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Details of special reinforcement at the end supports of hollow­
core precast concrete floor units with a cast-in-place concrete 
topping slab are discussed. This reinforcement is intended to 
prevent collapse of the floors in the event of inadequate seating 
lengths or imposed movements due to volume changes or 
earthquakes. Results from experimental tests in which a 
vertical load was applied to the hollow-core precast concrete 
floor units with a cast-in-place topping slab and special support 
reinforcement are also presented. Three types of special 
reinforcement were investigated with two types of test. In one 
test, the vertical load was applied when the support seating 
was zero; in the other test, the vertical load was applied after 
the precast floor unit had been pulled horizontally off the 
supporting beam. The special reinforcement was shown to be 
capable of supporting at least the service gravity loads in these 
extreme conditions, if well designed. 

T
he use of precast concrete in 
flooring systems has become 
commonplace in many coun­

tries . While design and construction 
aspects for precast concrete floors 
have generally been carefully consid­
ered, aspects of the support of precast 
concrete floors in building structures 
have not been fully covered by build­
ing codes. For example, both the cur­
rent New Zealand concrete design 
standard, NZS 3101: 1982,' and the 
building code for reinforced concrete 
of the American Concrete Institute, 
ACI 318-89,2 contain comprehensive 

provisions for the design of cast-in­
place concrete structures but do not 
contain provisions covering all aspects 
of structures incorporating precast 
concrete elements. 

In regions of countries where earth­
quakes may occur, the design and con­
struction of structures incorporating 
precast concrete elements subjected to 
seismic forces require particular care. 
Because New Zealand is in an active 
earthquake zone, and the use of pre­
cast concrete in buildings increased 
significantly in the 1980s, the New 
Zealand Concrete Society and the 
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Fig. 1. Types of support used in New 
Zealand for precast concrete hollow-core 
floor units seated on precast concrete 
beams. 

New Zealand National Society for 
Earthquake Engineering formed a 
study group in 1988 to summarize and 
present data on precast concrete de­
sign and construction, with emphasis 
on seismic aspects. The outcome of 
the deliberations of the study group is 
a manual authored by the members of 
the group titled "Guidelines for the 
Use of Structural Precast Concrete in 

-­

Building s," which was pub­
lished by the Centre for Ad­
vanced Engineering of the Uni­
versity of Canterbury in August 
1991.3 

Currently, practically all floors 
in New Zealand buildings are 
constructed of precast concrete, 
spanning one-way between 
beams or walls. The precast con­
crete elements generally act 
compositely with a cast-in-place 
concrete topping slab. Typically, 
the topping slab is 65 mm (2.6 
in.) thick and contains at least 
the minimum reinforcement re­
quired for slabs in order to trans­
fer the seismic shear forces to 
the supporting structure through 
diaphragm action. In New 
Zealand, very limited use has 
been made of untopped precast 
concrete floor units with appro­
priate shear transfer provided. 

The chapter in the New 
Zealand Guidelines3 on floor 
unit support and continuity iden­
tifies three basic types of sup­
port for precast concrete hollow­
core floor units using precast 

concrete beams (see Fig. 1). These 
basic types of support can also be used 
for other types of precast concrete 
floor systems. The main difference 
among these types is the depth of the 
precast concrete supporting beams. 

In the case of the Type 1 support 
shown in Fig. 1, the use of relatively 
shallow precast concrete supporting 
beams enables the cast-in-place con-

Fig. 2. Example of hanger bars for precast concrete floor units used in New Zealand. 
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crete to be placed easily between the 
ends of the floor units, thus ensuring re­
liable negative moment continuity to be 
developed between those units. How­
ever, the relatively shallow precast con­
crete supporting beams may need to be 
propped during construction. 

The Type 2 support has deeper sup­
porting beams that require less prop­
ping, but if the vertical gaps between 
the precast supporting beam and the 
floor units are small , there may be dif­
ficulty in placing the cast-in-place 
concrete in the gaps. The Type 3 sup­
port is useful at perimeter beams and 
at walls. 

AVOIDANCE OF POSSIBLE 
FAILURE AT SUPPORTS 
Failure of the support of precast con­

crete floor systems, leading to collapse, 
can occur due to two main reasons: 

1. Inadequate seating lengths in the 
direction of the span, normally as a re­
sult of tolerances not being met. 

2. Seating lengths in the direction of 
the span that are reduced as a result of 
imposed movements from volume 
changes of structural members result­
ing from creep and shrinkage, from 
seismic shaking di slodging the floor 
units, or from an increase in di stance 
between the supporting beams caused 
by the elongation of adjacent beams 
from plastic hinging in a ductile frame 
during a severe earthquake.3.4 

Special reinforcement in the form of 
inclined hanger bars or saddle bars, as 
shown in Figs. 2 and 3, can be de­
signed to carry the precast concrete 
floor units in the event of bearing fail­
ure at the end of the units or lateral 
movement of units off the supporting 
beams. 3 Overseas practice, including 
the use of continuity or tie steel at sup­
ports as suggested by the Federation 
Internationale de Ia Precontrainte 
(FIP) ' and the Precast/Prestressed 
Concrete Institute (PCI),6 is illustrated 
in Figs. 4 and 5. 

The special reinforcement must be 
designed to be capable of providing 
an alternative load-carrying mecha­
nism that will permit the precast con­
crete floor units to remain suspended 
in the event of loss of end bearing. 
This will eliminate the danger of a 
progressive collapse caused by floor 
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units falling onto the floors below. 
The draft revision of the New 

Zealand standard for the design of 
concrete structures7 makes certain rec­
ommendations for precast concrete 
floor or roof members, with or without 
the presence of a cast-in-place rein­
forced concrete toppi ng slab . The 
standard states that, unless the perfor­
mance of alternative details at the sup­
ports is proven by analysis or test to 
be acceptable, each member and its 
supporting system shall be designed so 
that, under a reasonable combi nation 
of unfavorab le construction to ler­
ances, the distance from the edge of 
the support to the end of the precast 
member in the direction of its span is 
at least '/ ,so of the clear span but not 
less than 50 mm (2 in.) for solid or 
hollow-core slabs or 75 mm (3 in.) for 
beams or ribbed members. 

Therefore, according to the draft 
New Zealand standard, proven alterna­
tive support details are required unless 
the specified end distances are pro­
vided. The above recommendation is 
similar to that being considered by 
ACI Committee 318 for the next revi­
sion of the current ACI Building 
Code. The above end distances are 
similar to those recommended by 
ACI-ASCE Committee 550.8 

A research project is currently in 
progress at the University of Canter­
bury that tests the performance of 
some possible alternative support de­
tails in the form of special reinforce­
ment at the ends of precast concrete 
hollow-core floor un its in buildings 
designed for earthquake resistance. 
This paper presents the results of the 
ftrst series of tests of the research pro­
ject. Further details may be fou nd in 
Ref. 9. 

