Editor’s quick points

B Recent shear tests by several U.S. manufacturers on thick
hollow-core units have indicated shear failures in the web at
forces smaller than those predicted by Building Code Require-
ments for Structural Concrete (ACI 318-05) and Commentary
(ACI 318R-05).

B This paper highlights the main parameters affecting the
web-shear capacities of hollow-core units as demonstrated by
previous and current research.

B The web-shear capacities of hollow-core units produced by two
U.S. manufacturers are compared using ACl 318-05, Eurocode
No. 2: Design of Concrete Structures-Part 1: General Rules and
Rules for Buildings, the modified compression field theory, the
American Association of State and Highway Transportation Of-
ficials” AASHTO LRFD Bridge Design Specifications, and Yang’s
method.
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Precast, prestressed concrete hollow-core units are plant-
fabricated members with continuous voids cast on beds
ranging from 300 ft to 600 ft (90 m to 180 m) in length.
Figure 1 shows the cross section of three hollow-core
units, the top one with circular voids and the bottom two
with noncircular voids. The continuous voids reduce the
amount of concrete used, thereby decreasing the unit’s
weight and providing space for concealed electrical or me-
chanical chases. The concrete displaced by the voids does
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Figure 1. The continuous voids of these hollow-core-unit cross sections reduce
the amount of concrete used, thereby decreasing unit weight and providing space
for concealed electrical or mechanical chases.
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not contribute significantly to flexural capacity, thereby
justifying these complex cross sections. Hollow-core units
are typically reinforced with longitudinal prestressing
strands only. Longitudinal mild-steel reinforcement is typi-
cally not necessary, and the manufacturing process restricts
the use of shear reinforcement such as stirrups. Hollow-
core units are primarily used as floor and roof framing but
are also used as wall and spandrel members.

Hollow-core units are typically manufactured using one

of two methods.! The first is the extrusion method, which
forces a dry, low-slump concrete through an extrusion
machine that forms the cores with augers or tubes. The
second method uses a higher-slump concrete that is fed
into the casting machine; the sides are formed with station-
ary forms or slip forms that move with the machine. The
casting methods and equipment are proprietary, and there
are about eight major manufacturers of hollow-core-unit
equipment in the United States.>

The depths of hollow-core units in the United States have
historically been limited to 8 in., 10 in., and 12 in. (200
mm, 250 mm, and 300 mm). Depths of up to 20 in. (510
mm) are widely used in Europe and are gaining popularity
in the United States because of improved manufacturing
technology and their ability to sustain higher loads and
span longer lengths than the shallower sections.

In the United States, the design of hollow-core units is
governed by the American Concrete Institute’s (ACI’s)
Building Code Requirements for Structural Concrete (ACI
318-08) and Commentary (ACI 318R-08).? Design guid-
ance can also be found in the PCI Manual for the Design of
Hollow Core Slabs.'

Impetus for research

The shear behavior of concrete has been studied for more
than 100 years, and there is still no universally accepted
method for shear design. The shear behavior of a concrete
member cannot be understood from an approach as basic as
that used for flexure. Most equations predicting the shear
capacity of concrete members are derived empirically,
and they vary depending on the type and configuration of
loading and the type of reinforcement (unreinforced, rein-
forced, and/or prestressed). In addition, it has been shown
that the member size can influence the strength of the
member in shear, particularly for members without shear
reinforcement.*’ As the depth of the member increases,
the shear stress at failure decreases. This phenomenon is
known as the size effect in shear.

Due to the size effect and the sudden and brittle nature of
shear failures, ACI 318-08 requires a minimum amount of
shear reinforcement in concrete members. However, this
requirement was waived for slabs, including hollow-core
units, and footings by ACI 318-05® due to the reduced
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probability of overloading a wide member as well as the
potential for load redistribution in ductile flexural mem-
bers. Concerns have been raised that thicker hollow-core
units (that is, ones with depths greater than 12 in. [300
mm]) may fail in shear at lower loads than those predicted
by ACI 318-05. In fact, recent tests® of hollow-core units
by several U.S. manufacturers have shown that this is in-
deed the case, with some of the tested units failing in web
shear at 60% or less of the load predicted by ACI 318-05.
This lower capacity based on traditional web-shear-design
methods agrees with the European experience with thicker
hollow-core units.”'° As a consequence, ACI 318-08 now
requires minimum shear reinforcement to be supplied in
hollow-core units with depths greater than 12.5 in. (318
mm) if the factored shear force exceeds 50% of the design
shear strength of the concrete. Otherwise, the web-shear
capacity must be reduced by 50%.

Research objectives

An analytical research program was undertaken at the
University of Minnesota to better predict the web-shear
capacities of thick hollow-core units and to quantify the
reasons that these thicker units are failing at lower shears
than those predicted by ACI 318-05. This paper highlights
the main parameters affecting the web-shear capacity of
hollow-core units as demonstrated by previous and current
research. In addition, the results of recent tests by two U.S.
manufacturers will be compared using a number of shear
prediction methods. These methods include ACI 318-05,®
Eurocode No. 2: Design of Concrete Structures-Part 1:
General Rules and Rules for Buildings," the modified
compression field theory,'>!® the American Association of
State and Highway Transportation Officials’ (AASHTO’s)
LRFD Bridge Design Specifications," and Yang’s meth-
0d.'"” Comments are also made regarding the effect of the
change made in ACI 318-08.

Shear design

Section 11.4.3 of ACI 318-08 and ACT 318-05 explicitly
recognize two different types of shear failure: web-shear
failure and flexure-shear failure. A web-shear failure is
defined as a failure that occurs when the principal tensile
stress in the web near the support of a member, which is
uncracked in bending, reaches the limiting tensile strength
of the concrete typically along an inclined path. A flexure-
shear failure typically occurs farther away from the sup-
port, where the flexural stresses are high enough to cause
vertical cracks to form and the shear stresses have not di-
minished enough to be negligible. A vertical flexural crack
forms first and becomes inclined when the shear stress at
the crack tip is large enough to cause an inclination of the
crack. The ACI 318-05 expression for the web-shear fail-
ure mode is based on a mechanics-of-materials approach,
while the flexure-shear expression is empirical. This paper
deals only with the web-shear failure mechanism because



the recent tests by U.S. manufacturers” (denoted as supplier
A and supplier B in this paper) showed that none of the
hollow-core units exhibited flexure-shear capacities that
were lower than those predicted by ACI 318-05.

Parameters affecting
web-shear capacity
of hollow-core units

There are a number of parameters that may affect the
web-shear capacity of hollow-core units. Some of these
parameters are considered in the ACI 318-08 and ACI
318-05 formulation, while a number of them are not. These
parameters include the following:

e overall thickness or height of the member &

e geometry of the cross section, including cross-section
properties, such as gross area of concrete A,, moment
of inertia I, first area moment of section Q, web width
b,,, and distance from extreme compression fiber to
centroid of prestressing steel d,

e compressive stress in concrete at centroid of cross
section resisting externally applied loads after allow-
ance for all prestress losses f,,., which is a function of
effective stress in prestressing steel after allowance for
all prestress losses f;, and A, and its development into
the section

* tensile strength of the web concrete f,,

e variation of (that is, shear lag of) prestressing force
throughout the depth and across the width of the unit

e  shear span—to—depth ratio a/d,

Of the listed parameters, ACI 318-08 and ACI 318-05
consider b,, d,, f,.. the development of prestressing force
Table 1. Hollow-core-unit information for size-effect study

Number of specimens per void type

into the section, and f,, of hollow-core units. The follow-
ing sections will describe each parameter and its possible
effect on the shear capacity of hollow-core units.

