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ABSTRACT A unique precast concrete box system for buildings has been introduced
in the U.S.A. Known as the HABSystem, it breaks away from the constraints of
other box assemblies in that it is essentially a column and beam assembly rather
than a bearing wall assembly. Production of precast slabs for the system posed a
number of unusual design and construction problems. These problems were solved
through a combination of approaches involving structural design, innovative
forming and casting techniques, concrete mix characteristics and load tests.

INTRODUCTION

A new and unique precast concrete box system for buildings has been introduced in
the U.S5.A. It has been used on several buildings, an eighteen-story hotel in
Stamford, Connecticut, being the most recent and refined example. The system,
known as the HABSystem, breaks away from the constraints imposed by other box
assemblies in that it is not a bearing wall structure, but is essentially a column
and beam assembly as shown in Figure 1, Each box acts as a beam spanning between
cast in-situ columns spaced across the width of the tower.

Although other precast box systems are currently available, most are variations of
bearing wall systems with upper floor boxes bearing on lower ones. Bearing wall
approaches usually lead to a solid wall configuration often combined with solid
ceilings and floor slabs, resulting in a comparatively heavy unit. One objective
of the HABSystem has been to reduce module weight significantly by using a ribbed

configuration in walls, ceiling and floor slab. Thus, savings accrue in materials,’

transportation (both land and sea), erection and foundations,

The system maintains the flexibility to be used as a load bearing system for low
rise construction. However, it is also designed and has had principal use in high
rise structures by supporting the modules in a uniquely cast in-situ frame, using
the modules themselves as formwork.

The HABSystem deliberately set out to fit into the middle ground between an open
and closed system, The system is adaptable to many architectural variations as
described by McDonald and Rich (1), but they must fit within the context of the
mass production operation, for it is through standardization and assembly line
techniques that cost savings are made, and more importantly, by imposing repetitive
operations, productive capacity is easily expanded. Principal applications of the
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Figure 1 Schematic Layout of a Building Utilizing HABSystem Modules

system include hotels, multi-family housing, hospitals, dormitories, military
barracks, and other applications with largely repetitive subdivided space.

Structural plans and details of a typical module for the above mentioned hotel are
shown in Figure 2, A number of variations were also utilized, including modules
having shorter length, major openings for stairwells and elevator shafts and door
openings in walls between adjoining rooms. Since each box is a self-contained
unit, it is susceptible to pre-finishing. For the hotel, for example, interiors,
plumbing, wiring, heating and cooling units were all factory installed. Only
risers and plug-in connections were required at the site (2).

The module is factory produced using an assembly line approach as shown in
Figure 3. The present plant has four production lines with each subdivided into
construction activity stations, The floor slab is cast at the first station,
then the walls and ceiling are cast at the second station to complete the tunnel
configuration. The tunnel mould is stripped at the third station and the structure
inspected, and at subsequent stations, partitions, piping, plumbing fixtures,
electrical wiring and fixtures, mechanical units, doors, windows and interior
finishes are added. The production of precast slabs for the HABSystem, as shown
in Figure 4, posed a number of unusual design and construction problems. These
problems were solved through a combination of approaches involving structural
design, innovative forming and casting techniques, concrete mix characteristics
and load tests.
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Figure 4 Stripped Floor Slab with Stairwell Opening
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FORMING SYSTEM

Although the first prototype module was produced using timber and plywood formwork, |
it was recognised from the beginning that a more sophisticated approach was nece-
ssary, Several factors were important in evaluating the formwork system, these
included initial cost, number of re-uses, cleaning effort, appearance of cast
surface, flexibility, availability, stiffness, weight. Steel seemed to be an ,
obvious material, it already being used extensively in the U,S.A. for pans in one .
and two way ribbed slab construction as well as in mass produced precast elements.

However, forming sheet steel to the desired floor and wall pan configurations

proved to be an expensive approach when only limited numbers were needed for |
initial production in 1969.

