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■ This paper presents the procedures and results of 
an experimental test program that studied the shear 
capacity of hollow-core slab specimens whose center 
cores were filled with concrete.

■ The test program studied the effects of timing 
relative to the specimen age and the effects of en-
hancements to the core fill, including fiber-reinforced 
concrete fill, headed steel bar and welded-wire rein-
forcement in the core fill, and roughening the core 
wall before filling.

■ The objective of the test program was to provide an 
understanding of the additional web-shear strength 
afforded to the hollow-core slabs by unaltered core-
fill concrete, as is currently used in practice, and 
experimentally identify potentially promising core-fill 
improvement strategies.

Precast, prestressed concrete hollow-core slabs are 
commonly used as floor and roof systems in concrete 
buildings and parking structures. The cross section of 

this type of precast concrete member is economical and ef-
ficient because it uses less concrete due to continuous voids 
(cores) along the length. With the reduced cross-sectional 
area at middepth, the member self-weight is significantly 
decreased, which only slightly affects the flexural capacity 
because the cross-sectional area at the extreme fibers and 
member depth preserve the internal moment arm. Beyond 
structural benefits, the voids in hollow-core slabs allow con-
cealed routing of electrical and ventilation systems.1

In podium construction, one to two lower levels of precast 
concrete construction are frequently topped with several 
floors of wood or cold-formed steel construction in midsize 
mixed-use concrete buildings. Due to architectural floor lay-
outs, bearing walls frequently align either with the longitudi-
nal axis of a slab or transversely to a hollow-core slab. Both 
scenarios may generate a significant line load that must be 
supported by one or more hollow-core sections.

Background

The PCI Manual for the Design of Hollow Core Slabs 
and Walls1 permits the flexural demand to be resisted by 
a width larger than a single hollow-core slab width, thus 
distributing the flexural demand to several members. Un-
like flexure, the distribution of shear at the ends of slabs in 
a hollow-core floor system is more complicated. Loading 
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is often eccentric, which results in torsional stresses across 
the hollow-core slab’s cross section. Additionally, the shear 
keys between hollow-core slabs ensure equal edge dis-
placements between adjacent members and, consequently, 
allow some shear and torsion forces to transfer between the 
hollow-core slabs. Due to the complexity of shear transfer 
in a hollow-core floor or roof system, the current PCI design 
procedure does not allow for distribution of shear demand 
near the ends of adjacent hollow-core slabs during the 
worst-case shear loading scenario in design.1 Therefore, a 
single hollow-core slab must be designed to carry its entire 
respective shear demand.

Some hollow-core slabs in a floor system may require addi-
tional shear capacity where the demand from bearing walls or 
columns exceeds the hollow-core slab’s capacity. Normally, 
the depth of the member could be increased to accommo-
date an increased shear demand, but floor systems are often 
limited in depth by architectural constraints. Alternatively, 
hollow-core slabs made entirely of steel-fiber-reinforced 
concrete (SFRC) have been shown to have an increased shear 
capacity while maintaining section depth but are not common-
ly used in practice.2–4 Currently, most manufacturers enhance 
the shear capacity of hollow-core slabs by filling one or more 
of the cores with concrete where the shear demand exceeds 
the capacity of the hollow-core slab without filled cores. This 
increases the concrete cross-sectional area without interfering 
with the hollow-core slab production (that is, without affecting 
the mixture proportions or the prestressing profile) and offers a 
direct solution to selectively increase the web-shear capacity.

It is difficult for designers to reliably quantify the increase in 
shear capacity afforded by the increased cross-sectional area 
of added core-fill concrete. The American Concrete Insti-
tute’s (ACI’s) Building Code Requirements for Structural 
Concrete (ACI 318-14) and Commentary (ACI 318R-14)5 
offers Eq. (22.5.5.1) and (22.5.8.3.2) to calculate unreinforced 
concrete shear capacity and prestressed concrete web-shear ca-
pacity, respectively. At a minimum, the added core-fill concrete 
should provide additional shear capacity calculated as if the 
core fill were an independent, unreinforced piece of concrete.

In some scenarios, a hollow-core slab is fabricated months be-
fore the specific building occupancy or use is defined. In this 
case, if additional web-shear capacity is required due to an 
increase in loading, the fully cured hollow-core section is cut 
open and fresh concrete is used to the fill core(s). Because this 
new core-fill concrete is placed within a cured specimen, the 
system is not conducive to composite action. In this case, the 
core-fill concrete may act independently and have the shear 
capacity of unreinforced concrete. In a more common scenar-
io, cores are filled at the time of hollow-core fabrication. In 
this case, hollow-core slabs are extruded on a prestressing bed 
and specific cores are filled within the fresh concrete before 
transferring the strand stress to the hollow-core section. The 
shear capacity of the core-fill concrete can be calculated 
assuming prestressed concrete as a maximum because the 
extruded concrete for the hollow-core slab is in contact with 

the core-fill concrete and allowed to cure before the strands 
are released.

There has been insufficient research to quantify the addition-
al shear capacity provided by the core-fill concrete. Palmer 
and Schultz6 demonstrated that the overall shear capacity of 
a hollow-core slab can be increased by filling a core with 
concrete. In addition, little research has been conducted to 
explore innovative ways to further enhance the shear capacity 
of concrete-filled cores.

Research objectives

This research program experimentally investigated the added 
web-shear capacity of hollow-core sections with con-
crete-filled cores and quantified the core-fill shear strength 
contribution.7 The effects of core-fill timing relative to slab 
age and several core-fill strength enhancement strategies 
were explored, including SFRC core fill, roughening the slab 
core walls before core-fill placement, introducing a longitu-
dinal headed steel bar into the core-fill material, and placing 
vertically oriented welded-wire reinforcement (WWR) in 
the core fill. The objective of the project was to provide an 
understanding of the additional web-shear strength afforded 
to the hollow-core slabs by the unaltered core-fill concrete, 
as is currently used in practice, and experimentally identify 
potentially promising core-fill improvement strategies.

This project also sought to determine whether the core-fill 
concrete behaved like unreinforced concrete or like fully 
prestressed concrete. Two scenarios exist where the cores may 
be filled to increase the web-shear capacity:

• Core-fill concrete is placed within a cured specimen that 
is fabricated months before the specific building occupan-
cy is defined.

• Core-fill concrete is placed adjacent to fresh hollow-core-
slab concrete at the time of fabrication before transferring 
the strand stress to the section.

In the first scenario, the core-fill concrete may act as unrein-
forced concrete due to a lack of composite action, whereas 
in the second scenario the core-fill concrete may act as fully 
prestressed concrete due to the fabrication sequence.

