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Project Overview

The EcoSmart High-Rise early Design Study, commissioned by EcoSmart Concrete in
July 2003 is designed to produce the required knowledge for understanding the
relationship between the selection of high-rise condominium building structural systems
and their environmental performance, cost and constructability issues.

The study is split into 2 stages. Stage 1 includes the provision of schematic design
drawings and a description of at least three structural systems for the typical high-rise
condominium outlined in the EcoSmart terms of reference. Stage 2 considers the study
of the structural systems proposed in stage 1 and evaluates these systems with respect
to environmental performance, economics, constructability and life-cycle assessment.

Minimizing the greenhouse gas emissions produced by the concrete industry by
replacing Portland cement in concrete mixes with supplementary cementing materials
to the greatest extent possible is the primary principal of EcoSmart.

The issues that will inform this study include the following:

Economy

Requirement to wet cure

Slower rate of strength gain

Color and appearance

Availability of good quality supplementary Cement materials, locally
Limited sources

Issues of ownership and distribution

The second stage of this study will be to test the structural schemes proposed against
the above issues. This report encompasses stage 1 of the study.

Project Description

The proposed 22 storey condominium located in Vancouver, British Columbia, outlined
in the terms of reference, with an area of 370mz2 per floor is typical of high-rise
residential construction in North America.

A number of design criteria were stated within the brief including —

2 hour fire rating

52 STC sound transmission class rating
Floor to ceiling requirement of 2.4m
Utilizing conventional systems

Scheme A - Flat Plate

A flat plate, reinforced concrete structure, cast-in-place is typical of high-rise condo
construction in North America. With the floor plate layout for this study with modest
spans, a 175mm thick concrete slab is proposed, with conventional reinforcement and
shear stud rails at columns locations.
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The design of such a floor system is governed by the serviceability criteria, which
typically would be the requirement to limit deflections from live load at the perimeter of
the floor plate. This criteria is imposed to ensure the window wall cladding system
performs satisfactory. There is also a requirement to limit the deflection of the internal
floor space to ensure any partitions or ceiling finishes are not damaged.

This flat plate, two-way spanning structural system is analyzed utilizing finite element
software, which ensures the most economical design is achieved. This software allows
the designer to model the columns and walls as part of the system, and ensures any
advantage offered by their stiffness is reflected in the slab design. The columns are
sized to ensure there is adequate shear capacity at the column/floor interface.

To transfer lateral loads (wind and seismic) back to the core of the tower, the flat plates
act as horizontal diaphragms. The floors cantilever out from the core, picking up the
wind loading from the perimeter cladding.

Advantages of this scheme include -

*  Simplified formwork to the underside of the slab, with no drops, relatively thin
concrete slabs

Common method of construction

Provides the architect with a clean soffit condition
Potential aesthetic properties of exposed concrete
Minimizes the zone for floor structure

Economical

inherent fire protection

One construction trade

Inherent acoustic properties

Mechanical duct can be contained within the slab

Disadvantages include —

EcoSmart concrete would offset speed of construction

Extensive cold weather working procedures required

Labour intensive on site

Requirement to back prop a number of floors below the slab being constructed
(typically 3 floors)

Scheme B - Precast Floor Units and Steel Framing

This system consists of steel beams and columns, with precast hollow core floor units
spanning between the beams, with a 50mm structural topping. Solid precast units are
proposed for the bays with cantilever slabs.

Hollow core units are widely used within the construction industry, and offer a lighter
flooring system than conventional cast-in-place slabs, when comparing against similar
depths. They are prefabricated at the manufacturer’s facility, cut to the required size
and shapes, and transported to site for lifting into position. The design of such units
utilizes prestressing, and eliminates the concrete not required by forming hollow cores.
This is achievable economically by producing the units in a factory controlled
environment, using standard depths and sizes.
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Providing steel framing on the main column lines only, and with modest spans between
beams, 200mm thick hollow core precast units are proposed. The stee! beams are
typically contained within the floor zone, thus reducing the impact of the structure on the
floor to ceiling space. One area where this is not possible is at the cantilever bays.
These bays account for more than 50% of the overall condo floor space and have to be
designed differently. It is proposed to introduce solid units at these bays, supported at
the tower core, and cantilevered over a perimeter downstand beam. The conventional
hollow core units will not cantilever 2.1m, they are limited to around 1.7m. The solid
units are designed as conventional slabs.

The 50mm topping applied to the floor after erection of the precast supplements the
horizontal diaphragm action required to transfer the lateral loads back to the core, and
ensures an even floor finish is achieved. The concrete topping has mesh reinforcement.

Hollow core units are typically manufactured in 1.2m wide sections which results in a
number of individual pieces required to make up a floor plate. Reinforcement and
grouting of parts of the hollow cores are required to connect the units to the steel frame
to provide integrity.

Advantages of this scheme include -

The degree of prefabrication within a factory controlled environment

Use of EcoSmart concrete without affecting the construction sequence on site
Erection not as weather dependant (except strong winds)

Less labour intensive on site

No requirement for back propping floors

Inherent fire rating of floor units

Inherent acoustic properties

Possibility for mechanical ducts to be incorporated within the hollow cores
Potential for jumped core construction, increasing speed of erection

Disadvantages -

» The requirement to provide fire protection to the steel members

»  The increase in floor to floor height (50mm/floor over the flat plate option)

» The crane lifting capacity may have to increase over the normal flat plate
construction

= Trade contractors require co-ordination — Steel erection, precast erection,
welding, concrete topping/grouting and fire spray

= Speed of erection is governed by the core construction cycle

*  Precast elements utilizing EcoSmart concrete may attract a cost premium
relating to the additional manufacturing process required (wet curing and
storage for an additional 7 days)

Scheme B (alternative) — Precast Floor Units and Precast frame
An alternative to the steel frame proposed in scheme B would be the use of a precast
column and beam system. This system would be of conventional precast construction,
and not PRESSS.
Additional advantages over the steel frame option would be —

» Inherent fire protection for all elements *floors, beams and columns)

»  Elimination of steel trade
» Increased potential for the use of EcoSmart concrete
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And, disadvantages —
* Increase in floor to floor height with downstand precast beams
Scheme C - Slab on metal deck with steel framing

This system consists of steel framing with concrete slabs poured on metal decking. The
steel beams span between steel columns, girders and the concrete core. The concrete
slabs are cast-in-place, with the metal decking acting as a permanent formwork.