The search for a suitable material led to fibreglass. At that time, unlike now,

the use of fibreglass forms was unusual. Nevertheless, the necessary pan forms

could be made to order for an acceptable price in view of the developmental stage

of the system. Performance of the fibreglass has led to its use in forming vir- )

tually all surfaces of the module. After an assessment of the technology and

equipment required, it was decided to make the fibreglass forms in-house at the

HABSystem plant. This approach greatly reduced cost and shortened lead time for

formwork preparation.
|
|

The contact forms have been replaced for each major project due to gradual
evolution of the system. Thus, possible number of re-uses has not been estab-
lished. However, in each case, none have been fully worn out after approximately
100 re-uses of the slab moulds.

For the floor slab, the fibreglass pans are attached to a permanent frame of mixed
timber and steel with articulated side forms. The exterior wall pans are mounted
on steel frames which are hydraulically retracted and extended. The interior form
is a fibreglass covered steel tunnel with retracting sides and ceiling.

TOLERANCES

Dimensional tolerances of most precast concrete building system components are
usually of great concern due to fit up requirements. However, with the HABSystem,
overall tolerances of the module are less critical since both vertical and lateral
variations can be absorbed to an extent within the cast in-situ components. Each
floor is easily pre-levelled when concrete is placed at the bearing pads. Since
each story of modules is levelled onto itself, tolerance growth problems are
effectively eliminated. Nevertheless, the tolerances adopted are those recom- ‘
mended by the precast industry in the U.S.A. for precast construction.

The slab, however, does require special attention to tolerances in two respects.
First, since the module is principally composed of thin plates, it is possible
that plate thickness variations could significantly alter the total module weight.
An excess thickness of only 5 mm on all plates could increase the module dead load
by 15 per cent. Dimensions are, therefore, monitored during production and
furthermore, selected modules are weighed to assure control of both dimensions
and concrete unit weight. Second, maintaining close tolerances on both slab
thickness and top of slab elevation (as a horizontal plane) is necessary to
produce a level building floor. Many applications of the system have called for
floor plans using double loaded corridors. In these cases, the corridor floor is
produced by cantilevering the slabs of opposing modules to the corridor centre-
line. Although the module bearings are levelled, variations in slab thickness or
any built-in warp of the slab could result in an uneven corridor. Thus, both
thickness and levelness of the slab are monitored during production. Success of
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the system in controlling dimensions is primarily due to built-in controls imposed
by the repetitive use of the mechanized forming system.

CASTING, FINISHING, AND CURING PROCEDURES

The HABSystem factory is equipped with a batch plant for concrete production.

The concrete is delivered to a portable pump for placement in both the slab moulds
and the tunnel moulds., The nature of the mix used makes it ideal for pumping
efficiently. The slab is subdivided into several sections for placement, and
within each section, concrete is first placed in congested areas and ribs., An
immediate second pass deposits concrete for the plates and upper portion of the
ribs. Vibration of the floor slab concrete is accomplished with an internal
pencil-type vibrator (external form vibrators are used at the tunnel mould). The
kerb concrete is placed in a final pass.

Screeding of the floor slab to a level plane is critical, as discussed under
tolerances. Projecting dowels and the wall kerb make screeding across the short
direction of the slab impossible. Thus, the screed must span the length of the

slab, a distance of approximately 10 to 12 m. The use of a magnesium screed has
proved most effective,

The slab is then floated and finished conventionally to meet surface requirements
for the particular project. Curing approaches vary according to production
schedule demands for re-use of forms. Since the factory is enclosed, ambient
temperatures up to 20°C can be maintained and the concrete mix developed can reach
the desired stripping strength within the normal 24 hr cycle, Earlier stripping
times require accelerations of curing by use of a controlled cycle heat or steam

process. Concrete test specimens are left in the same environment as the slab
during the first 24 hours.