VERTICAL SHEAR 
FORCE TRANSFER 

When considering ways of transfer­
ring the vertical reaction at the ends of 
precast concrete floor units in the 
event of loss of seating at the support­
ing beams, the designer may assume 
the shear force is being carried by one 
of two actions: 

1. Shear friction across vertical 
cracks in the cast-in-place concrete 
topping slab and at the interface at the 
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Saddle bars anchored Into 
concrete filled cores after 
breaking tops of end cores 

PrBCBst concrete 
beam 

Fig. 3. Saddle bars for precast concrete hollow-core 
units suggested by the New Zealand Guidelines. 

Plan Slit for 
concreting 

Plan 

Fig. 4. Details of continuity or tie steel suggested by the Federation lnternationale 
de Ia Precontrainte (FIP). 

Reinforcement grouted in 
Topping longitudinal joints between 
If required floor joints 

~----

Reinforcement grouted In 
longitudinal joints between 
floor joints 

Topping 
if required 

Fig. 5. Details of continuity steel suggested by the 
Precast/Prestressed Concrete Institute (PCI). 
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(a) Shear carried by Interface friction 
across a narrow crack. 

Crack 

l'!'ldt~ I 

(b) Shear carried by kinking of reinforcement 
across a wide crack. 

Fig. 6. Two mechanisms for transfer of shear force 
across cracks. 

ends of the precast concrete units, if 
the crack widths are relatively narrow 
(see Fig. 6a); or 

2. Kinking of the reinforcement 
crossing the cracks, if the crack widths 
are large (see Fig. 6b). 

Shear Friction 

According to ACI 318,2 in the gen­
eral case when the shear-friction rein­
forcement is inclined at an angle other 
than 90 degrees to the shear plane and 
such that the shear force produces ten­
sion in the shear-friction reinforce­
ment, the shear force V,, transferred by 
shear friction across a crack by inter­
face roughness is given by: 

V,, = AvJJlJ.lcosO; +sinO;) (1) 

where 

f.1 =coefficient of friction, which is 
1.4 for a crack in concrete placed 
monolithically, 1.0 for a crack at 
the interface of concrete placed 
against hardened concrete that is 
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clean, free of laitance and inten­
tionally roughened to a fuiJ ampli­
tude of at least 6 mm ('/. in .), or 
0.6 for concrete placed against 
hardened concrete that is clean 
and free of laitance but is not in­
tentionally roughened to a full 
amplitude of at least 6 mm ('!. in.) 

Av1 =area of shear-friction reinforce­
ment 

/y =yield strength of shear-friction 
reinforcement 

8; = angle of shear-friction reinforce­
ment to normal of shear plane 
(see Fig. 6a) 

This dual contribution of inclined 
reinforcement (clamping force pro­
vided by the component of bar force 
normal to the shear plane and resisting 
force provided by the component of 
bar force along the shear plane) was 
confirmed by Mattock. 10 

Mattock et al." have also reported 
that bending moments acting on the 
shear plane equal to or less than the 
flexural strength of the section at the 

shear plane do not reduce the shear 
that can be transferred by shear fric­
tion. Hence, Eq. (1) can be applied to 
a crack in a structural element trans­
ferring both shear force and bending 
moment. 

It is assumed that the shear di splace­
ment along the crack for this mecha­
nism is small, because the crack width 
is also small. Hence, the shear trans­
ferred by dowel action across the 
crack is negligible because the mobi­
lization of dowel action requires a 
larger shear displacement. 12 

Note that the design load of the 
floor calculated from the vertical shear 
capacity at the supports due to shear 
friction cannot exceed that governed 
by the flexural strength or shear (diag­
onal tension) strength of the floor. 

Kinking 

When the crack widths are large, 
and the interface roughness can no 
longer interlock across the crack, the 
shear di splacement along the crack 
will become large. When the crack 
width becomes very large, the shear 
transfer mechanism occurs through 
kinking of the bars crossing the crack. 
The shear force , V,,, transferred by 
kinking across a vertica l crack (see 
Fig. 6b) is given by: 

where 

Avf =area of s teel reinforcement 
crossing the crack 

f s =stress in steel reinforcement 
crossing the crack, normally 
taken as the yield strength f y 
but hjgher if the bar enters the 
strain hardening range after 
yield 

et =angle of kinked reinforcement 
crossing the crack to the normal 
of the crack, equaling the sum 
of any initial angle of inclina­
tion, 8;, of bar to the normal of 
the crack plus the kinking angle, 
ek, of the bar (see Fig. 6b) 

Need for Special Reinforcement 

The transfer of shear by shear fric­
tion or kiokjng of reinforcement in the 
cast-in-place topping slab alone may 
not be effective because splitting of 
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the topping slab from the precast con­
crete hollow-core units may occur. 
This is because precast hollow-core 
units do not contain web shear rein­
forcement and hence, are not tied to 
the topping slab, because of the dry­
cast manufacturing process. Therefore, 
the special reinforcement at the ends 
of precast concrete hollow-core units 
will generally need to be anchored 
with cast-in-place concrete in either 
the voids within the units or in the lon­
gitudinal joints between the units. 

LITERATURE REVIEW 
Very little testing has been con­

ducted investigating the effectiveness 
of the various arrangements of hanger, 
saddle, tie and continuity rei nforce­
ment shown in Figs. 2 to 5. 

In New Zealand, Blades et al. 13 have 
conducted ultimate load tests to inves­
tigate the effects of various seating 
conditions on precast concrete hol­
low-core units spanning between sup­
porting beams with a 65 mm (2.6 in.) 
thick cast-in-place concrete topping 
slab. It was concluded that end bear­
ing lengths as small as 5 mm (0.2 in.) 
in the direction of the span are satis­
factory for support, assuming that 
welded steel mesh in the topping slab 
and saddle bars anchored in filled 
voids , both continuous over the sup­
port, are present. 

In Sweden, Engstrom 14
•
15 conducted 

several tests to study the basic behav­
ior of tie connections when subjected 
to large displacements . Various simple 
types of tie connections between con­
crete panels were loaded to failure in 
pure tension, bending, or combined 
normal and transverse loading. The 
load-displacement relationship, the an­
chorage behavior, and the type of fail­
ure were recorded. The objective was 
to investigate the achievable deforma­
tion capacity for some basic types of 
tie connections and to suggest simple 
design and computational methods 
based on the test results. The main 
conclusions reached were: 

1. To achieve a large deformation 
capacity, it is important to prevent an­
chorage failure of the tie bars. This 
means that the anchorage capacity 
should exceed the fracture strength of 
the ties. Therefore, the strength of the 
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TIE CONNECTION 
TYPE 1 OF 
SPECIMEN 1 

Welded wire mesh 
5.3mm diameter at 150mm 
centres both ways 

750 

Precast Beam Type 1 

16 Grade 300 

Seating length 
50mm Test A 
Omm Test B 

TIE CONNECTION 
TYPE2 OF 
SPECIMEN 2 

TIE CONNECTION 
TYPE8 OF 
SPEC/liEN 3 

TYPICAL 
CROSS 
SECTION 

.. ! 

Topping 

Hollow-core 
unit 

Fig. 7. Details of tie connections investigated (dimensions in mm; 1 mm = 0.0394 in.). 

ties in the strain hardening range must 
be taken into account. 