Experimental program

The experimental program for this project included manufactur-
ing and testing both ends of eight hollow-core slab specimens. 
Of the eight specimens, one served as a control specimen, or 
baseline, for the testing program, and the cores remained un-
filled. The remaining seven specimens were modified by adding 
concrete filling to the center void using various methods. These 
methods included cold joint core fill, typical immediate fill, 
typical immediate fill aged 209 days before testing, fiber-re-
inforced fill, core wall surface roughening, headed steel bar in 
core fill, and WWR in core fill. The specimens and associated 
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core modifications are summarized in Table 1 and in the subse-
quent sections.

Design specifications  
of the hollow-core slabs

The hollow-core slabs were designed to fail in web-shear 
under a single, applied point load. Adequate moment capacity 
was achieved by selecting an appropriate slab depth and pre-

stressing strand configuration. The shear span–to–depth ratio 
a/d

p
 was considered concurrently with the preliminary shear 

capacity for flexural requirements. Based on previous shear 
research, a minimum a/d

p
 value of 2.5 notably eliminated 

the effects of arching action.8 Because the hollow-core slabs 
were not expected to have flexural cracking before web-shear 
failure, the shear span–to–depth ratio considering the entire 
section depth a/h was selected to be 2.5. This resulted in an  
a/d

p
 value of 3.0.

Table 1. Variables investigated in the experimental program

Hollow-core slab specimen and  
associated core modification

Number 
of slabs

Number 
of tests*

Core-fill concrete type
Slab age when core 

was filled

Empty cores 1 2 n/a n/a

Cold-joint core fill 1 2 Typical Mature†

Typical immediate fill 1 2 Typical Early‡

209-day typical fill§ 1 2 Typical Early

Fiber-reinforced fill 1 2 Steel-fiber reinforced Early

Core wall surface roughening 1 2 Typical Early

Headed steel bar in core fill 1 2 Typical Early

Welded-wire reinforcement in core fill 1 2 Typical Early

Note: n/a = not applicable. 

* Each end of the hollow-core slab specimen was tested. 

† Approximately three weeks following slab extrusion. 

‡ Approximately one hour following slab extrusion (typical manufacturing process). 

§ Immediately core-filled slab allowed to cure for 209 days prior to testing.

Figure 1. Cross-sectional geometry of the 12 in. hollow-core slabs. Note: ø = diameter. 1” = 1 in. = 25.4 mm; 1’ = 1 ft = 0.35 m;  
1 ksi = 6.895 MPa.
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Hollow-core slabs measuring 12 in. deep × 4 ft wide × 
20 ft long (304.8 mm × 1.2 m × 6.1 m) were used to meet 
the design specifications. All of the slabs had six 0.6 in. 
(15.2 mm) diameter strands stressed to 0.7f

pu
, where f

pu
 is the 

prestressing steel tensile strength, at a depth d
p
 of 9.875 in. 

(250.8 mm). The hollow-core cross sections had five voids 
across the width. Of the modified specimens, each slab had 
core fill in the center void for a length of 4 ft (1.2 m) mea-
sured from each end. The 4 ft core fill extended beyond the 
point of loading to ensure that its full shear contribution was 
realized. Figure 1 shows the cross-sectional geometry of the 
hollow-core. The normalweight concrete mixture proportions 
used by the manufacturer in typical hollow-core production 
were employed for all of the specimens. This concrete was 
designed with a water-cement ratio of 0.35 and developed 
to have no slump for use in an extruding machine. The same 
concrete mixture used in the hollow-core slab was deployed 
in all of the filled cores; the core-fill concrete had additional 
high-range water-reducing admixtures (HRWRAs) and water 
to increase the workability.

Hardened properties of both the core-fill concrete and hollow-
core-slab concrete were characterized at 28 days and on each 
test day. Three concrete compressive tests were performed 
on the hollow-core-slab and core-fill concrete cylinders per 
ASTM C39.9 Similarly, three split cylinder tests were con-
ducted according to ASTM C49610 using hollow-core-slab 
and core-fill concrete cylinders at 28 days. The relationship 
between split cylinder tensile strength and compressive 
strength was determined to be 9.0 fc

'  for the hollow-core-
slab concrete and 5.8 fc

'  for the core-fill concrete at 28 days. 
The tensile strength of SFRC can be very different from that 

of unreinforced concrete, so additional compressive and split 
cylinder tests were performed on the core-fill SFRC. The 
relationship between the split cylinder tensile strength and 
compressive strength of the SFRC core fill was determined to 
be 9.2 fc

' .

Variables investigated  
with core-fill timing specimens

Four hollow-core slabs were used to study the effects of 
core-fill timing on shear performance, including a baseline 
hollow-core slab. Both the hollow-core slab age at the time 
of core filling and the age of the core-filled hollow-core slab 
were studied. An unaltered, unfilled hollow-core slab was test-
ed and served as a baseline for all of the tests. The producer’s 
standard core-fill practice was used for two identical slabs to 
represent real-world manufacturing techniques of hollow-core 
slabs filled during fabrication. In this standard practice, the 
top flange of the core to be filled was first collapsed by the 
heel of a worker’s boot. This broken flange concrete was 
collected by hand and gathered at the end of the intended core 
fill length to create a plug of concrete, which prevented excess 
core fill from moving longitudinally along the void. A portion 
of the no-slump concrete mixture used for slab extrusion was 
placed in a small mixer with additional water and HRWRAs 
to prepare the core-fill material. The core-fill concrete was 
placed in the desired core, and the top of the hollow-core slab 
was finished by hand.

One of these standard core-filled hollow-core slabs was tested 
approximately two months after fabrication, and the other 
was tested 209 days (approximately seven months) after 

Figure 2. Saw-cut residual dust coating the interior of the core before cleaning (left) and core cleaned with a grinder and wire 
brush attachment (right).
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fabrication. Results from the hollow-core slab tested 209 days 
after fabrication were used to address the potential long-term 
hollow-core-slab and core-fill concrete shrinkage effects 
because all of the other specimens in the study were tested 
within approximately two months of fabrication. Concrete 
shrinkage may cause the core-fill concrete to contract inward 
and the hollow-core-slab concrete to contract away from the 
void, which means that the interlock between the core-fill and 
hollow-core-slab concretes could be compromised over time.

To compare the effects of hollow-core slab age at the time of 
core filling, a hollow-core slab was cured for approximately 
three weeks before core filling. This cold-joint hollow-core 
slab captured the core-fill behavior when the hollow-core slab 
core filling occurs after curing and strand release, which is the 
less common core-filling practice. This case is very different 
from the typical immediate-fill case because a cold joint be-
tween the core-fill and hollow-core-slab concrete exists. There 
is often concrete dust left in the cores from saw cutting each 
hollow-core slab to length (Fig. 2). This residual dust is pow-
dery when dry and coats the interior core surface for several 
feet in each direction from the cut at the end of a hollow-core 
slab. Figure 2 shows uncleaned and cleaned cores. Conse-
quently, there is likely less composite action between the core-
fill and hollow-core-slab concretes when the core-fill concrete 
is added to an already-cured hollow-core slab. The first four 
entires in Table 1 are the four core-fill timing specimens.