Depth of the member

A number of researchers*” have shown that for members
without transverse reinforcement or distributed longitudi-
nal reinforcement throughout the depth, the average shear
stress at failure tends to decrease as the depth of the mem-
ber increases. This is the size effect in shear. Angelakos
et al.” showed that this phenomenon becomes important
or critical at depths greater than about 20 in. (510 mm) for
rectangular sections. Collins and Kuchma’® suggested that
the size effect is more a function of the vertical spacing
between longitudinal bars and less a function of the overall
depth. In addition, Collins and Kuchma showed that high-
strength concrete members displayed a more significant
size effect in shear than normal-strength concrete mem-
bers.

To date, no published studies have been found on the

size effect in shear for hollow-core units that contain no
transverse or longitudinal mild-steel reinforcement and,
depending on the manufacturer, employ high-strength con-
crete. A size-effect study was undertaken with data from
five published experimental programs®!'5-'® and recent test
programs by two U.S. manufacturers. A total of 198 units
were included, ranging in depth from 7.87 in. to 19.7 in.
(200 mm to 500 mm). Table 1 shows the relevant informa-
tion pertaining to the hollow-core units used in this study.

Figure 2 shows a plot of the normalized shear stress

at failure versus overall depth for all hollow-core units
included in this study, encompassing all void types and
prestressing levels. This plot does not suggest a size effect
in shear given the wide spread of the data. However, to
get a more accurate portrayal of a possible size effect, the
comparison should be made between units of different

Concrete compressive strength Normal stress due to prestress
f., psi £, Psi

Unit depth h, in.
pirodar vl i o mmmm
void

7.87-8.66
10-10.43 23 11 34
11.81-12.6 5 18 23
14.6-16 0 23 23
19.7 0 6 6

6000 8323

6000 7568 262 917
5126 7859 327 996
6000 10,830 332 928
7813 8172 624 837

Note: £,. = compressive stress in concrete at centroid of cross section resisting externally applied loads after allowance for all prestress losses.

in. =25.4 mm; 1 psi = 6.895 kPa.
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Figure 2. This graph plots the normalized shear stress at failure versus unit depth for all void types and prestress levels. Note: b, = web width; d, = distance from extreme

compression fiber to centroid of prestressing steel; f, = specified compressive strength of concrete; V,, = experimentally observed failure shear at critical point.
1in.=25.4 mm.
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Figure 3. This graph plots the normalized shear stress versus slab depth for circular void types. Note: b, = web width; d, = distance from extreme compression fi-

ber to centroid of prestressing steel; f. = specified compressive strength of concrete; V,,, = experimentally observed failure shear at critical point. 1 in. = 25.4 mm.

126 Spring 2010 | PCI Journal



11
®Becker
10 ]
A Walraven
9 A Dansk —
XPajari
8 —
5 + Supplier A
%‘ 7
3
Q
\v: 6
3 A
5 A X
L
A
4
2
&
* :
2 T T T T T T
6 8 10 12 14 16 18 20 22

Hollow-core unit depth h, in.

Figure 4. This graph plots the normalized shear stress versus slab depth for noncircular void types. Note: b, = web width; d, = distance from extreme compression fiber to

centroid of prestressing steel; 7, = specified compressive strength of concrete; V,,, = experimentally observed failure shear at critical point. 1 in. = 25.4 mm.

depths with similar void types and prestressing levels. To
this end, the hollow-core units were categorized by void
type—circular or noncircular—and by prestressing level.
Three different levels of prestress were used as indicated
by the value of f,.. This value of stress arises from the fully
developed force in the strand at the end of the transfer
length, assuming 15% prestress loss divided by the gross
cross-sectional area of the unit.

Figures 3 through 7 show plots of the normalized shear
stress versus member depth for hollow-core units catego-
rized in the manner described previously. These figures
do not indicate a size effect in shear for hollow-core units
up to 20 in. (510 mm) in overall depth due, once again, to
the spread of the data. There does not appear to be a trend
in the majority of the cases that is discernible beyond the
magnitude of scatter in the test data. In some cases, such
as Pajari’s’ tests in Fig. 5, there appeared to be a trend in
which normalized shear strength actually increased with
increasing hollow-core-unit depth. However, Walraven’s"
tests in Fig. 7 suggested a size effect. The scatter in the
normalized shear stress was considerable between units
of the same depth, and the ratio of the maximum normal-
ized shear stress to the minimum was on the order of two
for many of the hollow-core-unit depths for each testing
program. This magnitude of scatter is consistent with that
observed in a size-effect study of nonprestressed beams
that was conducted by Bentz.!® Besides the usual vari-

ability of material properties for concrete, the scatter can
be attributed to differences in fabrication and the ways in
which the tests were conducted, analyzed, and reported by
the various sources.

Geometry of cross section

Hollow-core units are produced with a variety of void
shapes, but voids can be generally categorized into two
types: circular and noncircular. The exact shapes of the
noncircular voids vary among manufacturers. Figure 8
shows two different noncircular void types from different
manufacturers. The effect of the void type on the web-
shear capacity of hollow-core units has been noted by a
number of researchers and has been studied by Yang!® and
Pajari.’ Three different aspects of cross-section geometry
on web-shear strength are discussed in the next sections.

Location of critical point Traditional web-shear-
design procedures, such as the one suggested by ACI 318-
08 and ACI 318-05 and Eurocode 2, make a number of
simplifying assumptions. The first assumption is that the
location of the maximum principal tensile stress—the criti-
cal point—occurs at the centroid of the section at a loca-
tion of 4/2 from the face of the support. At this point, the
beneficial effects of the vertical normal stresses due to the
reaction are assumed to be negligible. The shear stress is a
maximum based on the mechanics of linearly elastic mate-
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Figure 5. This graph plots the normalized shear stress versus slab depth for circular void types. Note: b, = web width; d, = distance from extreme compression fiber to

centroid of prestressing steel; f, = specified compressive strength of concrete; V/,,, = experimentally observed failure shear at critical point. 1 in. = 25.4 mm.
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Figure 6. This graph plots the normalized shear stress versus slab depth for noncircular void types. Note: b, = web width; d, = distance from extreme compression fiber to

centroid of prestressing steel; f; = specified compressive strength of concrete; I/, = experimentally observed failure shear at critical point. 1 in. = 25.4 mm.
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Figure 7. This graph plots the normalized shear stress versus slab depth for noncircular void types. Note: b, = web width; d, = distance from extreme compression fiber to

centroid of prestressing steel; f, = specified compressive strength of concrete; I/, = experimentally observed failure shear at critical point. 1 in. = 25.4 mm.

rials, and the flexural stresses in the section due to external
loads and prestress are minimized.

Yang'® showed that the previous assumptions may not be

valid for hollow-core units. Yang performed linear two-

dimensional and three-dimensional finite-element analyses

of 22 I-shaped members that mimicked strips of hollow-

core units. Four different cross sections were analyzed, two

with circular voids and two with noncircular voids. The o o (X} o o (X o o

units had depths of 7.9 in., 10.4 in., and 15.8 in. (200 mm,
265 mm, and 400 mm) with varying levels of prestress-
ing force and a parabolic prestressing force transfer curve.
Yang determined that the horizontal location of the critical Supplier A hollow-core unit
section for circular voids occurred at the intersection of
the centroid and a line drawn at 35 deg from the horizontal

o o
of the center of the support. For sections with noncircular
voids, the critical point occurred at the intersection of the
same 35-deg line with the web and bottom flange. This
finding results in at least four important implications for
hollow-core units with noncircular voids: o %u ©®© =m o

® (.6-in.-diameter strand
o (.5-in.-diameter strand

o (.5-in.-diameter strand
® ().5-in.-diameter debonded strand

e The prestressing force at this critical point is smaller
than that used by ACI 318-08 and ACI 318-05 because
the critical point is closer to the end of the member in Supplier B hollow-core unit
the transfer zone.