2. Plain round tie bars should be an­
chored by end hooks. Deformed bars 
can be anchored by adequate straight 
embedment length but, because of 
possible poor or incomplete filling of 
joints and voids, deformed bars should 
also be provided with end hooks. 

3. Large tie extensions in the plastic 
range can be obtained if bond failure 
propagates along the tie bar, thus per­
mitting yielding of steel to extend 
along the bar. The possible plastic 
elongation of a tie bar can be increased 
by any method that increases the 
length of the region of bond failure . 

4. The tensile behavior of the con­
nections between precast floor units 

does not appear to be affected by the 
dynamic action that follows the sud­
den loss of a support. In analysis, the 
behavior of floor connections can be 
characterized by load-displacement re­
lationships that were derived from 
tests with static loading. 

THE CURRENT 
TEST SERIES 

Test Specimens and Loading 

The behavior of three different types 
of tie connection between the ends of 
precast, pretensioned concrete hollow­
core units, subjected to large displace­
ments, has been investigated at the 
University of Canterbury.• Each hoi-
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TESTB 

I Force 

Support 1 

Free Span 1 
= 3200 

Note: Drawing Is not to scale 

Free Span 2 
= 1800 

Support 2 Support3 

PLAN 

TESTA 

Free Span 3 
.. 3250 

Support 4 

Fig. 8. Dimensions and test setup of specimens (dimensions in mm; 1 mm = 0.0394 in.). 

low-core unit had a cross section 
200 mm (7 .9 in.) deep x 1200 mm 
(47.2 in.) wide and contained six voids. 

The seven prestressing tendons 
were placed at the bottom of the 
webs, the five inner tendons being 
12.5 mm (0.5 in.) diameter strand and 
the outermost strands being 11.0 mm 
(0.43 in.) diameter strand. A typical 
cross section is shown in the Ap­
pendix. All dimensions ,. properties, 
and materials of the hollow-core units 
are also given in the Appendix. 

Cast-in-place concrete was present 
over the precast units and the support­
ing beams. The 65 mm (2.6 in.) thick 
topping slab over the units was rein­
forced at mid-depth by a square 
welded wire mesh formed of 5.3 mm 
(0.21 in .) diameter wires at 150 mm 
(5.9 in.) centers. This mesh reinforce­
ment had an area that was 0.0023 of 
the gross area of the topping slab and 
is typical of that used in New Zealand 
buildings. 

The three types of tie connection that 
were investigated are shown in Fig. 7. 
The ties were placed in two voids of 
each unit, which were broken back over 
a length of 750 mm (29.5 in.) and filled 
with cast-in-place concrete during the 
placing of the topping concrete. The tie 
bars were from Grade 300 reinforcing 
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Fig. 9. Specimen 1 during construction. 

steel, which has a characteristic yield 
strength of fy = 300 MPa (43.5 ksi) . 
Plain round 16 mm (0.63 in.) diameter 
bars were used for tie connection Types 
1 and 3 and deformed 16 mm (0.63 in.) 
diameter bars were used for tie connec­
tion Type 2. 

Electrical resistance strain gauges of 
5 mm (0.2 in.) gauge length were at­
tached to the tie bars at intervals. Pre­
liminary trials had shown that for the 

type of gauges and adhesive used, 
strains up to at least 6 percent could be 
measured before failure of the gauges. 

The test specimens were constructed 
with the dimension s and test setup 
shown in Fig. 8. The hollow-core units 
used for each test specimen were in 
three separate lengths , forming three 
spans. Each test specimen contained the 
same type of tie connection between the 
units at the two interior supports. 
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One exterior support was a hinge 
mechanism mounted over rollers that 
was free to move horizontally. The 
other supports were precast concrete 
beams. All supports were seated on the 
laboratory floor. The vertical sides of 
the precast beams adjacent to the ends 
of the hollow-core units were rela­
tively smooth, as in practice. Fig. 9 
shows Specimen 1 during construction. 

Each test specimen was subjected to 
two loading tests: 

Test A - This test involved the right 
side span of the specimen only (see Fig. 
8); the left end of this span had been 
constructed without bearing on the sup­
porting beam. During construction, 
polystyrene pads were used to block out 
the voids that were not being used to 
anchor the two tie bars; the reason for 
this was to prevent concrete from pene­
trating inside those voids. 

The polystyrene pads protruded out 
of the voids towards the supporting 
beam a distance of 20 mm (0.79 in.). 
In this way, only the shear-friction ca­
pacity provided by the topping slab 
and the two filled voids and their rein­
forcement was studied. In the test, the 
vertical load on that span was in­
creased and the vertical load vs. verti­
cal displacement relationship at the 
left end was measured. 

Test B - This test involved the left 
side span of the specimen only (see 
Fig. 8). First, a horizontal force was 
applied to the left end support, forcing 
that span to slide horizontally until the 
right end of the hollow-core unit pulled 
off its interior support. This involved a 
55 mm (2.2 in.) horizontal movement 
of that span resulting in a transverse 
crack of about that width in the top­
ping slab at the right end of the span. 
This movement was imposed because 
it is equal to the total seating length of 
the floor in the direction of the span 
plus 5 mm (0.20 in.) additional move­
ment to avoid contact between the end 
of the floor unit and the beam face dur­
ing the vertical displacement to follow. 

The vertical reaction of the floor at 
this support could only be provided by 
the kinking of the tie bars. Next, keep­
ing the horizontal position of the unit 
constant, the vertical load on the span 
was successively increased and the ver­
tical load vs. vertical displacement rela­
tionship at the right end was measured. 
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Selection of 
Tie Size and Shape 

Diameter and Steel Grade - Ac­
cording to the FIP,5 the anchorage ca­
pacity of ties in filled voids of precast 
concrete hollow-core units at the stage 
of splitting the unit has not been satis­
factorily examined. For 265 mm 
(10.4 in.) thick hollow-core units with­
out a cast-in-place concrete topping 
slab, it is recommended that the yield 
load of the tie bars introduced at an end 
should not exceed 160 kN (36 kips) 
and that the yield load of tie bars in­
troduced in each core at an end should 
be limited to 80 kN (18 kips).5 

If the above criterion is applied to 
200 mm (7 .9 in.) thick hollow-core 
units with a 65 mm (2.6 in.) thick cast­
in-place reinforced concrete topping 
slab, a good tie selection is two 16 mm 
(0.63 in.) diameter bars of Grade 300 
steel [with characteristic yield strength 
of 300 MPa (43.5 ksi)]. This gives the 
maximum yield load for two tie bars. 

An advantage of using Grade 300 
steel instead of Grade 430 steel [with 
characteristic yield strength of 430 MPa 
(62.4 ksi)] in New Zealand is the 
larger ultimate elongation available 
from Grade 300 steel (20 percent for 
Grade 300 and 15 percent for Grade 
430 are the New Zealand specified 
minimums'6

). 