Variables investigated  
with core-fill enhancement specimens

Four hollow-core slabs with novel core-fill enhancements 
were included to investigate potentially promising strategies 
to improve shear capacity. These enhancements sought to 
improve the shear capacity of the hollow-core slab with core-
fill concrete, to promote additional bond between the core-fill 
concrete and the hollow-core-slab concrete, or both. A perfor-
mance baseline was established via the hollow-core slab with 
cores filled at fabrication (typical immediate fill) and tested 
shortly thereafter. Each of the novel core-fill enhancements 
altered the fill of a typically filled core, so comparisons be-
tween each enhanced specimen and the unaltered typical-fill 
specimen provided an indication of the potential improvement 
due to the novel technique.

One hollow-core slab in the study employed steel fibers at 
a 0.5% volume fraction in the core-fill concrete to formu-
late SFRC. The 0.5% volume fraction indicated the ratio of 
steel-fiber volume to concrete volume and was selected based 
on the literature to maximize the steel-fiber contribution to the 
strength while maintaining workability.2–4 Results from pre-
vious tests by others of hollow-core slabs fabricated entirely 
with SFRC showed improved shear capacity, but two sec-
ondary benefits attributed to the fibers also likely contributed 
to the SFRC hollow-core slab strength in those tests. First, 
the prestressing bond was shown to be improved when the 
concrete included fibers.11 Second, the steel-fiber orientation 
along the axis of the hollow-core slabs due to their thin webs 

was ideal.4 Both of these added benefits cannot be realized 
when only the core-fill material is SFRC. Therefore, although 
improvements were shown in hollow-core slabs made entirely 
from SFRC, somewhat smaller improvements were expected 
in the tests of the SFRC core-fill specimens.

Another enhancement technique was to roughen the center 
core wall surfaces with vertically oriented grooves using a 
small handheld garden rake, which provided an indentation 
of about 0.25 in. (6.4 mm) spaced at about 1 in. (25.4 mm) 
along the length of the web walls. These measurements were 
obtained using a handheld ruler to quantify the enhancement; 
this enhancement was not repeated enough to create a quality 
control plan. The goal of this enhancement was to improve 
the composite action between the core-fill and hollow-core-
slab concretes and potentially transfer more prestressing 
force to the core-fill concrete. For a core-filled specimen to 
act as a monolithic and fully prestressed section, the core-
fill concrete must act compositely with the hollow-core-slab 
concrete. In a specimen where the core is filled immediately 
after extrusion, the core-fill concrete is in contact with the 
hollow-core-slab concrete before either has set, which may 
result in some bonding. 

In another specimen, a 4 ft (1.22 m) long no. 6 (19M) rein-
forcing bar with 0.25 × 2 × 2 in. (6.4 × 50.8 × 50.8 mm) steel 
plates welded to each end was placed longitudinally at the 
bottom of the center void before core filling for ease. The bar 
was not placed near the neutral axis of the specimen. The end 
plates provided anchorage for the relatively short bar length. 
This core-fill modification was intended to maintain the axial 
precompression in two ways. First, the addition of a headed 
steel bar in the core fill may transfer some of the applied load 
carried by the strands to the bar, thus reducing the prestress-
ing strand demand and slip. Second, the headed steel bar 
was intended to maintain any axial precompression poten-
tially present in the core-fill concrete at the time of prestress 
transfer. The headed steel bar in the core fill could improve 
the web-shear capacity of the section by maintaining a higher 
precompression force and reducing strand slip.

Vertically oriented WWR was included in the core fill of a 
hollow-core slab as another method to provide reinforcement 
in the core-fill concrete. In typical reinforced concrete design, 
transverse shear reinforcement is used as the default way to 
provide additional shear capacity where necessary. Unfortu-
nately, inclusion of transverse shear reinforcement is not pos-
sible in common hollow-core fabrication methods.1 Further-
more, ACI 3185 section 7.6.3.1 restricts the maximum shear 
demand applied to hollow-core slabs deeper than 12.5 in. 
(317.5 mm) with no transverse reinforcement by limiting the 
factored shear demand to half the calculated shear strength.

For the WWR specimen, the filled core had two 4 ft × 8 in. 
(1.2 m × 203.2 mm) pieces of four-gauge WWR with a 4 × 
4 in. (101.6 × 101.6 mm) grid placed vertically in the ends of 
the core. The WWR could augment web-shear capacity in two 
ways. First, the vertical bars in the mesh provided regularly 
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spaced transverse reinforcement that was anchored by the 
longitudinal bars. Second, the longitudinal bars in the WWR 
potentially maintained any axial precompression in the core 
fill and possibly alleviated slip in the prestressing strands, 
similar to the potential behavior of the specimen with the 
headed steel bar. Figure 3 shows the four core-fill enhance-
ment specimens.

Laboratory test setup

Each hollow-core slab was tested twice (once at each end) to 
gather more data from the specimens included in this program. 
During the test on the first hollow-core slab end, the opposite 
end was overhung beyond the support farthest from the applied 
load for protection. The distance from the support to the end of 
the overhung hollow-core slab exceeded the distance between 
the applied point load and support nearest the applied load. This 
ensured that virgin material was being tested when the hol-
low-core slab was rotated and tested a second time. The simply 
supported span length between the pin and roller supports was 
16 ft (4.9 m). The point load was applied with a single actuator 

30 in. (762 mm) from the centerline of the nearest support. The 
point load was transversely distributed over the 4 ft (1.2 m) 
specimen width. Figure 4 shows the testing arrangement.

Instrumentation and loading

The applied load and member self-weight were proportioned 
to determine the applied shear force at the critical section us-
ing statics based on the distance between the point load and 
each support, which was 2.5 ft (0.8 m) to the nearest support 
and 13.5 ft (4.1 m) to the support farthest from the load. The 
critical section was h/2 from the face of the support, which 
was 6 in. (152.4 mm). The actuator was equipped with a 
100 kip (444.8 kN) load cell. Six linear variable displace-
ment transducers (LVDTs) were placed around the test setup 
to measure hollow-core slab motion during testing. The rel-
ative difference in deflections across the width or along the 
length of the hollow-core slab was used to identify any un-
desirable twisting motion of the specimen. Hollow-core slab 
twisting could be indicative of improper load distribution or 
bearing contact because the hollow-core slab had a sym-

Figure 3. Hollow-core specimens with the top flange removed over the center void to facilitate core filling near the end of the 
slab (indicated by the line marked in the concrete) before transferring the prestress force to the concrete via cutting the speci-
mens to length. Note: 1 ft = 0.3048 m.