*  Under uniform loading, the shear force is larger at
locations close to the support. The effect is unimport-

Figure 8. The exact shapes of the noncircular voids vary among manufacturers,
including these two different noncircular void types, each produced by a separate
manufacturer. Note: 1 in. = 25.4 mm.

PCI Journal | Spring 2010



1.1
Ll 1.00 1.00 1.00 1.00 1.00 1.00 1.00
L L L) L)
8 —&-FEM 0.92
(o]
e —o— ASM
2 —m—FSM
(%)
©
(0]
N
T
£ N
o /
= ommiama *———— G «
0.77 0.77 0.77 0.77
0.7 ® ® ® ®
0.69 0.69 0.69 0.69 0.69 0.69
0.6 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

Hollow-core unit width, in.

Figure 9. This graph shows the normalized web-shear distribution for supplier A hollow-core units. Note: ASM = axial stiffness method; FEM = finite-element model;

FSM = flexural stiffness method. 1 in. = 25.4 mm.

ant for a member with large point loads relative to
uniform loading because the shear force will be es-
sentially constant.

e Tensile flexural stresses will exist at the critical point
due to the external loads.

»  Compressive flexural stresses exist at the critical point
due to eccentricity of prestressing.

The first three points tend to decrease the calculated web-
shear capacity, while the fourth tends to increase it. The
relative difference between these will ultimately determine
the net effect on the shear capacity. Calculations by the
author, Yang, and Pajari show that the shear capacities will
always be smaller than those obtained using ACI 318-05
or a similar Eurocode 2 equation, and the reduction of the
prestressing force represents a reduction of the web-shear
strength of as much as 15%. For example, the prestressing
force at Yang’s critical point was up to 40% smaller than
that at ACI 318-05’s critical point for supplier B’s units,
assuming a bearing length of 4 in. (102 mm), no overhang,
and a linear change in prestressing force over the transfer
length.

Transverse distribution effect Traditional methods

for predicting the web-shear capacity of hollow-core units
use the sum of the individual web widths in the capacity
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expressions. This implies an even distribution of shear to
the individual webs and uniform precompression in each
web. However, variability in the widths of the individual
webs, either by design or due to the manufacturing process,
may result in an uneven distribution of shear to the webs.
Jonnson? recognized this effect in his formulation by using
the capacity of the highest-stressed web multiplied by the
ratio of the total hollow-core-unit width divided by the trib-
utary flange width of the weakest web. Jonnson assumed
that the distribution of the shear to the webs is based on the
flexural rigidity of the individual webs and their tributary
flanges. Under this assumption, the most highly stressed
webs are the interior webs with the largest flanges. This is
the flexural stiffness method. It resulted in the interior webs
being equally stressed, and the exterior webs were stressed
to 50% of the stress in the interior webs for the units that

he analyzed. Another simplified method of calculating

the web-shear distribution would be to base stress on the
vertical axial stiffness of the individual webs at the bearing
location. In this manner, the thicker webs would resist more
load than the thinner webs. This method is the axial stiff-
ness method.

Linear, three-dimensional, finite-element analyses of
typical hollow-core units performed by the authors in the
current study do not agree with either of these methods.
Two hollow-core units, one from supplier A and one from
supplier B (Fig. 8), were analyzed using the finite-element-
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Figure 10. This graph shows the normalized web-shear distribution for supplier B hollow-core units. Note: ASM = axial stiffness method; FEM = finite-element model;

FSM = flexural stiffness method. 1 in. = 25.4 mm.

analysis program ABAQUS. A linear—elastic, three-di-
mensional analysis was performed using eight-node brick
elements, about %2 in. wide (13 mm) on each side at and
near the support, with reduced integration. The prestress-
ing strands were not modeled because it was thought that
the effect of the strands would be minimal in the vertical
direction and not worth the additional computational cost.
The web-shear distribution was calculated in two ways.
The first procedure involved integrating the vertical normal
stress across each web occurring at the web-flange inter-
section directly above the inside face of the support. The
second procedure involved integrating the bearing stresses
at the support tributary to each web (center to center of the
voids). The largest difference between the two procedures
was less than 5%.

Figures 9 and 10 compare the normalized web-shear
distribution based on the first procedure of the finite-ele-
ment analysis with the results from the flexural and axial
stiffness methods. The distribution of web shear from the
finite-element analysis for the units from supplier A was
not uniform. The four interior webs absorbed 23% less
shear than the exterior webs. The distribution for the units
from supplier B was nearly uniform, with the central web
resisting 9% less shear than the first interior webs.

Given the uneven shear distribution for the units from sup-
plier A coupled with the shear lag of the prestressing force

across the width and the possibility of debonded strands, it
is conceivable that a highly stressed web, with little or no
precompression, will fail prior to the other webs. Shear re-
distribution will then occur, and if the remaining webs can-
not resist this extra load, an unzipping failure will occur

at a load less than that predicted by traditional methods. A
prediction of the shear capacity of the hollow-core units
from both suppliers was made based on the web-shear
stress distribution from the finite-element analysis and the
capacities of the individual webs based on the prestressing
force available only in each respective web. The results of
this will be discussed in more detail in the section “Dispar-
ity Between Manufacturers.”

Effect of cross-section geometry on shear
stress The parameters 7, O, and b,, which are typically
unique for each supplier, and d, affect the shear capacity.
These parameters are best explained with reference to the
expression for the shear stress in a section derived from a
mechanics-of-materials approach. This shear stress can be
expressed as Eq. (1).

4Y (1)

The first area moment Q is a function of the distance
from the centroid, and it reaches a maximum value at the
centroid. This shear distribution is parabolic, with the
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maximum shear stress occurring at the centroid. Eurocode
2 uses this expression for the shear stress in its web-shear
expression.

The ACI 318-08 and ACI 318-05 provisions use the
average or nominal shear stress in the section, which is
expressed as Eq. (2).

y=—— )

This results in a constant, average value of the shear stress
throughout the depth.

For a given value of concrete tensile strength, the use of
the average shear stress described by Eq. (2) will result in
a higher predicted shear strength relative to that predicted
using the shear stress in Eq. (1). The reason for this differ-
ence is that the ratio //Q is smaller than d,. The ratio I/Q
is 0.77d, for a rectangular section, assuming d, is 0.9h,
and it ranged from 0.8d, to 0.94, for the hollow-core units
analyzed by Pajari® and the author. The value for this ratio
for the units from supplier A was 0.8d,, while the ratio for
the units from supplier B was 0.88d,,.

Axial stress due to prestress

Axial compressive force in a concrete section tends to
increase its web-shear capacity, and this phenomenon can
easily be understood from stress analysis using Mohr’s
circle of a point in the member under combined shear and
a uniaxial compressive stress. A complete description

of this analysis may be found in textbooks on reinforced
concrete design (for example, Nilson?'). The compressive
stress tends to reduce the principal tensile stress, causing
an increase in capacity because a web-shear failure occurs
when the principal tensile stress reaches the limiting tensile
strength of the concrete. The problem then becomes the
determination of the correct prestressing force to use for
resisting a specific design shear force.