Shape and Surface - The shape of 
tie connection Type 1 (Fig. 7) is that 
suggested by the FIP and was con­
structed using plain round bars and 
beam support Type 1 (Fig. 1). The 
shape of tie connection Type 2 is that 
suggested in the New Zealand Guide­
lines,3 and was constructed using de­
formed bars and beam support Type 2. 

As an alternative, a proposed tie con­
nection Type 3 was also constructed 
using plain round bars and beam sup­
port Type 2. The use of plain round bars 
enables bond failure to propagate along 
the tie bar, thus making large ultimate 
elongation possible and, therefore, in­
creasing the energy absorption capacity 
of tie connection Types 1 and 3. 

Length - For the selection of the tie 
length, two approaches were followed: 

1. With regard to design against 
progressive collapse, the anchorage of 
the tie should be sufficient to resist the 
fracture load (rather than the yield 

load used in ordinary design). In this 
way, it is possible to take advantage of 
the force carried by the. tie connection 
in the entire plastic range of the bar. 
The conventional straight anchorage 
length, Ld, of deformed tie bars as 
found in design standards, i.e., NZS 
3101' or ACI 318, 2 should be in­
creased to make this possible. 

The additional length for deformed 
bars can be estimated using Table 2.2 
of the FIP report.5 This table indicates 
that for a 16 mm (0.63 in.) diameter 
Grade 300 bar [with characteristic 
yield strength of 300 MPa (43.5 ksi)], 
the additional length required is 256 mm 
(10 in.), considering a concrete 
strength of 36 MPa (5200 psi) and a 
ratio of tensile strength to yield 
strength, fsulfy, of 1.5 (the maximum 
value for that ratio permitted for 
Grade 300 steel in New Zealand'6

). 

Therefore, the total anchorage 
length for a 16 mm (0.63 in.) diameter 
deformed tie bar of Grade 300 steel is 
the conventional length' plus the addi­
tional length required, or: 

Ld = 419 mm (16.5 in.) 
+ 256 mm (10 in.) 

= 675 mm (26.5 in.) or 42db 

where db is the bar diameter. 

2. The end of the cast-in-place con­
crete within the filled voids will form 
a discontinuity in the hollow-core unit 
and create a potential plane of crack­
ing. For that reason, the cast-in-place 
concrete fill and the tie bars should ex­
tend at least a distance equal to the 
transfer length of the prestressing 
strand from the end of the hollow-core 
unit.' 

According to NZS 310 1' and ACI 
318,2 the transfer length for 12.5 mm 
(0.5 in.) diameter seven-wire strand 
can be assumed to be 50 x 12.5 = 625 
mm (24.6 in.). Libby'7 suggests that 
the transfer length of tendons released 
by cutting with an abrasive wheel can 
be expected to be 20 to 30 percent 
greater than that of tendons that are re­
leased gradually. Then the transfer 
length becomes 1.20 x 625 = 750 mm 
(29.5 in.). 

In the test specimens, the tie con­
nections were anchored over a length 
of 750 mm (29.5 in.) inside the filled 
voids of the hollow-core units (see 
Fig. 7). 
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RESULTS FROM TESTS 
ON SPECIMEN 1 WITH 

TIE CONNECTION TYPE 1 

Test A of Specimen 1 W,ith 
Tie Connection Type 1 

Test Results - In Test A, the ap­
plied vertical load on the right side 
span was increased incrementally (see 
Test A in Fig. 8). The measured rela­
tionship between the applied vertical 
load and the vertical displacement at 
the left end of the hollow-core unit, 
which was the end without bearing 
length, is shown in Fig. 10. 

The first crack (induced by negative 
moment) was observed on the top sur­
face of the topping slab above the end 
of the hollow-core unit at an applied 
vertical load of 165 kN (37.1 kips) and 
a vertical displacement of 0 .1 mm 
(0.004 in.). The maximum applied 
vertical load reached was 374 kN 
(84.1 kips) at a vertical displacement 
of 2.2 mm (0.087 in.) . At this stage, 
the end of the topping slab separated 
from the precast unit (see Fig. 11 ). 

The vertical reaction at the face of 
the support can be calculated by stat­
ics from the applied vertical load and 
the geometry of the loading shown in 
Fig. 8. When the applied load was a 
maximum , the end reaction had a 
value of: 

374 x 2725/3250 = 313.6 kN (70.5 kips) 

from the applied load plus 7 .5 kN 
(1.7 kips) from the dead load of the 
hollow-core unit with topping. This 
gives a total of 321 kN (72.2 kips) if 
the floor is considered to be simply 
supported, or a slightly higher value (3 
percent greater) if the negative mo­
ment flexural strength at the support 
due to the mesh and ties is considered. 

Theoretical Ultimate Shear Force 
- The theoretical ultimate vertical 
shear strength of thi s connection can 
be estimated using the shear-friction 
concept. The critical vertical crack 
will cross monolithic concrete in the 
cast-in-place topping slab and in the 
filled voids at the end of the precast 
unit. In Eq. (1), J..l = 1.4 and the clamp­
ing force across the crack is given by 
the sum of the forces provided by the 
steel mesh and the ties acti~g normal 
to the vertical crack. 
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Fig. 10. Applied vertical load vs. vertical displacement measured at end of unit 
during Test A on connection Type 1 (1 kN = 0.225 kips; 1 mm = 0.0394 in.) . 

For the mesh: 
Avf = 176 mm2 (0.27 sq in.) 

/y == 551 MPa (79.9 ksi), but 415 
MPa (60.0 ksi) is the maxi ­
mum allowed in shear-friction 
calculations2 

8; = 0 degrees 

For the ties: 
Avf = 402 mm2 (0.62 sq in.) 

f y = 317 MPa (46.0 ksi) 

e; = 0 degrees 

Therefore, from Eq. (1): 
V,, = (176 X 415 + 402 X 317) X 1.4 

= 281 kN (63.2 kips) 
This theoretical value can be com­

pared with the maximum vertical end 
reaction of 321 kN (72.2 kips) ob­
tained from the test. 

Test B of Specimen 1 With 
Tie Connection Type 1 

Test Results - In the first stage of 
the test, the left side span was pulled 
longitudinally by a horizontal tensile 
load (Test B in Fig . 8). During this 
loading, the vertical joint between the 
faces of the hollow-core unit and the 
supporting beam at the right end of the 
span opened up as the hollow-core 
unit slid horizontally. The total hori­
zontal tensile load applied reached a 
maximum value of 380 kN (85.4 kips) 
when the width of the vertical crack 
there was 1.5 mm (0.06 in .). By the 
end of the horizontal movement of 
55 mm (2.2 in .), all the wires of the 
welded wire mesh in the topping slab 
that crossed the crack had fractured 

Fig. 11. Connection Type 1 at end of 
Test A (side view of end of unit) . 

Fig. 12. Crack formed in the topping 
slab during the horizontal movement of 
Test B of tie connection Type 1 (top 
view of slab) . 

and the applied tensile load had dimin­
ished to 164 kN (36.9 kips). The open­
ing of the crack in the topping slab at 
the face of the hollow-core unit is 
shown in Fig. 12. 