Steel-fiber-reinforced concrete specimen

Headed-steel-bar specimen

Core-wall-surface-roughening specimen

Welded-wire-reinforcement specimen
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metrical cross section. Hollow-core slab twisting generates 
additional torsional stresses, thus reducing the capacity to 
resist vertical shear. If these torsional stresses were notable, 
the results of a test may not have been suitable for compar-
ison with web-shear capacity calculated with design codes 
and obtained from other specimens. Consequently, two 
LVDTs were attached to the hollow-core slab on either side 
at the load point and each support. No significant differential 
displacements were observed in the LVDT data collected 
during testing, indicating proper loading and bearing. The 

actuator was advanced in a displacement-controlled mode 
at 0.008 in./sec (0.203 mm/sec) initially and at 0.004 in./sec 
(0.102 mm/sec) after reaching an applied load of 10 kip 
(44.5 kN) until web-shear failure.

Crack face documentation

A three-dimensional (3-D) scanner and accompanying data 
collection and postprocessing software were used to capture a 
3-D scan of the failure plane from one side of each core-filled 

Figure 4. Test setup shown in an elevation view. Note: CMU = concrete masonry unit; LVDT = linear variable displacement trans-
ducer. 1 in. = 25.4 mm; 1 ft = 0.3048 m; 1 kip = 4.448 kN.

Figure 5. Photograph of the cracked face of a test specimen (left) and scanned three-dimensional surface model of the same 
cracked face (right).
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specimen after the testing and dismantling of the broken hol-
low-core slab. The resulting high-resolution 3-D point cloud 
was processed to generate a realistic surface model (Fig. 5). 
Using the model, the crack angle of each hollow-core-slab 
web and core fill at the critical depth was determined.

Shear test results

Behavior at failure

Sudden, brittle web-shear cracking defined failure (Fig. 6) and 
was accompanied by a sudden drop of applied load and abrupt 
deflection. The crack pattern, peak applied load (that is, larg-
est nominal dead load and live load), strand slip, and overall 
hollow-core-slab behavior were inspected and documented for 
each specimen after web-shear failure (Table 2). Additional 
load was applied to the second side of each specimen after 
postfailure inspections were completed. This second phase 
of loading was performed to widen the web-shear cracks and 
allowed dismantling of the broken hollow-core slab end for 
further inspection and 3-D scanning.

No shear or flexural cracking was observed in any of the test 
specimens before web-shear cracking. Rather, a web-shear 
crack appeared across each of the six webs at the same time 
upon failure. It was not possible to determine the precise loca-
tion of the initial web-shear cracking due to the sudden failure, 
but the diagonal crack propagated between the load point and 

the prestressing strand. At the strand depth, the crack direction 
shifted and extended longitudinally along the prestressing strand 
to the member end at the nearest support. In addition, transverse 
cracking of the bottom flange near the support and of the top 
flange near the load point appeared during some of the tests.

In each core-filled test specimen, the core-fill concrete exhib-
ited a web-shear crack near the adjacent web-shear cracks in 
the hollow-core slab. This indicated that the core-fill concrete 
was engaged and carried some of the shear force, as intended. 
Following testing and dismantling of the broken section, it 
was apparent that the core-fill concrete slipped and was not 
composite with both adjacent webs of the hollow-core-slab 
concrete in the cold-joint-core-filled, 209-day-typical-filled, 
SFRC-core-filled, and headed-steel-bar specimens. In the 
cold-joint core-fill hollow-core slab, a powdery dust was 
found on the outer surface of the hardened core-fill con-
crete. This material was likely residual concrete dust from 
hollow-core slab saw cutting that was not removed before 
core filling. In the three other core-filled test specimens, the 
core-fill concrete remained composite with one or both of the 
adjacent hollow-core-slab webs.

Shear capacity predictions  
and data interpretation

ACI 3185 shear capacity predictions consider the average 
shear stress across the entire cross-sectional area of a mem-

Figure 6. Typical web-shear crack in a hollow-core slab.
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ber. Based on mechanics, the shear stress is parabolically 
distributed through the depth of a section with the maxi-
mum stress occurring at middepth.12 This distribution is es-
pecially important for hollow-core slab sections because the 
narrow web widths generally occur at or near the middepth 
of a section.

ACI 3185 defines the nominal shear capacity V
n
 of a section 

as the sum of the concrete shear capacity V
c
 and transverse 

shear reinforcement capacity V
s
 in ACI 318 Eq. (22.5.1.1) 

and the PCI Design Handbook: Precast and Prestressed 
Concrete13 section 5.3, as presented in Eq. (1). The transverse 
steel contribution to shear strength in Eq. (1) was taken as 
zero for extruded hollow-core slabs because transverse shear 
reinforcement was not present. To accurately compare shear 
capacity predictions with experimental test results, the shear 
strength-reduction factor φ was taken as 1.0 and all load fac-
tors were set equal to 1.0.

   V
n
 = V

c
 + V

s
 (1)

In this study, the core fill was estimated to have the shear 
strength of an individual unreinforced piece of concrete, at 
a minimum. Unreinforced concrete shear strength V

c
 was 

predicted using ACI 3185 Eq. (22.5.5.1) and the PCI Design 
Handbook13 Eq. (5-22), as shown in Eq. (2). However, Eq. (2) 
was modified to specifically calculate the unreinforced con-
crete shear strength of the core fill only by replacing ′fc  with 

the compressive strength of the core-fill concrete ′fcf  and b
w
d 

with the cross-sectional area of the filled core A
cf
.

   = ′V f b dc c w2  (2)

where

b
w
 = width of web

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

The shear capacity at the ends of prestressed concrete hol-
low-core slabs typically is controlled by web-shear behavior, 
which is defined by ACI 3185 Eq. (22.5.8.3.2) and the PCI 
Design Handbook13 Eq. (5-28), as shown in Eq. (3). The web-
shear equation considers the nominal shear stress in a section, 
not the maximum shear stress. Although this makes Eq. (3) 
inherently conservative, it may better characterize a wider 
variety of prestressed concrete members. In this study, the 
prestressed concrete hollow-core slabs were expected to have 
the web-shear strength predicted using Eq. (3), at a minimum. 
Only straight prestressing profiles are employed in extruded 
hollow-core-slab sections. Therefore, the vertical component 
of prestressing force V

p
 was taken as zero in Eq. (3). Fur-

thermore, Eq. (3) was modified to specifically calculate the 
prestressed concrete shear strength of the core fill only by 
replacing ′fc  with the compressive strength of the core-fill 

Table 2. Experimental program average test results and predicted strength results

Hollow-core slab 
specimen and 

associated core 
modification

Slab concrete 
compressive 

strength 
fc , psi

Core-fill  
concrete 

compressive 
strength  
fcf , psi

Average 
prestressing 
strand slip, 

in.