At the ends of prestressed members, there is no force in
the prestressing strands due to lack of end bearing and the
large bond stresses that are required to transfer the force
from the steel to the concrete. As a result, the force in the
strand is gradually transferred to the concrete, resulting in
a prestressing-force gradient that increases with distance
from the ends. The total distance required for the complete
transfer of prestressing force is called the transfer length L,.
The location of the maximum principal tensile stress (that
is, critical point) in hollow-core units, which has tradition-
ally been taken at a horizontal distance //2 from the face
of the support, is typically within the transfer length of the
strands used in current practice. Therefore, the magnitude
of the prestressing force in the critical section is bounded
by zero and the fully effective value at the end of the trans-
fer length.

Spring 2010 | PCI Journal

Numerous researchers*>=* have attempted to determine

the transfer length of prestressing strands, the shape of the
prestressing-force gradient, and the parameters that affect
these quantities. There is general agreement among re-
searchers on the parameters that affect the transfer length,
and these include the size and spacing of the strands, con-
crete strength, method of release, initial prestressing force,
and the surface condition of the strand. However, section
11.4.4 of ACI 318-08 and ACI 318-05 explicitly considers
only the diameter of the strand, with the expression for the
transfer length of the strand being approximated as 50d,,
where d,, is the nominal diameter of the prestressing strand.
Existing test results sometimes show large variations
between the measured transfer lengths and those calculated
per section 11.4.4 of ACI 318-08 and ACI 318-05.

The observed shape of the prestressing-force gradient is
another parameter that varies among research studies.
Some exhibited a parabolic transfer curve, and others
exhibited a linear relation.? It is unclear if any of this
research, which dealt almost exclusively with precast,
prestressed concrete girders and small rectangular sec-
tions, can be applied to extruded hollow-core units because
these generally use a dry, no-slump concrete with different
properties and compaction than those tested in the transfer-
length research. Only one published test'® on the transfer
length of prestressing strands in hollow-core units was
found. The transfer lengths were determined by measuring
the concrete surface strains after sawing through a hollow-
core unit to release the prestressing force. The measured
transfer lengths were 32d, on one side of the cut and 404,
on the other side of the cut, and the shape of the transfer
curves was closer to linear than parabolic. The age of the
unit at the time of testing, which affects the transfer length,
was not published.

From a design standpoint, it is conservative to use a
longer transfer length and a linear prestressing-force curve
because these assumptions result in a lower prestress-
ing force in the section. However, from a research point
of view, it is desirable to have an accurate model for this
mechanism in order to quantify the effects of the other
parameters that affect the shear capacity. Lacking suf-
ficient data on the transfer length of hollow-core units,
the analyses conducted in this paper were done assuming
a linear prestressing force transfer curve (that is, constant
bond stress) consistent with ACI 318-08 and ACI 318-05
recommendations.

Tensile strength of web concrete

The general theory for unreinforced concrete members
failing in web shear assumes that the members fail when
the maximum principal tensile stress reaches the limiting
tensile strength of the concrete. Thus, the concrete tensile
strength is arguably one of the most important parameters
for assessing the web-shear capacity. However, Tasuji et



al.** also argued that the most appropriate failure criterion
is a limiting tensile strain. A limiting tensile stress was
assumed in this study, given the history of its use in design
codes. The problem is to determine the correct value of this
limiting tensile stress and how to measure it with standard
material tests.

The stress state in the webs of hollow-core units consists
of biaxial principal tension and compression. It has been
shown*~3¢ that the tensile strength of concrete is reduced in
the presence of a compressive stress acting orthogonally to
the tensile stress. Thus, the limiting tensile stress under this
biaxial stress state produced by shear is different from that
under a uniaxial case.

Evaluation of a large number of beam tests*” showed that
diagonal tension cracks formed at an average shear stress
equal to about 3.5\/Z , where fc is the specified compres-
sive strength of concrete. Thus, ACI 318-08 and ACI 318-
05 specify a value of 3.5\/76 in the expression for web-
shear cracking for prestressed members. The relationship
between the tensile strength of concrete and its uniaxial
compressive strength has been shown to be dependent on
the concrete, the compaction technique, and the curing
method.*® These factors make it difficult to obtain the cor-
rect tensile-strength value to be used in the formulation of
a web-shear-capacity expression given the fact that these
factors can vary considerably among manufacturers.

Given the nature of the dry mixture and casting method
used in hollow-core-unit production, it is also possible that
there is a nonuniform level of compaction throughout the
depth of the unit for some manufacturers. This could result
in varying levels of concrete strength throughout the depth
that may affect the shear capacity and the transfer length.

Pisanty and Regan®* demonstrated the variability of
concrete strength throughout the depth in 7.9-in.-deep and
11.8-in.-deep (200 mm and 300 mm) hollow-core units.
They performed modulus-of-rupture tests on webs sawed
from hollow-core units. The prestressing tendons were
only left out of the webs that were sawed and tested. They
also tested units in which the prestressing strands were left
out of all of the webs. The authors implied that the units
were the extruded type, but it was not explicitly stated. The
webs were sawed from the units and then sawed again at
the midheight of the web. These were then loaded at the

!/, points in various configurations. The configurations
consisted of placing the top of the web, the middle of the
web, and the bottom of the web in tension to determine the
variability of tensile strength.

Pisanty and Regan® found that the modulus of rupture at
the center of the 7.9-in.-thick (200 mm) units was 16.8%
less than at the top of the unit for the unit with prestressing,
and 11.7% less for the 7.9-in.-thick units without prestress-
ing. The 11.8-in.-thick (300 mm) units exhibited similar

behavior but with a smaller difference in tensile strength:
the difference in tensile strength between the center and
top of the unit was 10.8% for the prestressed unit and
4.7% for the unit without prestressing. The greater tensile
strength again occurred at the top of the unit. It is unclear
whether this trend exists for deeper hollow-core units be-
cause no tests on sections thicker than 11.8 in. were found
in the literature. It is also possible that this difference
varies among manufacturers, as their mixture proportions
and manufacturing processes (including curing) are not all
the same.

Shear lag of prestressing force

Near the support, the compressive stresses in the section
at points directly above the strands are less than the stress
at the level of the strands due to the deformation of the
section. This effect is known as shear lag and theoretically
does not occur in a perfectly rigid section. If the prestress-
ing force is assumed to spread into the section at 45 deg,
the normal stress in the section’s centroid at the ACI
318-08 and ACI 318-05 critical point could be reduced by
as much as 50% from the stress that would result without
shear lag.

The effect is less dramatic if the critical point is at the lo-
cation found by Yang. In this case, the stress in the section
at the critical point would be reduced about 25%, depend-
ing on the section geometry. To date, no studies have been
found that quantify this effect in hollow-core units. ACI
318-08 and ACI 318-05 and other design guidelines do
not account for shear lag in their shear-capacity expres-
sions. The effect would obviously reduce the estimated
shear capacity because the precompression in the section
is reduced. Walraven and Mercx" accounted for shear

lag in their formulation by assuming that the stress due to
prestress at the critical point occurred at the inside face

of support, which implied a force spread of 45 deg into
the section because their critical point was at 4/2 from the
inside face of support. This vertical-shear-lag effect was
ignored in the current study.

Shear lag not only occurs throughout the depth of the unit
but also across the width. It is not uncommon to have dif-
ferent amounts of prestressing below individual webs in a
hollow-core unit. In addition, some manufacturers debond
a number of strands for a distance beyond the critical point
in order to limit the stresses at transfer at the end of the
unit to prevent end splitting. As a result, some webs in

the unit may not have any precompression, or a smaller
value of precompression may be present at the critical
point because there is insufficient distance for the force
from the adjacent stressed strands to reach the unstressed
or less-stressed webs. Therefore, there is not a uniform
precompression across the width of the unit, which is an
important assumption in the ACI 318-08 and ACI 318-05
shear provisions. As a result, the shear capacities of the
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individual webs in a unit may differ. This horizontal-shear-
lag effect was considered for this study and is described in
a following section.