The readings of the strain gauges on 
the tie bars at this stage showed that 
bond failure had propagated along the 
whole straight length of the tie bars. 
The measured strains were larger than 
2.5 percent, which meant that the bars 
were yielding and were in the strain 
hardening region. Hence, the anchor-
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Fig . 14a. The end of Test 8 on connection Type 1; failure region. 
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age of the tie bars was mainly pro­
vided by the end hooks. 

In the second stage of the test, the 
right end of the left side span was 
forced downward by an applied verti­
cal load that was increased incremen­
tally (see Test B in Fig. 8). The ap­
plied vertical load was equilibrated by 
the vertical component of the tensile 
force in the kinked tie bars. That is, 
the hollow-core unit was hanging from 
the ties, without friction at the sup­
porting beam, because the end of the 
hollow-core unit was 5 mm (0.2 in. ) 
clear of the supporting beam due to 
the horizontal displacement applied in 
the first stage of the test. Fig. 13 
shows a plot of the vertical shear 
force , calculated by statics from the 
applied vertical load and the geometry 
of the loading vs. the vertical displace­
ment measured during the test. 

Failure eventually occurred due to 
horizontal splitting cracks in the units, 
and the ties tore out as illustrated in 
Fig. 14. However, as can be seen in 
Fig. 13, the behavior of the connection 
up to that stage was quite ductile. 

The area under the curve of Fig. 13, 
up to the point at which the ties frac­
tured at a vertical displacement of 
215 mm (8. 5 in.), is 12257 kN-mm 
(108.5 kip-in.). Therefore, the average 
vertical shear force resisted over this 
range of vertical displacement is 
12257/215 =57 kN (12.8 kips) . 

Hence, during dynamic loading a ver­
tical shear force of 57 kN (12.8 kips) 
can be transferred at the support by the 
tie connection up to a vertical di s­
placement of 215 mm (8.5 in.). If the 
shear force is applied slowly (stati­
cally) to the ties, it could be argued 
that a vertical shear force of almost 
90 kN (20.2 kips) could be transferred 
(see Fig. 13). It is evident that in a dy­
namic situation, the input work done 
by the dropping weight of a floor 
should not exceed the strain energy 
capacity of the ties if the floor is to be 
supported. 

Theoretical Ultimate Shear Force 
-- The magnitude of the vertical shear 
force carried by the tie connection in 
this test implies considerable kinking of 
the tie bars. At the peak static shear 
force carried of 88 kN (19.8 kips), the 
strain measured on the ties by the elec­
trical resis tance strain gauges was 

PCI JOURNAL 



-z 200-t-- + 
~ ._. 
"'C 
as 
0 
...J 150 

1.8 

Fig. 16. The end of Test A on 
connection Type 2 (side view of 
end of unit). 

Fig. 15. Applied vertical load vs. vertical displacement at end of unit measured 
during Test A on connection Type 2 (1 kN = 0.225 kips; 1 mm = 0.0394 in.). 

electrical resistance strain gauges 
showed that the tie bars had not 
reached the yield strength . Fig . 16 
shows that, at the end of the test, the 
splitting cracks had propagated along 
the filled voids that anchored the tie 
bars and the adjacent webs of the hol­
low-core unit. These splitting cracks 
were due to the transverse forces in­
duced by the 45 degree bends in the 
tie bars. 0.05, which corresponded to a stress of 

f s = 440 MPa (63.8 ksi) . This was 
greater than the measured yield strength 
of 317 MPa ( 46.0 ksi) due to the steel 
entering the strain hardening range. 
Also, Avf = 402 rnrn2 (0.62 sq in.). 
Therefore, Eq. (2) gives: 

sine = 
88

' 
000 

= 0.498 1 402 x 440 

resulting in et = 30 degrees . 
Note that 81 = ek in Fig. 6b because 

8; = 0. On this basis, the estimated angle 
of kinking of the tie bar at the maxi­
mum shear force was ek = 30 degrees. 

RESULTS FROM TESTS 
ON SPECIMEN 2 WITH 

TIE CONNECTION TYPE 2 

Test A of Specimen 2 With 
Tie Connection Type 2 

Test Results - Fig. 15 shows the 
measured relationship between the ap­
plied vertical load and the vertical dis­
placement at the end of the unit. The 
maximum applied vertical load 
reached was 238 kN (53 .5 kips) at a 
vertical displacement of 0.4 mm 
(0.016 in .) when the crack width at the 
top of the topping slab above the end 
of the unit was 0.4 mm (0.016 in.). 

This maximum applied load and the 
dead load of the floor unit plus top-
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ping resulted in a vertical reaction of 
207 kN (46.5 kips) at the face of the 
support if the span is considered to be 
simply supported . At this load the 

Theoretical Ultimate Shear Force 
- The magnitude of the vertical shear 
force carried by the tie connection in 

Precast concrete A 1 
supporting beam .:...1 

Topping 
(monoUthlc) 
concrete 

(a) Lateral VIew 

Voids filled with concrete 
(non-monolithic) 

(b) Section A-A 

Shear-friction In 
monllthlc concrete -

Shear-friction in concrete 
placed against hardened 
concrete not Intentionally 
roughened bar 

type 2 
Vertical component 
of the tie 

(c) Forces 

Fig. 17. Transfer of end reaction by shear friction during 
Test A of connection Type 2 (dimensions in mm; 
1 mm = 0.0394 in. ). 
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Fig. 19. The end of Test Bon connection Type 2 (top view of end of unit) . 

this test can be calculated using Eq. 
(1), which sums the vertical forces re­
sisted by shear friction and the vertical 
component of the forces in the ties 
crossing the critical crack at the end of 
the hollow-core unit. 

The value of the shear-friction coef­
ficient, f.1 , to be used in this calculation 
for Specimen 2 is debatable. In Speci­
men 1, the cast-in-place concrete was 
placed in the topping slab and over the 
supporting beam across the full depth 
of the end of the hollow-core units , 
and the critical vertical crack crossed 
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monolithic concrete. However, in 
Specimen 2, the cast-in-place concrete 
in the ends was placed in the topping 
slab and in the two broken back voids 
of the hollow-core units (see Fig. 17). 

For the cast-in-place topping slab 
(concrete placed monolithically) , f.1 = 
1.4 is appropriateY The cast-in-place 
concrete below the topping slab in 
Specimen 2 was placed against the 
hardened concrete of the supporting 
beam, which was not intentionally 
roughened, and, therefore, f.1 = 0.6 is 
appropriate2 for that concrete. On av-

erage, a value of f.1 = 1.0 might be rea­
sonable and is used in the following 
calculation for Specimen 2. 

For the mesh: 

Avf = 176 mm2 (0.27 sq in.) 

J;, = 415 MPa (60.0 ksi)- the max­
imum allowed2 in Eq. (1) 

8; = 0 degrees 

For the ties: 

Avf = 402 mm2 (0.62 sq in.) 

f;, = 310 MPa (45 .0 ksi) 

8; = 45 degrees 

Therefore, from Eq. (1): 

vn =(176x415+402x310x 
COS 45°) X 1.0 
+ (402 X 310 X Sin 45°) 

= 161.1 + 88.1 
= 249 kN (56.0 kips) 

The above theoretical value was not 
attained during the test. This was be­
cause splitting failure of the concrete 
occurred for this connection type be­
fore the tie reinforcement reached the 
yield strength, as shown by the mea­
sured strains on the ties. 