SLAB CONSTRUCTION LOADS

During the process of module fabrication, the slab is subjected to a series of
construction loads. As with most precasting operations, re-use of formwork during
each work shift reduces overall cost of manufacture. Fortunately, by designing
both the module and the production system to minimise the severity of the constru-

ction loads, concrete strength required at demoulding, 13.8 N/mm2, is relatively
low,

Under normal production demands, one shift per day is currently employed, although
a shorter cycle can be achieved with a corresponding acceleration in curing, The
first loadings are applied when the slab is removed from its form at the slab
moulding station. The slab is lifted vertically by an overhead crane, using the
four pick-up points shown in Figure 5 (a). Under this condition, the loading is
the slab self weight. The typical floor ribs normally span to the module side
walls. However, without the side walls in place, the floor ribs are supported
only by the slab edge rib. The edge rib reinforcement is usually governed by this
loading condition, which produces concentrated shear forces at the pick-up points
plus positive and negative bending moments.

A rectangular spiral is used where edge rib shear reinforcement is required. The
shallow depth makes proper anchorage of conventional stirrups impractical. The
spiral also provides torsional reinforcement in localized areas as required.

From a structural point of view, the 1ifting inserts would normally be located at
the mid-width of the edge rib. However, this location on the floor would later
require either patching the floor if a recessed insert were used or cutting off
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projecting hooks. To avoid both, the projecting inserts are located in the kerb
and are later buried within the wall concrete pour.

This loading condition is very temporary and its severity is relieved as the slab
is immediately deposited on two lines of roller conveyors. The conveyors provide
essentially uniform support under each edge rib so that the slab spans simply in
its short direction. The slab is then rolled forward into the tunnel forming
station.

The next loading imposed is that of the tunnel form as it rolls into position over
the slab. The tunnel form moves on two lines of rollers, imposing essentially
line loads Wr1 due to the tunnel weight, as shown in Figure 5 (b). By strategi-
cally locating both the tunnel rollers as well as the wide conveyor rollers under
the slab, the tunnel load can be transferred directly through the slab without
distress. Placement of concrete imposes additional loads Wy; due to weight of
wall concrete and Wrp due to weight of ceiling concrete. Both are also trans-
mitted through the slab. When the tunnel is retracted and removed, the ceiling
load is transferred to the wall as Wyj.

In service, the slab spans between and hangs from the side walls of the module.
The balcony and corridor slab projections are supported by the cantilevering edge
ribs. Service live loads are usually uniform but cuncentrated live and dead loads
are easily accommodated in the design.

4-Point Lifting
System

we| {Ww2
jWr2 Wr2 I
Ww1 | Wt I Sl
&_1____._____-—“':1 J Roller
X o

(b) Tunnel Mould Loads

Figure 5 Fabrication Loading Conditions
(a) Lifting Scheme for Stripping and (b) Tunnel Mould Loads
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SLAB DESIGN AND LOAD TESTS

For the hotel project, the slabs were designed in accordance with the applicable
building codes in the U.S.A., including the Building Code Requirements for
Reinforced Concrete of the American Concrete Institute (ACI 318). The required
loading of the slabs, on an ultimate strength basis, was equivalent to approxi-
mately 4.8 kN/m2. The computed capacity of the slab was in the neighbourhood of
5 kN/m? and two separate load tests have been conducted on the slab, one to a
level of 5.9 kN/m?, another to a level of 7 kN/m2.

To substantiate the capacity of the slabs, specimens were selected at random from
a production line. Not only was the general performance of the slab scrutinised,
but special attention was directed to the behaviour of the slab-wall connection.
Typical slab details are shown in Figure 6. In the first test, one-half of the
load was applied within a 15 min period and allowed to remain in place for one
hour. Measurements were taken, and the balance of the load was placed, again
within a 15 min period. Measurements were taken immediately upon application of
the full load, then the structure was unloaded and remeasured. All deflections
conformed to theoretical predictions; only a few hairline, flexural cracks near
midspan were observed and upon unloading, the structure returned to its original
position.