Average 
transfer 
length,* 

in.

Compressive 
stress in 
concrete  
fpc, psi

Predicted slab 
web-shear 

strength, kip

Peak shear 
force, kip

Empty cores 12,920 n/a 0.07 50 133 47.4 58.8

Cold-joint core fill 12,940 7290 0.05 42 136 47.4 63.1

Typical  
immediate fill

13,210 8070 0.07 50 110 47.9 71.0

209-day typical 
fill

13,640 9040 0.08 63 85 48.6 62.4

Fiber-reinforced 
fill 

11,940 7300 0.07 51 104 45.8 56.4

Core wall surface 
roughening

10,580 6050 0.06 41 139 43.4 64.5

Headed steel bar 
in core fill

11,350 7100 0.07 56 96 44.8 59.5

Welded-wire 
reinforcement in 
core fill

11,430 7290 0.07 50 104 44.9 66.8

Note: db = nominal diameter of prestressing strand; n/a = not applicable. 1 in. = 25.4 mm; 1 kip = 4.448 kN; 1 psi = 6.895 kPa; 1 ksi = 6.895 MPa. 

*Transfer length was calculated using Eq. (4). For comparison, 50db = 30 in. for 0.6 in. diameter strands.
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concrete ′fcf  and b
w
d

p
 with the cross-sectional area of the filled 

core A
cf
.

   Vcw = 3.5 ′f c + 0.3 f pc( )bwd p +Vp  (3)

where

V
cw

 = nominal shear capacity provided by concrete where 
diagonal cracking results from high principal tensile 
stress in web

f
pc

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

For prestressed concrete members, the axial precompression 
increases from 0 ksi (0 MPa) to its maximum within the trans-
fer length and consequently the web-shear capacity similarly 
increases over this length. For the calculation of shear in pre-
stressed concrete members, ACI 3185 section 22.5.9.1 spec-
ifies that 50d

b
, where d

b
 is the prestressing strand diameter, 

be used as the transfer length of prestressing reinforcement. 
Although this simplified equation is widely used in concrete 
design, it may not capture the true strand bond behavior be-
cause only the strand diameter and stress are considered.

The ACI 3185 transfer-length equation was developed and 
validated using test results from sections fabricated with wet-
cast concrete and may not provide accurate results if extrap-
olated to no-slump concrete, as described in ACI 318 section 
R25.4.8. This may affect the transfer length in extruded 
hollow-core slabs, which are commonly fabricated with no-
slump concrete. Palmer and Schultz6 found that the transfer 
length l

tr
 could be more accurately determined for extruded 

hollow-core slabs when strand-slip measurements are known. 
Their equation uses the difference between initial and peak 
shear load strand slip. This relationship (Eq. [4]) was used for 
the predicted shear capacities in this paper because strand slip 
was measured after each web-shear failure.

   δ=l
E
ftr es
p

pi

5  (4)

where

δ
es
 = measured end slip of strand

E
p
 = modulus of elasticity of prestressing steel

f
pi
 = prestressing steel stress immediately before transfer

The concrete compressive strength ′fc  of both the hollow-
core-slab and core-fill material varied because the specimens 
were fabricated on two separate days and tested on differ-
ent days and some of the duplicate tests were performed at 
different times. As a result, the peak applied shear forces 
cannot be directly compared. Consequently, the experimen-
tally measured shear capacity (that is, peak applied live load 
plus dead load shear force at the time of web-shear cracking) 

was compared with the respective predicted capacity to as-
sess the performance of each test. This comparison normal-
izes the differences in concrete strength between each of the 
individual hollow-core slabs and allows realistic comparison 
between specimens.

This project sought to determine whether the core-fill con-
crete behaved like unreinforced concrete or like fully pre-
stressed concrete. Oftentimes, the shear strength of concrete 
is quantified by a coefficient multiplied by the square root of 
the concrete compressive strength and appropriate cross-sec-
tional area. For example, unreinforced concrete shear 
strength uses a coefficient of 2 (Eq. [2]). The shear strength 
coefficient of the core-fill concrete for each specimen was 
calculated and compared directly with results from the 
other tests. For example, the cold-joint core-filled specimen 
had an average peak applied load of 64.1 kip (285.1 kN). 
With a hollow-core-slab concrete compressive strength 
of 12,940 psi (89.2 MPa) and transfer length of 42 in. 
(1067 mm), the predicted web-shear capacity of the hollow-
core-slab concrete was 47.4 kip (210.8 kN). By subtracting 
the predicted hollow-core slab shear capacity from the peak 
shear force, 16.7 kip (74.3 kN) of shear capacity remained 
and was attributed to the core-fill concrete. The coefficient 
for the core-fill concrete shear capacity was calculated to 
be 3.2 by dividing the remaining shear capacity by both the 
square root of the core-fill concrete strength and the core-fill 
concrete area of 58 in.2 (37,419 mm2) (Fig. 7).

To formulate an equation for the core-fill concrete strength 
that was in the form of a coefficient times the square root of 
the core-fill concrete strength, the hollow-core-slab concrete 
contribution needed to be isolated and excluded. Because all 
of the hollow-core slabs were of identical cross section and 
prestressing configuration, each specimen should have had 
no difference in predicted web-shear capacity when normal-
ized for hollow-core-slab concrete strength. Therefore, the 
predicted hollow-core-slab concrete shear strength was sub-
tracted from the peak applied shear force for each test and the 
remaining force was divided by the square root of the core-fill 
concrete compressive strength (Table 2). Figure 7 shows a 
horizontal reference line at a coefficient of 2.0 to designate 
unreinforced core-fill behavior.

To identify the threshold for fully prestressed concrete be-
havior, the terms in parentheses in Eq. (3) were modified to 
determine an equivalent coefficient multiplied by the square 
root of the core-fill concrete strength (Eq. [5]). The axial 
precompression and core-fill concrete compressive strength 
varied between specimens (Table 2), so the average respective 
values were used to determine the approximate coefficient of 
3.9 in Eq. (5), which is specific to the core-fill concrete (not 
the hollow-core slab). This value is shown as a horizontal line 
in Figure 7 and designates the threshold of prestressed core-
fill concrete behavior.

   +
′

=
f

f
.

.
.pc

cf

3 5
0 3

3 9  (5)
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Core-fill timing specimens

Four specimens in the testing program served to investigate 
the difference in web-shear capacity due to core-fill timing. 
The typical immediate-fill specimen exceeded the web-shear 
capacity of the cold-joint core-fill specimen, both of which 
exceeded the web-shear capacity of the baseline empty-core 
specimen (Fig. 7). The cold-joint core-fill results exceeded 
the predicted web-shear capacity of a hollow-core slab with 
unreinforced core fill by an average of 10%, and the typical im-
mediate-fill results exceeded the predicted web-shear capacity 
of a hollow-core slab with prestressed core-fill concrete by an 
average of 5%. These percentages were determined by dividing 
the average peak applied shear force by the unreinforced and 
prestressed concrete predicted shear capacities, respectively.