Test B of Specimen 2 With 
Tie Connection Type 2 

Test Results- During the imposed 
horizontal movement of the first stage 
of Test B, the unit lifted due to the 
vertical component of force in the ties. 
Fig. 18 shows the measured relation­
ships between the applied horizontal 
load and both the horizontal and verti­
cal displacements. The welded wire 
mesh in the topping concrete fractured 
when the horizontal movement was 
about 5 mm (0.2 in.). The tie bars con­
tinued to carry horizontal load but the 
unit failed before the preselected hori­
zontal movement of 55 mm (2.2 in.) 
was reached. 

The maximum horizontal load re­
sisted was 260 kN (58 .5 kips). Again, 
the failure was due to splitting cracks 
in the concrete as a result of the trans­
verse forces induced by the 45 degree 
bends in the tie bars (see Fig. 19). The 
second stage of Test B, with vertical 
load applied, was not conducted. 

Theoretical IDtimate Shear Force 
- This calculation was not made be­
cause the vertical load test was not 
conducted. 
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RESULTS FROM TESTS 
ON SPECIMEN 3 WITH 

TIE CONNECTION TYPE 3 

Test A of Specimen 3 With 
Tie Connection Type 3 

Test Results- In this test, the vertical 
load was applied at a distance of 906 mm 
(35.7 in.) from the face of the support­
ing beam, instead of the 525 mm 
(20.7 in.) used for the two previous 
specimens, in order to apply the verti­
cal force outside of the anchorage re­
gion of the tie bars. 

Fig. 20 shows the measured relation­
ship between the applied vertical load 
and the vertical displacement at the 
end of the unit. The maximum applied 
load reached was 309 kN (69.5 kips) at 
a vertical displacement of 0.4 mm 
(0.016 in.), when the crack width at 
the top of the topping slab above the 
end of the unit exceeded 0.4 mm 
(0.016 in .). This maximum applied 
load and the dead load of the floor unit 
plus topping resulted in a vertical re­
action of 230 kN (51.7 kips) , if the 
span is considered to be simply sup­
ported. The connection failed when di­
agonal tension cracks propagated, as 
shown in Fig. 21. 

Theoretical Ultimate Shear Force 
- The shear-friction strength for this 
test can be calculated using Eq. (1) as 
for connection Type 2, the only differ­
ence being that the ties were inclined 
at 13 degrees to the horizontal in con­
nection Type 3 and the yield strength 
of the ties was 317 MPa (46 .0 ksi) . 
Again, f.1 = 1.0 is assumed, as for con­
nection Type 2. 

Therefore, from Eq. (1): 

Vn = (17 6 X 415 + 402 X 317 
X COS 13°) X 1.0 
+ (402 x 317 x sin 13°) 

= 197.2 + 28 .7 
= 226 kN (50.8 kips) 

This predicted value compares well 
with the maximum vertical end reac­
tion of 230 kN (51. 7 kips) obtained 
from the test. 

Test B of Specimen 3 With 
Tie Connection Type 3 

Test Results- The measured rela­
tionship between the applied horizon­
tal load and the horizontal displace­
ment at the end of the unit is shown in 
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Fig. 20. Applied vertical load vs. vertical displacements at end of unit measured 
during Test A on connection Type 3 (1 kN = 0.225 kips; 1 mm = 0.0394 in .). 

Fig. 22. As for the other specimens, 
the crack in the topping slab devel­
oped over the end of the unit. The 
maximum horizontal load resisted was 
235 kN (52.8 kips) at a 5 mm (0.2 in.) 
horizontal movement just before the 
welded wire mesh fractured. The hori­
zontal load capacity was maintained 
quite well with further horizontal 
movement. Some vertical lifting of the 
end of the unit was observed. 

In the second stage of the test, with 
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(a) Top view of end of unit 

(b) Side view of end of unit 

Fig. 24. The end of Test 8 on 
connection Type 3. 

vertical load applied, the behavior of 
the connection was similar to the con­
nection Type 1, and the same mode of 
failure as depicted in Fig. 14 was ob­
served. The maximum applied load 
corresponded to a vertical reaction of 
85 kN (19.1 kips) if the span is consid­
ered to be simply supported. The test 
ended when one of the ties fractured at 
an applied vertical load of 106 kN 
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(23.8 kips) and at a vertical displace­
ment of 139 mm (5.5 in.). Fig. 23 
shows the relationship between the 
calculated vertical shear force at the 
support of the unit vs. the vertical dis­
placement at the end of the unit during 
the test. Fig. 24 shows the specimen at 
the end of the test. 

The mean vertical shear force re­
sisted over the range of vertical dis­
placement in Fig. 23 is 66 kN (14.8 
kips), compared with 57 kN (12.8 kips) 
for connection Type 1 (see Fig. 13). 

Theoretical Ultimate Shear Force 
- Again, the magnitude of the shear 
force carried implied considerable kink­
ing of the tie bars. At the peak static 
shear force carried of 85 kN (19.1 kips) 
(see Fig. 23), the strain measured on 
the tie bars corresponded to a stress of 
464 MPa (67.3 ksi). This was greater 
than the measured yield strength of 
317 MPa (46.0 ksi) due to the steel en­
tering the strain hardening range. Also, 
As = 402 mm2 (0.62 sq in.). 

Therefore, Eq. (2) gives: 

sine = 
85

• 
000 

= 0. 456 1 402 x 464 

Hence, 81 = 27 degrees. 
Since the tie bar initially was in­

clined at 8; = 13 degrees to the hori­
zontal, the kinking of the bar caused a 
further deviation angle of: 

ek = 27- 13 = 14 degrees 

DISCUSSION OF 
TEST RESULTS 

Capacity of the Three 
Types of Tie Connection 

Test A - In Test A, the vertical 
load was applied to the connection 
without horizontal displacement but 
with zero seating under the end of the 
precast concrete unit. Table 1 summa­
rizes the results of Test A for the three 
types of connection at the serviceabil­
ity and ultimate limit states. 

The serviceability limit state is 
reached when the vertical displace­
ment of the precast unit at the support 
is 0.2 mm (0.008 in.), a criterion that 
has also been suggested by Tsoukantas 
and Tassios. 18 At a vertical shear slip 
of 0.2 mm (0.008 in .) , no harmful 
cracks will appear at the connection. 
The ultimate limit state is reached 
when the vertical shear force resisted 
is a maximum. The shear forces in 
Table 1 are the vertical shear forces 
calculated at the face of support from 
the applied vertical load, assuming the 
floor units to be simply supported. 

The maximum shear forces resisted 
in the tests for connection Types 2 and 
3 were smaller than for connection 
Type 1, evidently because of the 
smaller depth of cast-in-place concrete 
over the precast supporting beams for 
those two connections (see Fig. 7) and 
because of the shape of the tie bars. In 
particular, the 45 degree bends in the 
tie bars of connection Type 2 resulted 
in splitting cracks in the concrete that 
caused anchorage failure of the tie bars. 