Shear span-to-depth ratio a/d

The shear capacity of concrete members is affected by the
shear span—to—depth ratio a/d, of the member.*’ This effect
is attributed to the arching action that takes place when the
load is applied close to the support. This behavior has little
effect on the web-shear capacity of prestressed members
with a/d, greater than 2.4*' and therefore was neglected in
the present analysis because all of the shear tests consid-
ered had a/d, no smaller than 2.4.

Plant tests versus
shear-prediction methods

In 2003 and 2004, two U.S. manufacturers performed shear
tests on their own 16-in.-thick (410 mm) hollow-core units.
Supplier A tested both ends of three units to failure for a
total of six tests. All of the units failed in web shear. The
mean value of the ratios of observed failure shear forces
Vs to calculate shear capacities per ACI 318-05 V,,, was
0.61 with a coefficient of variation (COV) of 0.08. This
ratio based on ACI 318-08 was 1.22 with the same COV of

0.08.

Supplier B tested 10 units to failure. Eight of the units
failed in web shear, and two failed in flexure shear. The
two units that failed in flexure shear did so at a load about
25% greater than that predicted by the ACI 318-05 flexure-
shear expression. Six of the eight units that failed in web
shear did so at loads less than those predicted by the ACI
318-05 web-shear expression. For the units from supplier
B, the mean value of the ratios of V,,/V,,, per ACI 318-05
was 0.91 with a COV of 0.12. This ratio based on ACI 318-
08 was 1.82 with the same COV of 0.12.

Figure 8 shows the hollow-core unit geometry along with
the strand configuration from supplier A. Four of ten
strands were debonded over a length of 2 ft (0.6 m) from
the end and were stressed to 65% of their tensile strength.
Figure 8 shows a hollow-core-unit section, for which none
of the strands were debonded, from supplier B. The bottom
strands were stressed to 70% of tensile strength, while the
top two strands were stressed to 30% of tensile strength.

Table 2 shows the relevant parameters for all units tested.
Supplier B performed two cylinder tests from the concrete
batch used for each unit and also measured the web widths
for each unit. Supplier A provided the specified compres-
sive strength and the nominal web widths. All strands used
by the suppliers had an ultimate tensile strength of 270 ksi
(1860 MPa).
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The observed shear capacities from the above tests were
compared with the shear capacities predicted by five
different methods: ACI 318-05, Eurocode 2, modified
compression field theory, AASHTO LRFD specifications,
and Yang’s method. Web shear was the only failure mode
considered in this comparison. Comments on the ACI 318-
08 will also be made at the end of the section.

ACIl 318-05

ACI 318-05 Eq. (11-12) provides an expression for the
nominal web-shear cracking strength V,,, of prestressed
concrete members.

V., =(3.5\/f7+0.3fpc)bwdp +V,

ACI 318-05 Eq. (11-12)
where

V, = vertical component of effective prestressing force at
critical section

For hollow-core units, V, equals zero because draped or
harped strands are not used. ACI 318-05 Eq. (11-12) as-
sumes a constant average shear stress throughout depth d,
and width b,, of the webs, and the term in parentheses is an
approximation of the quadratic expression that results from
Mohr’s circle analysis for the principal tensile stress.?!

Eurocode 2

Equation (6.4) from section 6.2.2 in Eurocode 2 provides
the following expression for the web-shear cracking
strength of prestressed concrete members Vi, :

I
VRd,C = 3‘& (fcld )2 + alacp ctd

Eurocode 2 Eq. (6.4)
where

f.a = design tensile strength of concrete

a, =ratio of distance from end of member to transfer
length
o,, = fully effective concrete compressive stress at the

centroid due to prestressing

Eurocode 2 Eq. (6.4) is fundamentally similar to ACI 318-
05 Eq. (11-12), but for the shear-stress distribution it uses
the exact quadratic expression derived from mechanics-of-
materials (that is, Mohr’s circle) stress analysis, repre-
sented by the 7/Q term, instead of the constant average
shear stress from the linear approximation adopted by ACI
318-05 Eq. (11-12). Note that f,,, is the tensile strength of



Table 2. Hollow-core unit information for U.S. manufacturers

Supplier Test no. V""s:itphlz’ Shear span a, in. Eﬁec:li:fizn(.jepth

1a 6000 15.9 49 25.67 36 15 24
1b 6000 15.9 43.64 25.67 60 15 4
2a 6000 15.9 47.3 25.67 60 15 4

A 2b 6000 15.9 46.35 25.67 36 15 24
3a 6000 15.9 42.64 25.67 36 15 24
3b 6000 15.9 52.54 25.67 60 15 4
1 10,830 11.81 61.7 15 44.5 13.9 3.2
2 9310 11.69 68.8 15 44.5 13.9 32
3 8760 11.69 56.8 15 80.5 13.9 5.8
4 8930 11.5 65.7 15 44.5 13.9 3.2

° 5 10,300 11.72 79.5 27 80.5 13.9 5.8
6 10,765 11.78 84 27 80.5 13.9 5.8
7 9730 11.88 70.2 15 59 13.9 4.3
8 9985 11.74 46 15 59 13.9 4.3

Note: b, = web width; f, = specified compressive strength of concrete; h = overall thickness or height of member; V/,,, = experimentally observed
failure shear at critical point. 1 in. = 25.4 mm; 1 ft = 0.305 m; 1 kip = 4.448 kN; 1 psi = 6.895 kPa.

concrete reduced by a material factor. However, for the
purposes of this comparison, the tensile strength was not
reduced by this factor because none of the other methods
considered the applicable code strength reductions.

Modified compression field theory

Vecchio and Collins'*"* developed the modified compres-
sion field theory to predict the behavior of concrete ele-

AASHTO LRFD specifications

In 1998, AASHTO adopted a new shear-design method
for incorporation into the AASHTO LRFD specifications.
The method is a simplified form of the modified compres-
sion field theory. It is in a form that is familiar to engineers
who have experience using ACI 318-05 and the previous
AASHTO LRFD specifications.

ments under a state of two-dimensional stress. The theory V, =V.+V.+V,

can be applied to prestressed concrete flexural members

under the actions of shear, moment, and axial load. The where

modified compression field theory treats cracked concrete

as a different material than uncracked concrete, with its V, =nominal shear strength

own constitutive relationships. Equilibrium, compatibility,

and constitutive relationships are formulated in terms of V. =nominal shear resistance of concrete

average stresses and average strains taken over a distance

on the element that includes several cracks. V., =nominal shear resistance of transverse reinforcement

The solution method is somewhat cumbersome and is not well
suited for hand calculations because 15 equations need to be
solved. However, Collins and Bentz*** developed a computer
program that implements the modified compression field the-
ory. This program was used to predict the shear capacities of
the unit tests analyzed in the following section. The program
cannot analyze hollow-core units in their entirety, so the units
were divided into discrete I-sections, and the total hollow-core
unit capacity is the sum of the capacities of each section.

K

The V, and V, terms are zero for hollow-core units, which
have no shear reinforcement and use straight tendons. The
web-shear strength expression then reduces to Eq. (3).

