees
g 06 | 06 |Eq.@®)| 06 - Eq. (8)
(- ',‘7;) /say| 05 | 05 | 05 | 05 0.0 0.25
Nfe Eq. (5) | Eq. (5) | Eq. 5) | Eq.(5) 1.0 1.0

Note: Refer to Table 4; DSF: discontinuous stress field; CSF: continuous stress field;
MTA: modified truss analogy; MCFT: modified compression field theory.

The failure loads obtained with the stress fields for all the
specimens tested, as well as a comparison with the results
provided by various codes of practice4’“’13 are detailed in
Table 4. A summary of the main hypotheses adopted is
presented in Table 5.

From this comparison, the following conclusions can be
drawn:

1. ACI1318-05'3 provides very conservative results mainly
due to the choice of a 45-degree truss (it should be noted that
ACI 318-053 is not a bridge design code);

2. SIA 262! and AASHTO LRED? are both based on
mechanical models (the stress field method and the modified
compression field theory, respectively) and provide a good
estimate of the shear strength of these members; and

3. Continuous stress fields provide the best agreement
with test results. More effort, however, has to be devoted to
the preparation of the data.

CONCLUSIONS

This paper presents the results of an experimental and
theoretical research on the behavior of post-tensioned beams
with thin webs. Six full-scale tests performed on actual
bridge girders failing in shear by web crushing are presented.
Their experimental results are analyzed and various
approaches for their modeling are discussed.

The main findings of the experimental campaign are:

1. The tendon increases its strain during the loading of a
beam, resulting in a deviation of the compression field in
the web;

2. Angles of the compression field in the web close to
20 degrees have consistently been measured in the zone of
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the web over the tendon. The presence of fan-shaped stress
fields where a point load is introduced is also confirmed;

3. An inclination of the force in the compression chord
was observed in the specimens, which had a non-negligible
influence in carrying shear forces; and

4. Failure by concrete crushing in the post-tensioned
girders was accompanied of spalling of the concrete cover
along the tendon. The spalling of the cover was related to the
straining of the stirrups, which led to significant tensile
stresses in the concrete cover induced by bond. Conversely,
no spalling was observed on a series of panels tested without
applying strains in the reinforcement.

The test results have been analyzed using the stress field
method and the formulae provided by some design codes.
Several conclusions are drawn from the theoretical study:

1. The suitability of a multiplicative approach to consider
the interaction between the strength reductions accounting
for the cracking state of the concrete and the presence of
ducts is confirmed. Although certain inconsistencies are
present, in general, a reasonable estimate is provided by
this hypothesis;

2. The deviation of the stress field in the web due to the
tendon has a positive effect in the shear strength of the
member because the stresses in the tendon are increased and,
thus, the shear carried by this element. There is also a negative
effect in the case of failure by web crushing, however,
because more inclined and more stressed struts result. Both
phenomena tend to compensate, the final effect depending
on the geometry and loading pattern of the member;

3. Reasonably accurate and conservative results are
obtained by developing discontinuous stress fields. The
difference between the actual strength and the values
predicted by the discontinuous stress fields is mainly
explained by the portion of shear carried by the inclination of
the compression chord. This contribution should be
neglected when developing discontinuous stress fields by
hand, leading to conservative solutions;

4. The development of a continuous stress field constitutes
a consistent and rational step forward when investigating the
shear contribution of the compression chord. More accurate
results are obtained and the role of the various elements of
the structure can be investigated. The development of
continuous stress fields in this paper confirms that angles
close to 20 degrees for the compression field in the web can
be developed. The validity of the strength reduction factor
accounting for the cracking state, and usually adopted as
0.60, is confirmed by these analyses. Furthermore, the
results of the continuous stress fields indicate that the critical
shear region is located outside the fans developed by the load
introduction, confirming the validity of the region typically
investigated with discontinuous stress fields;

5. The dimensioning of thin-webbed members can be
performed using straight stress fields or the formulas
proposed in Eurocode 2,3 SIA 262,11 or AASHTO LRFD.*
Reasonable and conservative designs result with a limited
amount of effort; and

6. The checking of existing members may follow an
incremental approach. First, a straight stress field (or the
formulas provided by codes of practice Eurocode 2,3 SIA
262,'! or AASHTO LRFD4) can be used. If an insufficient
strength results, then a deviated stress field can be developed
to improve the accuracy in the shear-carrying mechanisms.
Finally, if the strength remains insufficient (but close to the
required value), a continuous stress field may be developed
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to estimate the contribution of some neglected shear-carrying
mechanisms (as the inclination of the compression chord).
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NOTATION
b = width of flange
by = effective width of web
b, = width of web
C = force in compression chord
dy, = bar diameter
dp = duct diameter
d, = wire diameter
E.p, = mean secant modulus of elasticity of concrete

F, = force in concrete of web

fe = concrete cylinder compressive strength

Je0 = concrete reference cylinder compressive strength

Jee = effective compressive strength of concrete

Jeew = effective compressive strength of concrete of web
fem = mean value of concrete cylinder compressive strength
Jew = compressive strength of concrete of web

fim = tensile strength of steel

5y = value of yield strength of steel

fym,o.z% = mean value of reference yield strength (residual strain = 0.2%)
of steel

h = depth of beam

k = duct diameter correction factor

N = axial force

P = prestressing force

P, = prestressing force after losses

T = force in tension chord

\% = shear force

Vaasuro = estimated shear strength according to AASHTO LRFD*

Vacr31s.0s = estimated shear strength according to ACI 318-05 12

Vesr = estimated shear strength from continuous stress field

V. = shear force carried by concrete in tension

Vp = shear force carried by prestressing tendon

Ve = shear force carried by prestressing tendon after losses

Vs.pr = estimated shear strength from discontinuous deviated stress
field

Vs = estimated shear strength from discontinuous straight stress
field

Vsiaze2 = estimated shear strength according to SIA 26210

Vg = shear force carried by stirrups

Viest = measured shear strength

Vior = total shear force

w = deflection at midspan

X = coordinate

z = coordinate; lever arm of internal forces
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g = transverse strain of concrete

€, strain at rupture of steel

0 = principal compressive strain or stress angle

Oim = limit value of principal compressive angle

Mp = strength reduction factor accounting for duct presence

Mfe = strength reduction factor accounting for uniaxial compressive
strength of concrete

Ne = strength reduction factor accounting for transverse strain
state of concrete

Sp,0 = prestressing stress after jacking

Spoo = prestressing stress after losses

Py = web reinforcement ratio

Thp = bond strength of prestressing tendon
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