Floor Rib Reinforcing

Wall Rib |
Welded Wire Dowels
Fabric
L | L
&Bcn}j:#:-‘ - x x *?
15¢cm b4 l
[ ]
—| | 5em
(a) Typical Rib (b) Edge Rib and Wall Joint

Figure 6 Floor Slab Details

In the second test conducted, the load was allowed to remain on the slab for a
period of approximately 8 hr, after which sudden collapse occurred. Prior to
collapse, flexural cracking was visible near the midspan region and cracks were
also observed on the top surface of the slab near the supports. Cribbing had been
placed under the slab to prevent debris from obscuring the performance of the slab.
Consequently, the failure was clearly discernible as a flexural shear failure.
Large diagonal splits existed at approximately the one-fifth point of the span.

In light of the absence of shear reinforcement, the collapse mechanism is predic-
table. The magnitude of the sustained load and the results of split cylinder
tests projected into calculated capacities would indicate that the shear strength
was in the upper reaches of the scatter of test results reported by the A.C.I.
Committee 426 (3). It is conjectured that either overabundant material properties
were enjoyed or the walls of the box were engaged to a greater degree than might
normally be expected.
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A third test was prompted by building code re;uirements for concentrated loads.

It was felt that there was not sufficient confidence in the structural analysis

of the thin 38 mm plate and that load testing was therefore warranted. The
applicable code required that the plate be capable of sustaining 2250 N on

50 mm x 50 mm test areas. To duplicate this, a three-legged table was constructed
and loaded with sand bags. Care was taken to minimise impact effects but fatigue
operated in a contrary direction. The legs of the table were positioned to produce
maximum positive bending in one slab span and maximum negative bending in another.
In fact no identifiable results could be measured; deflections were monitored and
cracking was closely observed, but neither deflections nor cracks could be detec-
ted.

CONNECTION DETAIL

The slab-to-wall joint, as shown in Figure 6, is a critical detail. This detail
was used because of the constraints established by the architectural requirements
as well as for reasons of practical construction. It was recognized that the
imposed loading would tend to open the joint. The reinforcing bars that are
engaged are, in effect, spliced within a relatively confined region. Similar
joints reported in laboratory tests (2) did not perform as well as joints with
diagonally placed reinforcing bars. Indeed, the laboratory test results could be
viewed as indicating more capacity than the joint in question might develop. It
should be noted that the loading of the structure imposes a tension force across
one face of the joint. This tension force applies at a construction joint which
might be considered as a plane of weakness present in the HABSystem box construc-
tion and not present in the laboratory tested specimens,

Given the above concerns, the satisfactory performance of the joint under full-
scale tests was reassuring., Further, additional supportive data was obtained from
a significant number of experimental units that were produced. These units had
large size openings piercing the walls of the box. In order to accomplish these
openings, the edge beam of the slab must transfer the load of the joists encom-
passed within the opening over to the jamb line, At these locations, considerable
additional tension as well as a complicated three-dimensional state of stress is
superimposed. None of the experimental units displayed difficulties at this jamb
connection.

Finally, neither the cracking patterns nor the capacities that might be anticipated
from laboratory test results were observed in any of over 500 production units

that were examined. This satisfactory performance establishes some confidence in
the detail utilised.

FLOOR SLAB OPENINGS

Construction experience has indicated that providing a separate, conventionally
constructed core or tower for elevators and stairs can slow construction and
hamper access of workers during erection. Hence, incorporation of stairwells and
elevator shafts within modules is desirable. As shown in Figure 4, it is possible
to design the floor to accommodate large openings. Similar openings can be
provided in the module ceiling.

The location of large openings is largely determined by architectural require-

ments, Floor ribs can be interrupted where necessary and larger ribs provided to
frame around the edge of the opening. Loads imposed by shaft walls, elevator guide
rails, stairs, etc. are supported by the floor slab spanning between module walls,
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Elevator guide rail brackets, shaft walls, stair support inserts, etc. are instal-
led at the factory. Steel stairs are installed immediately after the module is
erected, which provides immediate vertical access for construction workers and
with significant portions of the elevator shafts and inserts in place, installation
of the elevator is accelerated.