V,=0.03168yf b,d, 3)
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Figure 11. This graph compares all of the methods of predicting shear capacities for supplier A's hollow-core units. Note: MCFT = modified compression field theory; I/,,./

V. = ratio of observed to predicted shear strengths; V. = predicted shear strength. 1 kip = 4.448 kN.

where

B = factor indicating ability of diagonally cracked con-
crete to transmit tension

The coefficient § is a function of the longitudinal strain
in the member, which is dependent on the orientation
of the principal stresses. The values of 3 tabulated in the
AASHTO LRFD specifications were determined by calcu-
lating the stresses that can be transmitted across diagonally
cracked concrete. As the cracks widen, the amount of
stress that can be transmitted across them decreases. Thus,
an increase in the longitudinal strain results in a decrease
in 3 and, therefore, a decrease in the shear capacity. While
this is a simplified version of the modified compression
field theory, it still requires iteration to obtain the shear
capacity.

Yang’s method

Yang'® presented a procedure to predict the web-shear
capacity of hollow-core units. As in ACI 318-05 and Euro-
code 2, a web-shear failure was assumed to occur when the
principal tensile stress at the critical point reaches the lim-
iting tensile strength of the concrete. Unlike ACI 318-08,
ACI 318-05, and Eurocode 2, the shear stresses induced by
the prestressing-force gradient were accounted for, and the
location of the critical point was not taken at the centroid
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but at the location previously described in the section
discussing the effect of the geometry of the section and the
location of the critical point. This complicates the analysis
because there are more terms in the horizontal equilibrium
equations used to derive the shear stress, and the normal
stresses due to flexure do not equate to zero. Equation (4)

was derived by Yang.
b b, S,(e 4, N,
=WV fx z + —— —+
yang g |28 Cetmer - p ] A4S 0x
cp cp w g
- . ,
W r|l€ o
ZS f;’txcpch I A S f;’txcpch +
cp 4
l/2
1 ez, 5
A - I pr;’t + f;’l
g
“
where
A,, = area of section above the critical point
e = eccentricity of strand measured from the centroid
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Figure 12. This graph compares all of the methods of predicting shear capacities for supplier B hollow-core units. Note: AASHTO = American Association of State and

Highway Transportation Officials; COV = coefficient of variation; MCFT = modified compression field theory; V,,,/V,, = ratio of observed-to-predicted shear strengths; V,, =

predicted shear strength. 1 kip = 4.448 kN.

N, = prestressing force in strand

S, = first area moment of section about critical-point axis
V.= predicted web-shear strength for Yang’s equation
x,, = distance from center of support to critical point

z.,, = vertical distance from centroid to critical point
oN, ! 9x = prestressing-force gradient

Equation (4) reduces to the Eurocode 2 formulation if the
critical point is at the centroid of the section and the shear
stresses induced by the prestressing-force gradient are
ignored.

Comparison of methods

The results from the comparison are shown graphically in
Fig. 11 and 12. These figures show the ratio of observed
shear strength V,,, to the predicted shear strength V., (V,,/
V.,..) plotted against the predicted shear strength V. A
ratio above unity indicates a safe prediction, while a ratio
below unity indicates an unsafe one.

Figures 11 and 12 show that ACI 318-05 Eq. (11-12)
provides the most unconservative prediction of web-shear

strength of all of the methods for the units from supplier A,
followed by the Eurocode 2 estimates. For the units from
supplier B, Eurocode 2 provides the most unconservative
predictions of web-shear strength, followed by ACI 318-05
Eq. (11-12). There was a large disparity between the V,,/
V.. between supplier A and supplier B for the majority of
the methods. AASHTO LRFD specifications provided the
best prediction for units from supplier A, while Yang’s
method provided the most conservative prediction for units
from supplier B. The mean values of V,,/V,,, were below
unity for every method when applied to the units from
supplier A, while the mean values of V,,/V,,, were above

unity for every method except for ACI 318-05 when ap-
plied to those from supplier B.

The most striking observation from Fig. 11 and 12 is the
different performance of the various design formulas when
applied to units from two different manufacturers. Three
important questions are evident:

*  Why is there such a disparity among the different
shear-strength-prediction methods?

e Why is there such a disparity in the performance of
the units from the two suppliers?

e Which method is most applicable to the shear design
of hollow-core units?
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Table 3. Parameters for hollow-core units from suppliers A and B

Supplier Parameter
b,, in. 16.17
f KSI 152
f, psi 6000
A
T pSi 271*
L,in. 25
X, in. 8
b,, in. 11.73
T KSi 407
f, psi 9826
B
fs PSI 343
L, in. 26.7
X, in. 8

cr

*3.54/f , tensile strength implied by ACl 318-05 Eq. (11-12)

T4 ﬁ

* Not calculated explicitly

$ Assumed location for calculation of £, for computer program input

155
6000
316
23.6
8
11.73
582
9826
a1
17.7

Shear prediction method

16.17

17.19 16.17 16.17
100 100 171
6000 6000 6000
3107 310t n.d.*
25 25 30
4.5 4.5 13.5
12.1 11.73 11.73
249 249 380
9826 9826 9826
3961 3961 n.d.*
26.7 26.7 324
3.74 3.74* 11.5

Note: AASHTO = American Association of State Highway and Transportation Officials; b, = web width; f, = specified compressive strength of concrete;
f; = tensile strength of concrete; 7,, = compressive stress in concrete at centroid of cross section resisting externally applied loads after allowance for
all prestress losses; L, = transfer length of prestressing strand; MCFT = modified compression field theory; n.d. = no data; x;, = distance from center of
support to critical point. 1 in. = 25.4 mm; 1 psi = 6.895 kPa; 1 ksi = 6.895 MPa.

Possible answers to these questions follow.

Disparity among shear-design (prediction)
methods To answer the first question, we compared
relevant parameters for both suppliers. Table 3 lists these
parameters for the hollow-core units from suppliers A and
B. Because Yang’s method and the modified compres-

sion field theory are not codified, the values of some of the
parameters were chosen to match ACI 318-05 provisions. In
the case of modified compression field theory, the prestress-
ing force in the section was chosen as that coinciding with
Yang’s critical location. The choice of parameters affects
the predictions, but a complete study of the parameters for
Yang’s method and the modified compression field theory
was not done.

From Table 3, the values of some of the parameters for
supplier A varied among methods. The value of f,. per
Yang’s method was 33% less than that of ACI 318-05 and
Eurocode 2, while the value for AASHTO LRFD speci-
fications was 13% higher than that for ACI 318-05. The
lower value of £, for Yang’s method is a direct result of
the critical point being located closer to the support than it
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was for ACI 318-05, AASHTO LRFD specifications, and
Eurocode 2.

The tensile strength as calculated according to Eurocode

2 was 17% larger than that implied by ACI 318-05, while
the rest of the parameters shown in the table are similar
between the two methods. Eurocode 2’s shear strength is
slightly more conservative than the ACI 318-05 tensile
strength due to the cross-section parameters. Namely, the ra-
tio 7/Q in Eurocode 2, which appears because of the parabol-
ic shear stress distribution, is 80% of the value of d,, which
ACI 318-05 uses based on a constant average shear stress.
Yang’s method provides a more conservative estimate for
three reasons: a smaller prestressing force at the critical
point, the use of the parabolic shear stress distribution, and
the fact that the critical point is not at the centroid.

The influences of the parameters on the modified compres-
sion field theory and AASHTO LRFD specifications are
not as easily extracted because of their formulations, but
it can be argued that these provide better predictions than
ACI 318-05 because they represent the mechanics of the
problem more accurately. Namely, all sectional forces and



the effect of the longitudinal strain on the shear strength
are considered. The value of f,. per AASHTO LRFD speci-
fications was greater than f,. per all of the other methods,
yet AASHTO LRFD specifications still provided the best
prediction for supplier A.