The baseline empty-core specimen test results exceeded the 
predicted hollow-core-slab web-shear capacity by 23%, which 
was likely due to the conservative nature of Eq. (3). It was not 
possible to explicitly measure the hollow-core-slab web-shear 
contribution in core-filled specimens because the contribution 
of the hollow-core-slab concrete and core-fill concrete to the 
overall hollow-core slab shear capacity cannot be differentiat-
ed. Because the hollow-core-slab web-shear conservatism was 
likely included in all of the core-filled tests, the web-shear 
contribution of the core-fill concrete presented in Fig. 7 likely 
attributed more web-shear capacity to the core-fill concrete 
than was realistic.

The aged core-filled specimen did not perform as well as 
the typical immediate-fill specimen. The dismantled broken 
hollow-core slab showed that the core-fill concrete was not 
composite with the hollow-core-slab concrete.

Core-fill enhancement specimens

The SFRC core-fill specimen was modified to potentially 
improve the core-fill shear capacity. This specimen had the 
lowest web-shear performance of all of the specimens in the 
testing program. In fact, the empty-core baseline specimen 
outperformed the SFRC core-filled specimen. These results 
were unexpected because even an unaltered core-filled spec-
imen should have outperformed a hollow-core slab with no 
core fill.

The specimen with a headed steel bar in the core fill was ex-
pected to perform at least as well as the typical immediate-fill 
specimen because they were fabricated identically except 
for the headed bar. This specimen had a lower web-shear 
strength than the typical immediate-fill specimen (Fig. 7). 
Cracking of the core-fill concrete in the headed-steel-bar 
specimen was unlike all of the other core-filled specimens, all 
of which had exhibited a consistent diagonal crack through 
the entire core-fill concrete depth. Instead, the core-fill con-
crete of the headed-steel-bar specimen cracked more steeply 
from the hollow-core-slab top flange to the headed-steel-bar 
depth. At the bar level, the core-fill concrete cracks extend-

Figure 7. Coefficient of the square root of the core-fill concrete compressive strength multiplied by the core-fill area in excess 
of the predicted hollow-core-slab web-shear strength. Note: Acf = core-fill concrete area; f'cf = nominal compressive strength 
of core-fill concrete; fpc = compressive stress in concrete, after allowance for all prestress losses, at centroid of cross section 
resisting externally applied loads; Vapp = maximum shear demand applied at failure; Vn = nominal shear resistance of the section 
considered.
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ed longitudinally following the steel bar to the member end 
(Fig. 5). This suggested that the steel bar promoted a failure 
plane along itself in the core-fill concrete that was uncharac-
teristic of the shear cracking observed in the other specimens.

The addition of WWR in the core fill provided transverse 
shear reinforcement similar to traditional stirrups, which was 
expected to increase the core-fill shear strength. The WWR 
specimen had a slightly lower web-shear strength than the 
typical immediate-fill specimen (Fig. 7). This result could be 
interpreted two ways. In one scenario, the core-fill concrete 
may have underperformed and the WWR provided an addi-
tional steel contribution to shear capacity so that the specimen 
performed similarly to the typical immediate-fill specimen. 
Alternatively, the WWR could have been ineffective and the 
core fill performed similarly to the typical immediate speci-
men core fill.

Roughening of the core wall before core filling was intended 
to improve the bond between the core-fill and hollow-core-
slab concretes to promote the transfer of axial precompression 
to the core-fill concrete. The core-wall-surface-roughening 
specimen had a slightly higher web-shear strength than the 
typical immediate-fill specimen and exceeded the strength 
prediction calculated as if the core-fill concrete were pre-
stressed (Fig. 7). In addition, the core-fill concrete remained 
connected to the adjacent hollow-core-slab webs.

Web-shear crack angles

The crack angle relative to the horizontal of each hollow-core-
slab web and core-fill concrete indicated the orientation of 
the principal stresses in the concrete at web-shear failure. The 
angle of the core-fill crack face compared with the adjacent 
hollow-core-slab webs at the same depth likely indicated a 
difference in axial precompression. This comparison could 
also be used to suggest the relative level of precompression 
transmitted between the core-fill and hollow-core slab and the 
effectiveness of the core-fill enhancements.

Discussion of experimental results

Core-fill timing specimens

The empty-core, cold-joint, and typical immediate-fill speci-
mens all slightly exceeded the predicted web-shear capacities 
of an unaltered hollow-core slab, a hollow-core slab with 
unreinforced core-fill concrete, and a hollow-core slab with 
prestressed core-fill concrete, respectively. This trend indi-
cates that the core fill behaved like unreinforced concrete in 
the cold-joint specimen and like prestressed concrete in the 
typical immediate-fill specimen. The aged core-filled speci-
men had a lower web-shear capacity than the typical imme-
diate-fill specimen. If no time-dependent detrimental effects 
had been present, the aged core-filled specimen should have 
performed similarly to the typical immediate-fill specimen. 
However, the aged core-filled specimen behaved as if the 
core fill were unreinforced concrete, indicating that the bond 

between the hollow-core-slab and core-fill concrete was poor. 
This was confirmed by the noncomposite core fill observed 
upon dismantling the specimen. The decreased web-shear per-
formance of the aged core-filled specimen over time is critical 
because precast concrete structures are intended to perform as 
designed throughout their service lives.

Core-fill enhancement specimens

Although the low web-shear strength of the SFRC-core-filled 
specimen was unexpected, no explanation was available for 
why both SFRC core-fill tests had a much lower web-shear 
strength than even the empty-core specimen. The headed-
steel-bar specimen also had a much lower web-shear capac-
ity than expected. Because the only intentional difference 
between the headed-steel-bar specimen and typical immedi-
ate-fill specimen was the headed steel bar, the bar was sus-
pected to have had an undesirable effect, which was counter 
to the predicted effect. Due to the atypical crack face in this 
specimen, the core-fill concrete area beneath the steel bar 
(approximately 15% of the core area) likely did not contribute 
to the core-fill shear strength, which could explain why the 
specimen appeared to underperform.