Smaller penetrations are occasionally required through the slab for piping, etc.
These openings are located to avoid the floor ribs. In general, small penetrations
through the floor plates pose no structural problems unless significant groups
occur,

Design of prefabricated systems normally entails careful integration of all
building systems. Piping and mechanical layouts are predetermined so that pene-
trations of the slabs are formed or sleeved in the factory. Field coring expense
and uncertainties are therefore avoided,

CONCRETE MIX DESIGN

The concrete mix design employed for most of the units produced has included a
lightweight expanded shale sand mixed with a Type 1 cement, water, vinsol resin
and a plasticizer in the following proportions per cubic meter:

Cement 712 kg
Sand 955 kg
Plasticizer 858 ml
Vinsol Resin 663 ml
Water 238 1

Compression tests on 150 mm dia. x 300 mm long cylinders were used to monitor the
quality of concrete production, as is standard in U.S.A. construction practice.
Strengths averaged 34 N/mm? at 28 days with a standard deviation of 2,07 N/mm2

and a coefficient of variation of 7.06 per cent. The high cement content was
chosen to facilitate placement of the mix in highly confined moulds. The complete
mix design was selected after extensive investigation of alternative combinations
and the impact of other influencing factors including fire resistance ratings,
costs and early strength for stripping. In addition to the variations in mix
designs, investigations were conducted to determine the usefulness of super plasti-
cizers, fibrous concrete, artificial heat, slurry mixing and re-vibration (5).

Since it is recognised that the current mix design does not optimise cost, these
investigations are on-going., The results of these investigations are difficult
to implement since fire resistance requirements must be maintained, and there is
very little empirical basis for extrapolating data in fire resistance projections,
Fire resistance testing, on the other hand, has been found to be time consuming,
expensive and erratic.

DRYING SHRINKAGE

During initial development uf this system, concrete precasting operations were
approached with some reservations and alternatives were under consideration,
Concern centered on the amount of shrinkage cracking that might be encountered.
After the first results came in, the use of concrete was re-examined since
shrinkage cracking was in excess of even the most pessimistic projections, It
had been recognised that a large volume of water was in the concrete and since
this is the primary cause of shrinkage every recommended precaution was taken,
including lowering the temperature of the mix to between 6 to 12°C. Nevertheless,
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initial results were uniformly poor. Cracks appeared after one day and within
three days gave the appearance of plastic shrinkage cracking. That is, deep, wide
and abundant crazing developed, similar to mud cracking in a dry river bed, which
would have made the product unacceptable. The results were not confined to a
single slab casting but occurred in all early developmental prototypes cast.
However, the shrinkage cracking was eliminated prior to commercial production.

It is believed that early stripping may have been, by itself, a good and sufficient
solution to the shrinkage problem. Normal precautions have been maintained but it
is held that the solution was found by removing the slab from the forms and setting
it on movable supports. The slabs are stripped in 12 to 16 hr and placed on
rollers which permit nearly unrestrained shrinkage, the only restraint remaining
coming from the embedded reinforcing steel. This phenomenon holds true for the
production of the complete box unit as well as for the slabs.

Occasional cracks, attributed to shrinkage, have been observed in some boxes which
were incorporated into building structures, and thereby restrained, at an early
age. Other boxes, allowed to mature during factory installation of utilities and
finishes, as well as during a storage period, have performed satisfactorily.

SLAB PERFORMANCE

Performance of the slabs as an integral part of the modular box system has proved
satisfactory in the applications undertaken thus far, principally apartment, motel
and hotel buildings. Erection operations for the hotel structure previously

mentioned are presented in Figure 7, Three hundred and seventy-five modules were
used in construction of the tower and the completed facility is shown in Figure 8.

CONCLUSIONS

The production and performance of concrete floor systems is basic to virtually all
building structures. The development of new building systems must recognisc the
importance of the slab. In the development and design of the HABSystem, it has
been necessary to consider many factors, including production requirements, forming
systems, construction loads, mix characteristics, fire ratings, shrinkage, erec-

tion tolerances, in-service strength and deformation, in order to arrive at a
workable solution,
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