Table 3 also shows the values of the parameters for sup-
plier B. Again the parameters varied among methods.
There was a large difference between ACI 318-05’s and
Eurocode 2’s values for f,, f.,, and L,. The transfer length
per ACI 318-05 was 9 in. (229 mm) longer than that
calculated per Eurocode 2, which results in f, being 43%
larger. In addition, f,, per Eurocode 2 was 29% larger than
f.. calculated by ACI 318-05. These factors account for the
large differences in V,,/V,,, between ACI 318-5 and Euro-
code 2 for supplier B. The observations made for the other
methods for supplier A also applied to supplier B.

Unlike in ACI 318-05, the tensile strength of the concrete
is considered in the Eurocode 2 transfer-length expression.
Although the tensile strength has been shown to affect

the transfer length,*** it is unclear whether this effect

is accurately represented in this case because extensive
transfer-length experiments on hollow-core units have not
been conducted.

Disparity between manufacturers The second
question regarding the disparity of the V,,/V,,, between sup-
pliers has not been adequately resolved to date. The authors
investigated the possibility that this disparity was caused

by uneven web-shear distribution combined with the differ-
ing shear strengths of the individual webs. Finite-element
analyses were performed on the units from both suppliers to
determine the web-shear distribution. Units from supplier A
were found to have a highly uneven distribution of shear in
the individual webs, while units from supplier B had a more
uniform web-shear distribution (see the section “Transverse
Distribution Effect”).

Shear-capacity predictions of units from both suppliers
were made based on the web-shear distribution found

in the finite-element analysis and the capacities of the
individual webs based on the prestressing occurring only in
each respective web. The latter was based on the assump-
tion that due to the shear lag across the width at the critical
point where the strands have not been fully developed, the
prestress experienced by the individual webs was only due
to the strands in each respective web. Accordingly, units
from supplier A, for which the webs had debonded strands,
were assumed to have no prestress at all. All of the predic-
tion methods used in the section “Comparison of U.S.
Manufacturer Tests to Various Shear Prediction Methods”
were used in the analysis described next. The analysis
method was as follows:

1. Determine which webs would fail first based on their
capacity and the web-shear distribution.

2. Determine if the remaining webs have enough capac-
ity to absorb the load from the webs that theoretically
fail first. If they can, determine which webs would fail
next.

3. Once the remaining webs could no longer sustain the
additional load, calculate the total shear based on the
shear in the failed webs and the distribution of shear
to the individual webs.

Figures 13 and 14 show V,,/V,,, plotted against V,,, for
the above analysis. When the web-shear distribution based
on the finite-element analysis was taken into account, the
shear predictions became more conservative for both sup-
pliers’ units. For the units from supplier A, all were greater
than unity for the AASHTO LRFD specifications and
Yang methods, while the other three methods generated
shear-strength predictions that were below unity for all of
the units. ACI 318-05 still provided the most unconserva-
tive predictions. For units from supplier B, all methods
except ACI 318-05 and Eurocode 2 provided conservative
predictions for all of the units.

If the cause of the disparity between the two suppliers was
the uneven distribution of shear stress in the cross section,
as well as the differing shear strengths of individual webs,
then the predicted shear strengths for the units from sup-
plier B should indicate a similarity in results from the two
analyses’ procedures. This would follow from the near-
uniform distribution of shear stresses across the section
obtained from the finite-element analysis (Fig. 10). How-
ever, this was not the case. The predicted shear strengths
based on the finite-element distribution, relative to the
predictions ignoring this effect, followed trends similar

to those of the predictions for the units from supplier A.
This indicates that the finite-element analysis may not
accurately reflect the actual web-shear distribution and/or
the approximation of shear strength because the sum of the
individual web-shear strengths is not an accurate assump-
tion.

Another possibility for the disparity between suppliers is
that the actual tensile strengths of the concrete in the webs
of the units from supplier A were not adequately represent-
ed by the prediction methods considered in this study. It
would also follow that the concrete tensile strength for the
units from supplier B are more adequately represented by
the prediction formulas. Tensile strength will also have an
impact on the transfer length of the strands for each sup-
plier. Both of these conjectures, along with the web-shear
distribution, need to be determined experimentally.

Best method for shear design of hollow-core
units The most applicable method for shear prediction
in the design of hollow-core units should include all of the
relevant parameters and be capable of predicting the shear
capacity in a consistently accurate and conservative man-
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Figure 13. This graph shows V/,,,/ V. for supplier A's units based on finite-element web-shear distribution and individual web capacities. Note: AASHTO = American As-
sociation of State and Highway Transportation Officials; COV = coefficient of variation; MCFT = modified compression field theory; V,,,/V,. = ratio of observed-to-predicted
shear strengths; V. = predicted shear strength. 1 kip = 4.448 kN.

ner. The method increases in complexity as more param-
eters are added to the formulation. However, a rational
formula that is to be used in design must balance the com-
plexity of the procedure with accuracy and conservatism.

The procedure outlined in ACI 318-05 is the simplest
method of those that are included in this study, but it also
provided the most unconservative prediction for the units
from supplier A and the second-most-unconservative
prediction for the units from supplier B. The most complex
method, the modified compression field theory, provided

a good prediction for the units from supplier B and a poor
prediction for those from supplier A. Yang’s method,
which is more complex than the ACI 318-05 and Eurocode
2 formulations, and arguably more complex than AASHTO
LRFD specifications due to the large number of section
properties that need to be calculated, provided a conserva-
tive prediction for all units from supplier B but an uncon-
servative prediction for those from supplier A.

ACI 318-05 Eq. (11-12) is not applicable in its present form
for the 16-in.-thick (410 mm) hollow-core-unit tests reported
in this study from two U.S. manufacturers. A simple multi-
plicative reduction factor (that is, a constant coefficient less
than unity), based on experimental results, could be applied
to ACI 318-05 Eq. (11-12), and this has, in fact, been done
in ACI 318-08. However, considering the variation of shear
strengths between manufacturers, a general reduction based
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on the worst case unduly penalizes units that displayed a
more satisfactory performance. In addition, this reduction is
not based on a logical and rational approach that addresses
the underlying reasons behind the unconservativeness of the
ACI 318-05 web-shear equation.

Yang’s equation is applicable to the units from supplier
B and to those from supplier A if the web-shear distribu-
tion and variation in individual web capacities are consid-
ered. However, the use of that latter correction is dubious
given that it decreases the accuracy of the predicted shear
strengths for the units from supplier B. In practice, the
complexity of Yang’s equation is noted here as being less
severe than Eq. (4) suggests because all of the section
properties required for this equation are constant for a
given type of hollow-core-unit cross section. Under such
circumstances, only four variables may change in Yang’s
equation for a given cross section. These variables are
strand eccentricity, concrete tensile strength, prestressing
force, and prestressing-force gradient. Yang’s equation

is advantageous because it is based on a mechanics-of-
materials formulation, and it includes the effects of the
prestressing-force gradient on shear stresses as well as the
effect of the void geometry on the location of the maxi-
mum principal tensile stresses.

The modified compression field theory procedure appears ap-
plicable to the units from supplier B, but it yielded unconser-
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Figure 14. This graph shows V/,,,/V,. for supplier B’s units based on finite-element web-shear distribution and individual web capacities. Note: AASHTO = American As-

sociation of State and Highway Transportation Officials; COV = coefficient of variation; MCFT = modified compression field theory; V,,,/V,. = ratio of observed-to-predicted
shear strengths; I/, = predicted shear strength. 1 kip = 4.448 kN.

vative predictions for those from supplier A. Given the com-
plexity of the method, it is cambersome for use in the typical
calculations needed for the design of hollow-core units.