The WWR specimen and typical immediate-fill specimen 
were constructed identically except for the addition of 
WWR. Consequently, the web-shear capacity of the typical 
immediate-fill specimen was expected to be nearly identical 
to the WWR specimen’s web-shear capacity less the contri-
bution to shear strength possibly afforded by the added steel. 
However, the WWR was not anchored to any prestressing 
strands or supplemental longitudinal reinforcement; the 
typical immediate-fill and WWR specimens had very similar 
web-shear strengths. The estimated steel contribution to 
shear V

s
 was calculated to be 4.8 kip (21.4 kN) based on 

ACI 3185 Eq. (22.5.10.5.3) (Eq. [6] in this paper). If this 
value had been subtracted from the average peak applied 
shear force of 66.8 kip (297.1 kN) (Table 2), the coeffi-
cient multiplied by the square root of the core-fill concrete 
strength would have been 3.3, which is less than the web-
shear capacity of the typical immediate-fill specimen. This 
indicated that the added steel did not notably improve the 
web-shear strength, which was likely because the WWR was 
not anchored outside of the core fill. The core-fill concrete 
of the WWR specimen remained connected to the adja-
cent hollow-core-slab webs, which indicated a good bond 
between the hollow-core-slab and core-fill concretes. This 
further suggests that the core-fill concrete performed like 
prestressed concrete for this specimen. This axial precom-
pression could have been maintained by the longitudinal 
bars of the WWR.

   =V
A f d

ss
v yt  (6)

where

A
v
 = area of shear reinforcement within spacing s
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f
yt
 = specified yield strength of transverse reinforcement

s = center-to-center spacing of transverse reinforcement

Of the four core-fill enhancement specimens, only the 
core-wall-surface-roughening and WWR specimens had web-
shear strengths similar to that of the typical immediate-fill 
specimen and exceeded the strength prediction calculated as 
if the core-fill concrete behaved like prestressed concrete. The 
two other enhancement strategies intended to improve the 
core-fill concrete strength (SFRC core fill and headed steel 
bar in the core fill) had web-shear strengths lower than that 
of the typical immediate-fill specimen and did not exceed 
the strength prediction calculated as if the core-fill concrete 
behaved like prestressed concrete.

Web-shear crack angles

Because the core-fill concrete was expected to have shear 
behavior that ranged between unreinforced and prestressed 
concrete, the crack angle of the core fill relative to the hollow-
core-slab webs served as an indication of the amount of axial 
precompression present in the core-fill concrete. Based on 
Mohr’s circle, concrete with no precompression will crack at 
approximately 45 degrees under an applied shear stress. As 
more axial precompression is added to a member that is also 
carrying an applied shear force, the angle of cracking will 
become shallower relative to the horizontal plane.

The typical immediate fill, core wall surface roughening, 
and WWR in core-filled specimens behaved the most like 
prestressed concrete (that is, the measured capacity of the 
core fill exceeded that of the predicted prestressed core-fill 
concrete behavior) (Fig. 7). Not coincidentally, the core-fill 
crack angles of these three specimens were shallow (34, 41, 
and 32 degrees, respectively) and near the average hollow-

core-slab web crack angle of 33 degrees. This suggested that 
the core-fill concrete had axial precompression in these spec-
imens, which contributed to additional web-shear capacity. 
Similarly, the cold-joint core-filled, SFRC-core-filled, and 
headed-steel-bar specimens had the steepest core-fill crack an-
gles (60, 69, and 60 degrees, respectively) and had the lowest 
web-shear strengths of the hollow-core slabs, further support-
ing this correlation. The core-fill crack angle of 40 degrees in 
the 209-day typical-fill specimen was near the average crack 
angle of the hollow-core-slab webs (33 degrees), but the shear 
capacity of the hollow-core slab was lower than the predicted 
capacity, with the core fill treated as prestressed concrete. This 
was the only specimen that did not fit the correlation between 
core-fill crack angle and shear performance.

Composite action

After investigating the broken, deconstructed specimens, 
the core-fill concrete remained composite with the adjacent 
hollow-core-slab webs for the three specimens that had the 
highest web-shear strengths (typical immediate fill, core wall 
surface roughening, and WWR in core fill). The crack faces 
on these three specimens (Fig. 8) indicated that the core-
fill concrete acted monolithically with the hollow-core-slab 
concrete because the crack face and angle across the hol-
low-core-slab webs and core-fill concrete were similar and 
uniform. This observation suggests that the bond between the 
hollow-core-slab and core-fill concrete was a critical factor 
in the web-shear strength of core-filled hollow-core slabs, 
particularly in the core-wall-roughening specimen. The other 
four core-filled specimens did not appear to have composite 
action between the core-fill concrete and hollow-core-slab 
concrete, as indicated by a crack around the perimeter of the 
core-fill concrete when viewed from the end of the hollow-
core-slab and confirmed with deconstruction of the specimens 
after failure.

Figure 8. Core-fill concrete with a crack face angle similar to the adjacent hollow-core-slab webs.

Typical immediate-fill specimen Core-wall-surface-roughening specimen Welded-wire 
reinforcement 

specimen
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Conclusion

Experimental web-shear tests were performed on 12 in. 
(304.8 mm) deep hollow-core slabs to investigate how a 
concrete-filled core augmented the web-shear capacity of the 
slab. Core-fill material was added both immediately following 
extrusion and following detensioning to examine the effects of 
core-fill timing relative to the core-fill web-shear strength. In 
addition, several core-fill enhancement strategies were imple-
mented and tested to investigate practical methods to poten-
tially improve the core-fill web-shear strength. The following 
conclusions were drawn based on the results and observations 
of the tests performed within this project.

• None of the core-fill enhancement strategies definitively 
demonstrated an improvement in web-shear capacity 
beyond the typical core-filled specimen. Rather, bond 
between the core-fill concrete and hollow-core-slab 
concrete appeared to be the most important factor for 
core-fill web-shear strength.

• When a core was filled with concrete within an hour of 
hollow-core slab extrusion and allowed to cure with the 
hollow-core slab before prestressing strand release, the 
total web-shear capacity of the hollow-core slab had the 
potential to perform as if both the hollow-core-slab and 
core-fill concretes were fully prestressed.

• When the prestressing strands of a hollow-core slab were 
released and the hollow-core slab was cured before core 
filling, a cold joint between the cured hollow-core-slab 
concrete and core-fill concrete often contained residual 
saw-cutting dust. Hollow-core slabs with core-fill con-
crete added in this time line performed as if the core fill 
was nonprestressed, unreinforced concrete.

• When a hollow-core slab with core fill added immedi-
ately after extrusion was allowed to age approximately 
seven months (five months more than the other specimens 
in this experimental study), the core-fill concrete shear 
strength decreased from prestressed concrete behavior to 
unreinforced concrete behavior. This decrease in core-fill 
shear strength was attributed to the additional concrete 
shrinkage experienced over a longer amount of curing 
time, which likely compromised the bond between the 
hollow-core-slab and core-fill concrete. As the bond 
weakened, the axial precompression present in the core-
fill concrete decreased, resulting in a lower web-shear 
capacity of the hollow-core specimen.

• The core fills enhanced with steel-fiber reinforcement, 
a headed steel bar, and WWR did not show promise for 
improving the core-fill web-shear capacity.