Table 1 also lists the maximum shear 
forces predicted using the shear-friction 
concept. For the greater depth of cast­
in-place concrete over the supporting 
beam (connection Type 1), a shear fric­
tion coefficient of J1 = 1.4 appears rea­
sonable. But for the shallower depth of 
cast-in-place concrete over the support­
ing beam, use of a more cautious value 
of J1 = 1.0 is appropriate. 

Those values of J1 were used for cal­
culating the maximum shear forces 
predicted that are listed in Table 1. 
The predicted values are in reasonable 
agreement with the test values for 
maximum shear force resisted except 
for connection Type 2, in which the tie 
bars had an anchorage failure. 
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Table 1. Summary of the vertical shears at the support in Test A (zero seating 
length and vertical load applied without horizontal displacement). 

Description 

At serviceability limit state (at vertical 
displacement at connection of 0.2 mm) 
Shear force resisted in test 

--

At ultimate limit state 
Maximum shear force resisted in test 
Maximum shear force predicted* 
Maximum shear force resisted in test/ 

maximum shear force predicted 
Vertical di splacement at end of test 

Note: I mm = 0.0394 in .; I kN = 0.225 kips. 
* Calculated using Eq. ( I). 

I Connection 

Type I Type2 Type3 

221 kN 167 kN 188 kN 

321 kN 207 kN 230 kN 
281 kN 249 kN 226 kN 

1.14 0.83 t 1.02 
2.2mm 1.7 mm 1.8 mm 

t Anchorage fai lure of the tie bars occurred due to splitting of the hoLlow-core unit. 

Table 2. Summary of the vertical shears at the support in Test B (zero seating 
length and vertical load applied after 55 mm horizontal movement imposed). 

Description 

Maximum shear force resi sted in test 
Calculated angle of bar axis to horizontal (}, due 

to initial deviation and kinking to obtain 
maximum shear force resisted in test* 

Vertical displacement at end of test 

Note: I mm = 0.0394 in .; I kN = 0.225 kips. 

* Calculated using Eq. (2). 

Test B - In Test B, the vertical 
load was applied after the precast unit 
had been displaced horizontally by 
55 mm (2.2 in .), so that the seating of 
the ends of the precast units was lost. 
Table 2 summarizes the results of Test 
B for the three types of connection . 
Connection Type 2 failed by splitting 
of the concrete of the hollow-core unit 
in the region that anchored the tie bars 
before the 55 mm (2.2 in. ) horizontal 
displacement was reached, and hence 
vertical load was not applied. 

The precast units with connection 
Types 1 and 3 were displaced horizon­
tally by 55 mrn (2.2 in .) without fail­
ure of ties, due to bond failure propa­
gating along the plain round tie bars 
and the capacity of the hooked anchor­
ages of the tie bars exceeding the frac­
ture load of the ties . When connection 
Types 1 and 3 were subjected to verti­
cal load, they resisted the vertical 
shear by kinking of the tie bars after 
being di spl aced horizontally. The 
maximum vertical shear forces re­
sisted in the tests for connection Types 
1 and 3 were equal to the vertical 
component of tie bar force for the tie 
bars inclined at 30 and 27 degrees to 
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Connection 

Type 1 Type 2 Type3 

88 kN - 85 kN 

30 degrees - 27 degrees 
215 mm - 139 mm 

the horizontal, respectively, as shown 
in Table 2. 

Connection Type 1 exhibited a 
greater vertical displacement at the end 
of the test than connection Type 3. 
This was because, for connection Type 
1, the entire length of tie bar between 
the end hooks was straight; for connec­
tion Type 3 the tie bars had been bent 
over the supporting beam. The initially 
created regions of plastic strain in the 
tie bars where they were bent over the 
supporting beam eventually resulted in 
fracture of the tie bars there at a 
smaller vertical displacement than 
reached by connection Type 1. 

Example of Application 
of the Test Results 

As an example of the application of 
the test results, consider a precast con­
crete hollow-core floor unit with a 
cast-in-place concrete topping slab 
and service loads as follows: 

Service dead load: 
- Hollow-core unit [1.2 m (47.2 in.) 

wide x 200 mm (7.9 in .) thick] 
plus topping slab [65 mrn (2.6 in .) 
thick] 

= 4.6 kN/m (3 15 lb/ft) 
- Partitions plus additional service 

dead loads: 
1.25 kPa x 1.2 m 
= 1.5 kN/m (103 lb/ft) 

Therefore, D = 6.1 kN/m (4181b/ft) 

Service live load: 
- Office occupancy: 2.5 kPa 

(52 lb/ft2
) x 1.2 m 

- L = 3.0 kN/m (206 lb/ft) 
Total service load on a hollow-core 

unit: D + L = 9.1 kN/m (624lb/ft) Note: 
This total service load is 9.1/1.2 = 
7.58 kPa (1 58 lb/ft2

). 

For the above service loads, the re­
quired ultimate load2 of the hollow­
core unit acting compositely is: 
U = 1.4D + 1.7L 

= (1.4 X 6.1) + (1.7 X 3.0) kN/m 
= 13.6 kN/m (934 kips/ft) 

For a one-way slab floor of span, I, 
in meters with these service and ulti­
mate loads, in the event of loss of bear­
ing at the supports, the tie connections 
at the ends of each hollow-core unit 
need to resist a vertical reaction of: 

At service load: 

R = 9·1l = 4.551 kN 
2 

At ultimate load: 

R = 
13

·
61 

= 6.801 kN 
2 

For tie connection Types I and 3, 
the maximum static shear force re­
sisted in Test A was at least 230 kN 
(51.7 kips) . In Test B the maximum 
equivalent dynamic shear force that 
connection Types 1 and 3 resisted was 
at least 57 kN (12.8 kips). Note that 
the static load capacity is appropriate 
for the shear-friction strength because 
the vertical displacements are very 
small. However, the dynamic load ca­
pacity is more appropriate when the 
load is carried at large displacements 
by kinking of tie bars because dy­
namic loading is involved, due to the 
floor dropping. Applying a strength 
reduction factor ¢ = 0.85 to these val­
ues gives available dependable verti­
cal reactions of: 

For Test A: 

R = 0.85 x 230 = 195.5 kN (44.0 kips) 

For Test B: 

R = 0 .85 x 57= 48.5 kN (10.9 kips) 
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Therefore, the maximum spans for 
which the ultimate load could be sup­
ported by the connection in the event 
of inadequate or even absent seating at 
the support (conditions of Test A, with 
the reaction provided by the shear­
friction mechanism) is: 

l = 195.5/6.8 = 28.8 m (94.3 ft) 

In the event of loss of bearing as a 
result of imposed severe horizontal 
movements caused by extreme condi­
tions, the maximum span for which 
the service load could be supported by 
the connection by kinking of the tie re­
inforcement (Test B, with a large 
crack width) is: 

l = 48.5/4.55 = 10.7 m (35.0 ft) 

The nominal flexural strength of this 
hollow-core section with a 65 mm 
(2.6 in.) thick cast-in-place concrete 
topping slab acting compositely is 
Mn = 206 kN-m (1830 kip-in.)(see Ap­
pendix). Hence, with a strength reduc­
tion factor¢= 0.9, the maximum sim­
ply supported span for this ultimate 
load is given by UP/8 = ¢ Mn . 