The AASHTO LRFD specifications method provided good
shear-strength predictions for the units from supplier B and
the best predictions for those from supplier A. Even so,

the predictions were found to be unconservative for all of
the units from supplier A but one. The AASHTO LRFD
specifications method is more intensive computationally
than the ACI 318-05 or Eurocode 2 formulas because it

is an iterative procedure but is easily programmed into a
spreadsheet. It is a simpler design procedure and thus more
viable than the modified compression field theory proce-
dure from which it was derived.

Overall, the AASHTO LRFD specifications method ap-
pears to be best suited for shear design of hollow-core
units. However, this question cannot be fully resolved until
a rational explanation is found for the mechanism that
produced the reported differences in the performance of the
shear-strength-prediction methods for the units from the
two suppliers.

Conclusion

The analytical work summarized in this paper on the web-
shear strength of deep hollow-core units was undertaken

due to concerns from the industry that ACI 318-05 Eq.
(11-12) provided unconservative shear-capacity predic-
tions. This fact was borne out in shear tests undertaken by
two U.S. manufacturers of hollow-core units. Units from
supplier A failed at 61% of the values predicted by ACI
318-05 Eq. (11-12), and supplier B units failed at 91% of
the values from ACI 318-05 Eq. (11-12). The relevant pa-
rameters affecting the web-shear capacity of hollow-core
units were discussed, and a comparison was made between
the observed experimental shear capacities and the capaci-
ties predicted by five different methods. Based on these
analyses, the following conclusions were made:

*  Analysis of 198 hollow-core units failing in shear
found in the literature revealed that there is no clear
evidence of a size effect in shear for units up to 19.7
in. (500 mm) in depth, due in part to the large scatter
of the web-shear-strength data.

e There is a possibility that the tensile strength of the
web concrete varies between the units from the two
manufacturers that were considered in this study, and
this may be the reason for the disparity in performance
between the suppliers. More experimental research
needs to be undertaken to assess this possibility.

e The geometry of the cross section can have an impact
on the shear capacity of these units. Yang demon-
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strated how void geometry affects the location of

the maximum principal tensile stresses, moving the
critical point lower in the section and closer to the sup-
port than is assumed by ACI 318-08 and ACI 318-05,
AASHTO LRFD specifications, and Eurocode 2.

Theoretically, the relative stiffness of the individual
webs may affect the distribution of shear across the
section. This, coupled with the shear lag of the pre-
stressing force across the width, may tend to further
reduce the shear capacity of hollow-core units. While
this is theoretically possible, the comparisons between
the two suppliers based on that analysis indicate that
this is not the likely cause of the disparity between
them.

An accurate estimate of the prestressing force at the
critical point requires an accurate estimate of the
transfer length and transfer-stress distribution of the
strands. It is unclear at this point whether a transfer
length of 50d, as recommended by ACI 318-08 and
ACI 318-05 is applicable to extruded hollow-core
units because no transfer-length experiments of U.S.
manufactured units have been reported.

Given the disparity in predicted shear capacities of the
units from suppliers A and B, none of the prediction
methods considered in this study were able to pro-
vide uniform reliability in shear-strength prediction.
However, the AASHTO LRFD specifications method,
followed by Yang’s method, performed better than
ACI 318-05, Eurocode 2, and the modified compres-
sion field theory.

More research is needed to resolve the question re-
garding the most applicable shear-prediction method
for deep hollow-core units and to develop a more
rational and logical revision than an overall reduction
factor to the web-shear predictions based on ACI 318-
05. Specifically, experiments should be undertaken for
the following reasons:

— to increase the number of shear-capacity tests con-
ducted on thick hollow-core units

— to determine the variation, if any, of the concrete
tensile strength as a function of the compressive
strength across a range of U.S. manufacturers

— to determine the strand transfer length and the
shape of the prestressing-force gradient across a

range of U.S. manufacturers

— to verify the finite-element-analysis results that
indicate an uneven web-shear distribution
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To address providing uniform reliability in shear-strength
prediction, an experimental program is ongoing at the
University of Minnesota. The program includes web-shear
failure tests of hollow-core units, provided by two U.S.
manufacturers, with depths equal to 12 in., 16 in., and

20 in. (300 mm, 410 mm, and 510 mm). Instrumentation
of the units will serve to verify the observations regard-
ing web-shear stress distributions from the finite-element
analyses. Tests are also being conducted to determine the
strand transfer length and prestressing-force gradient. The
method used for the transfer-length tests is similar to that
used by Walraven and Mercx.
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Notation

a = shear span

A, = area of section above the critical point

A, = gross area of concrete section, excluding voids
b, = web width

cov = coefficient of variation

d = distance from extreme compression fiber to
centroid of longitudinal reinforcement

d, = nominal diameter of prestressing strand

d = distance from extreme compression fiber to
centroid of prestressing steel

e = eccentricity of strand measured from the cen-
troid

fcy = specified compressive strength of concrete

S = tensile strength of concrete

foa = design tensile strength of concrete

Jre = compressive stress in concrete at centroid of

cross section resisting externally applied loads
after allowance for all prestress losses

fee = effective stress in prestressing steel after al-
lowance for all prestress losses

h = overall thickness or height of member

1 = moment of inertia of section about centroidal
axis

L = overall span of unit in manufacturer tests

L, = transfer length of prestressing strand

N, = prestressing force in strand

(0] = first area moment of section about centroidal
axis

S, = first area moment of section about critical-
point axis

v = shear stress

Vv = shear in section



V. = nominal shear resistance of concrete

Vew = nominal web-shear cracking strength

V. = nominal shear strength

Vobs = experimentally observed failure shear at criti-
cal point

v, = vertical component of effective prestressing
force at critical section

Ve = predicted shear strength

Viae = predicted web-shear cracking strength

V, = nominal shear resistance of transverse rein-
forcement

Vg = predicted web-shear strength

X, = distance from center of support to critical point
(notation according to Yang)

X,, = distance from center of support to critical point

% = vertical distance from centroid to critical point

a, = ratio of distance from end of member to trans-
fer length

B = factor indicating ability of diagonally cracked

concrete to transmit tension
N,/ 9x = prestressing-force gradient

o, = fully effective concrete compressive stress at
the centroid due to prestressing
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Synopsis

Shear-strength estimates for precast, prestressed
hollow-core units in the United States follow the shear
recommendations of the American Concrete Institute’s
(ACTI’s) Committee 318. These recommendations

are based on experimental research done mainly on
members other than hollow-core units, and they have
been extended to hollow-core units based on a limited
amount of hollow-core shear tests.

Recent shear tests that several U.S. manufacturers
have performed on thick hollow-core units (units with
depths larger than 12 in. [300 mm]) have indicated
failures in the web at forces smaller than those pre-
dicted by Building Code Requirements for Structural
Concrete (ACI 318-05) and Commentary (ACI 318R-
05). Similar observations have been made by research-
ers in Europe, where web-shear provisions are similar
in nature to those in ACI 318-05.
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As a stopgap measure, ACI 318-08 waives the excep-
tion on minimum shear reinforcement for hollow-core
units deeper than 12.5 in. (318 mm). An analytical
research program at the University of Minnesota
investigated the reasons that thicker hollow-core units
fail at lower shear forces than those predicted using
the ACI 318-05 provisions. This paper summarizes
the findings of the analytical program, including com-
parisons of the ACI 318-05, Eurocode No. 2: Design
of Concrete Structures-Part 1: General Rules and
Rules for Buildings, the modified compression field
theory, the American Association of State Highway
and Transportation Officials’ AASHTO LRFD Bridge
Design Specifications, and Yang’s shear prediction
methods.
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