• Vertically roughening the hollow-core-slab web walls 
inside the void before placing core-fill concrete im-
proved the shear strength of the hollow-core specimen. 
The increase in core-fill shear capacity was attributed to 

a stronger bond and composite action between the slab 
concrete and core-fill concrete, which likely resulted in 
more axial precompression.

• Adequate bond between the hollow-core-slab concrete 
and core-fill concrete allowed the core-fill concrete to 
have axial precompression, which in turn increased the 
core-fill concrete shear capacity. This conclusion was 
supported by the observed crack angles of the core-fill 
concrete. Specifically, the three core-filled specimens 
with the greatest shear capacity (typical immediate fill, 
core wall surface roughening, and WWR) had shallow 
core-fill concrete crack angles relative to the horizon-
tal plane and remained connected to at least one of the 
adjacent hollow-core-slab webs, which indicated the 
presence of axial precompression in the core-fill concrete 
and good bond with the slab concrete. Conversely, the 
three core-filled specimens with the lowest shear capacity 
(cold-joint core fill, SFRC core fill, and headed steel bar) 
had steep core-fill concrete crack angles and the core-fill 
concrete was not composite with the hollow-core-slab 
concrete. This indicated a lack of axial precompression 
and poor bond with the hollow-core-slab concrete.

Acknowledgments

This project was made possible by the support and guidance 
of the PCI Daniel P. Jenny Fellowship Program, PCI Advisory 
Board, and industry partner Molin Concrete Products of Lino 
Lakes, Minn. The opinions and conclusions expressed in this 
paper are those of the authors and do not necessarily reflect 
the views of the funding agency, advisory board, or industry 
partner.

References

1. PCI Hollow Core Slab Producers Committee. 2015. PCI 
Manual for the Design of Hollow Core Slabs and Walls. 
MNL-126. 3rd ed. Chicago, IL: PCI.

2. Peaston, C., K. Elliott, and K. Paine. 1998. “Steel Fiber 
Reinforcement for Extruded Prestressed Hollow-Core 
Slabs.” In Structural Applications of Fiber Reinforced 
Concrete. SP 182-6. Farmington Hills, MI: ACI (Ameri-
can Concrete Institute).

3. Dudnik, V. S., L. R. Milliman, and G. J. Parra-Monte-
sinos. 2017. “Shear Behavior of Prestressed Steel-Fi-
ber-Reinforced Concrete Hollow-Core Slabs.” PCI 
Journal 62 (4): 58–72.

4. Simasathien, S., and S. H. Chao. 2015. “Shear Strength 
of Steel-Fiber-Reinforced Deep Hollow-Core Slabs.” PCI 
Journal 60 (4): 85–101.

5. ACI Committee 318. 2014. Building Code Requirements 
for Structural Concrete (ACI 318-14) and Commentary 
(ACI 318R-14). Farmington Hills, MI: ACI.



73PCI Journal  | March–April 2020

6. Palmer, K. D., and A. E. Schultz. 2011. “Experimental 
Investigation of the Web-Shear Strength of Deep Hol-
low-Core Units.” PCI Journal 56 (4): 83–104.

7. McDermott, M. R. 2018. “Shear Capacity of Hol-
low-Core Slabs with Concrete Filled Cores.” MS thesis, 
University of Minnesota–Duluth.

8. Hawkins, N. M., D. A. Kuchma, R. F. Mast, M. L. Marsh, 
and K.-E. Reineck. 2005. Simplified Shear Design of 
Structural Concrete Members. NCHRP (National Coop-
erative Highway Research Program) report 549. Wash-
ington, DC: Transportation Research Board.

9. ASTM Subcommittee C09.61. 2017. Standard Test 
Method for Compressive Strength of Cylindrical Concrete 
Specimens. ASTM C39/C39M-17b. West Conshohocken, 
PA: ASTM International.

10. ASTM Subcommittee C09.61. 2017. Standard Test Meth-
od for Splitting Tensile Strength of Cylindrical Concrete 
Specimens. ASTM C496/C496M-17. West Conshohock-
en, PA: ASTM International.

11. Chao, S.-H., A. E. Naaman, and G. J. Parra-Montesinos. 
2006. “Bond Behavior of Strand Embedded in Fiber 
Reinforced Cementitious Composites.” PCI Journal 51 
(6): 56–71.

12. Boresi, A. P., and R. J. Schmidt. 2003. Advanced Me-
chanics of Materials. 6th ed. New York, NY: John Wiley 
& Sons.

13. PCI Industry Handbook Committee. 2017. PCI Design 
Handbook: Precast and Prestressed Concrete. MNL-120. 
8th ed. Chicago, IL: PCI.

Notation

a = shear span

A
cf
 = core-fill concrete area

A
v
 = area of shear reinforcement within spacing s

b
w
 = width of web

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

d
b
 = nominal diameter of prestressing strand

d
p
 = distance from extreme compression fiber to centroid 

of prestressing reinforcement

E
p
 = modulus of elasticity of prestressing steel

′fc  = nominal compressive strength of slab concrete

′fcf  = nominal compressive strength of core-fill concrete

f
pc

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

f
pi
 = prestressing steel stress immediately before transfer

f
pu

 = specified tensile strength of prestressing steel

f
yt
 = specified yield strength of transverse reinforcement

h = section depth

l
tr
 = transfer length

s = center-to-center spacing of transverse reinforcement

V
app

 = maximum shear demand applied at failure

V
c
 = nominal shear capacity provided by concrete

V
cw

 = nominal shear capacity provided by concrete where 
diagonal cracking results from high principal tensile 
stress in web

V
n
 = nominal shear capacity of the section considered

V
p
 = vertical component of effective prestress force at 

section

V
s
 = nominal shear capacity provided by shear reinforce-

ment

δ
es
 = measured end slip of strand

φ = shear strength reduction factor
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Abstract

Precast concrete manufacturers frequently enhance 
the shear capacity of hollow-core slabs by filling one 
or more of the cores with concrete in regions where 
the shear demand exceeds the slab capacity. Although 
routinely implemented, the core-fill web-shear per-
formance has not been thoroughly studied and can be 
ambiguous in design. Sixteen experimental web-shear 
tests were performed on eight 12 in. (304.8 mm) deep 
hollow-core slabs, each slab tested twice, to investigate 
how a concrete-filled core augmented the web-shear 
capacity of the hollow-core slab. Core-fill material 
was added both immediately following extrusion and 
following detensioning to consider core-fill timing 
in regard to web-shear strength. In addition, several 
core-fill enhancement strategies were implemented and 
tested to investigate practical methods to potentially 
improve the core-fill web-shear strength. None of the 
core-fill enhancement strategies definitively demon-
strated an improvement in web-shear capacity beyond 
the typical core-filled specimen. Rather, bond between 
the core-fill concrete and hollow-core-slab concrete 
appeared to be the most important factor for core-fill 
web-shear strength.
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