Therefore: 

[ = . 0.9 X 206 X 8 
13.6 

= 10.4 m (34. 3ft) 

This value is less than the span for 
which the tie connection Types 1 and 
3 can support the ultimate load in Test 
A and the service load in Test B. That 
is, if the end of the precast concrete 
unit undergoes loss of bearing without 
horizontal displacement, the floor 
would fail in flexure at midspan be­
fore the shear-friction strength was 
reached at the supports. Additionally, 
these tie connections can support the 
service load by kinking if the end of 
the precast concrete unit undergoes 
loss of bearing as a result of large hor­
izontal displacements relative to the 
supporting beam. Therefore, the tie 
connections are safe. 

CONCLUSIONS 
1. Special reinforcement, placed at 

the end supports of pretensioned pre­
cast concrete hollow-core floor units, 
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can be used to prevent collapse of the 
floor units in the event of inadequate 
seating lengths or imposed movements 
due to volume changes or earthquakes. 

2. For hollow-core precast concrete 
floor units of 1.2 m (47.2 in.) width, 
the special reinforcement can consist of 
two tie bars placed across the support­
ing beam and anchored in cast-in-place 
concrete, placed in broken back voids 
at the ends of the hollow-core units. 

3. If the end seating of the precast 
hollow-core units is inadequate or lost, 
without horizontal movement of the 
units occurring, the vertical shear ca­
pacity of the floor at the support can 
be calculated from the shear friction 
transferred across the cracks in the 
cast-in-place concrete topping slab 
and in the two filled voids used to an­
chor the tie bars plus any vertical com­
ponent of force in the tie bars. The 
slab mesh and the tie bars provide the 
clamping force for the shear-friction 
mechanism. 

4. If the hollow-core units are 
pulled horizontally off their supports, 
losing their seating and opening up 
very large cracks in the cast-in-place 
topping slab, properly designed tie 
bars could still support the load of the 
floor by the vertical shear force trans­
ferred by kinking of the tie bars across 
the cracks. 

5. Tie bars placed in filled voids of 
hollow-core units should be straight 
lengths of plain round bar of adequate 
length, terminated by standard end 
hooks. The lengths of tie bar in the 
filled voids should be straight because 
transverse forces acting on the con­
crete as a result of bends in tie bars 
can lead to longitudinal splitting of the 
webs of hollow-core units that lack 
vertical shear reinforcement. Plain 
round tie bars should be used rather 
than deformed bars because bond fail­
ure permits yielding to propagate 
along them, making large plastic elon­
gations of the bars possible. 

RECOMMENDATIONS 
The tests were conducted on preten­

sioned precast concrete hollow-core 
units with a cross section 200 mm deep 
and 1200 mm wide (7.9 and 47.2 in.). 
A 65 mm (2.6 in.) thick cast-in-place 

concrete topping slab, reinforced by 
welded wire mesh, was present over 
the units and continuous over the sup­
porting beams at the ends. For such 
floors, it is recommended that: 

1. A cautious value for the shear­
friction coefficient, J1, should be used 
when calculating the vertical shear ca­
pacity that can be transferred by shear 
friction across cracks in the topping 
slab and at the vertical face at the end 
of the precast unit in the event of loss 
of end bearing. A value of J1 = 1.4 
may be used if the top of the support­
ing beam is level with the bottom of 
the hollow-core unit (see support 
Type 1 in Fig. 1) so the depth of the 
cast-in-place concrete over the sup­
porting beam is the full depth of the 
topping slab and the hollow-core unit. 

However, the use of an average 
value of J1 = 1.0 would appear to be 
more appropriate if the top of the sup­
porting beam is level with the top of 
the hollow-core unit (see support Type 
2 in Fig. 1) so the cast-in-place con­
crete is placed over the depth of the 
topping slab and against the sides of 
the hardened concrete of the support­
ing beam, which is not intentionally 
roughened. Note that the design load 
of the floor calculated from the verti­
cal shear capacity at the supports due 
to shear friction cannot exceed that 
governed by the flexural strength or 
the shear (diagonal tension) strength 
of the floor. 

2. Two plain round 16 mm (0.63 in.) 
diameter Grade 300 steel bars [char­
acteristic yield strength of 300 MPa 
(43.5 ksi)] extending straight about 
750 mm (29.5 in.) in cast-in-place 
concrete placed in two broken back 
voids at each end of the hollow-core 
unit, and terminated with standard 
end hooks, could be used to support 
the floor in the event of large dis­
placements. The tests showed that 
these two tie bars (either Type 1 
or Type 3 in Fig. 7) can support a 
vertical shear force of at least 85 kN 
(19.1 kips) when the unit is pulled 
horizontally about 55 mm (2.2 in.) 
and is then displaced vertically by 
140 mm (5.5 in.). The tie bars should 
extend into the filled voids at least a 
distance equal to the transfer length 
of the pretensioned tendons in the 
precast concrete units. 
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APPENDIX: PROPERTIES OF THE HOLLOW-CORE UNITS 

Transformed section properties of 
hollow-core unit alone (see cross sec­
tion in Fig. A): 

- Moment of inertia of cross section 
= 6.07 x 108 mm• (1458 in : ) 

- Area of cross section = 1.179 x 
10' mm2 (183 sq in.) 

- Distance of centroid from top 
fiber= 100 mrn (3.94 in .) 

-Concrete compressive cylinder 
strength= 40 MPa (5800 psi) 

Transformed section properties of 
hollow-core unit plus 65 mm (2.6 in.) 
thick topping slab: 

-Moment of inertia of composite 
cross section = 1.321 x 109 mrn4 

(3174 in.•) 

- Area of a cross section = 1.767 x 
10' mm2 (274 sq in .) 

September-October 1994 

Fig. A. Dimensions of the precast concrete hollow-core units used 
in the tests (1 mm = 0.0394 in.). 

-Distance of centroid from top 
fiber= 125 mrn (4.92 in.) 

-Topping co ncrete compressive 
cylinder strength = 36 MPa 
(5 .22 ksi), 27 MPa (3.92 ksi) and 
29 MPa (4.21 ksi) for Specimens 
1, 2 and 3, respectively 

Prestressing steel: Five 12.5 mrn (0.5 
in.) diameter plus two 11 mm (0.43 in.) 

diameter pretensioned tendons: 
-Area of prestress ing steel = 607 

mm2 (0.941 sq in.) 
-Elastic modulus , minimum = 

190.2 x 103 MPa (27.6 x 106 psi) 
- Ultimate tensile strength = I 070 kN 

(241 kips) 
- Prestressing force immediately 

after transfer= 805 kN (181 kips) 
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