The steel framing is typically designed to act compositely with the concrete slabs. The
system consists of steel beams and concrete slabs interconnected to ensure they act
together to resist bending. Shear studs are welded to the tops of the steel beams prior
to the pouring of the concrete slabs to provide a mechanical connection between the
slab and beams. By providing the studs, the concrete works in compression and the
steel in tension, thus utilizing the advantages of both materials. The metal decking acts
as a permanent shutter for the slabs and also provides flexure reinforcement. A layer of
mesh is placed at the top of the slab to control cracking.

Connecting the steel beams to the concrete core requires cast-in-plates to be inserted
into the walls and the beams are welded to these plates. Alternatively, corbels are cast
along with the walls, and the beams rest on these corbels.

Advantages of this scheme include -

s Prefabrication of the steelwork within a factory controlled environment

= Use of EcoSmart concrete without affecting the construction sequence on site
(slabs on metal deck)

= Erection not as weather dependant (except strong winds)

= | ess labour intensive on site

= No requirement for back propping floors

Disadvantages include —

= Fire protection of the steel frame and metal deck slab is required to achieve 2
hours fire rating

=  Acoustical treatment (ceiling) required to achieve 52 STC and a clean soffit
condition

» Speed of erection is governed by the core construction cycle

= Increase in floor to floor height

= Mechanical ducts below the structure

3 Lateral System

The typical floor framing system was the main focus of this study with some
consideration given to the structure providing lateral stability to the tower.

A cast-in-place reinforced concrete core is proposed for all 3 floor framing systems.
This core is designed typically as a box, cantilevering from the foundations and
basement levels. There are many advantages in adopting such a system, including -

= Economy

= Stairs and elevators within central core are compartmented between the
concrete walls thus providing fire separation

»  Design of walls allows for service openings, doors etc.

* Robustness, relatively stiff box system, able to cantilever efficiently
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As an alternative, a precast concrete wall system may be considered, although there is
potentially no benefit in opting for a more elaborate and expensive system.
Incorporating SCM’s within the concrete cast-in-place core could be accommodated.
The early concrete strength of the vertical elements is not as critical as the horizontal
floors, and wet cutting of the walls could be achieved.

Precast Seismic Structural Systems (PRESSS) is noted in the EcoSmart brief as a
potential option to be explored as part of this study. PRESSS is a research programme
undertaken by universities and Industry representatives from across the United States
and Japan.

The research focuses on the use of precast concrete framing elements for structures
constructed in areas where high seismic activity has to be considered. The research
pays particular attention to the design and detailing of the joints between precast beams
and columns. The joints are used to control the forces that would be generated by
earthquake loading by absorbing energy and flexing.

The condominium outlined within this study does not lend itself well to the lateral frame
system required for the successful use of PRESSS, although conventional precast
elements could be utilized without incorporating the special joints. As for this centrally
located core, the lateral resistance is most economically achieved by relying on the
cantilevered core structure.

4 Concrete Volume Comparison

The table below indicates the volume of concrete for each of the main floor schemes,
and the volume for the core. The volumes are per level and do not include foundations
or podium floors.

Element Columns Core walls (typical | Floor | Total
for all schemes)

Scheme 1 (flat plate) 6m3 25m3 56m3 87m3

Scheme 2 (precast Steel columns 25ms 70ms 95m3
floor, steel frame)

Scheme 3 (siab on Steel columns 25m 25m 50m
metal deck, steel
frame)

5 Conclusion

The study sets out to provide the understanding behind the relationship between the

selection of a high-rise building structural system and its environmental performance,
cost and constructability. To fully understand these relationships, it is imperative that

stage 2 of this study is carried out, however a number of conclusions can be made at
this stage —
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Understanding that the actual structural design of a high-rise condo is typically not
dictated by the needs of the structural designer alone, but more of a collaborative effort
by all parties involved.

Construction cost and schedule are the main influences in the choice of a system

Cast-in-place core and flat plate is the common system that is utilized in almost all
typical high-rise projects of this type and configuration.

6 Challenges Ahead

The construction industry is known for its conservative approach to adopting new
methods and alternative materials.

Discussions with industry representatives have highlighted that they are not typically
adverse to new ideas such as the incorporation of EcoSmart Concrete in high-rise
construction, but such initiatives must be able to reflect the requirements of working to
tight construction programs within a very competitive market place.

Informed property developers understand the industry very well and know which
structural systems offer the greatest benefits to fast and economical construction.
Rarely will a developer seek alternative structural schemes from their designers, and a
cast-in-place core with flat plate floors is the conventional system adopted.

A number of challenges also exist to overcome the use of EcoSmart Concrete within
the conventional scheme of flat plate. Typical construction sequences adopt a 4 day
cycle per floor. Concrete is pored early afternoon, finished by 7.00pm and the slabs are
stripped within 3 days, to allow the formwork to be lifted up to the next floor. Concrete
should be achieving 70-75% of its strength by its 3" day. Concrete that does not go off
as quickly as this takes longer to finish which results in longer hours for site labour.
Also, bylaws in certain parts densely populated areas prohibit construction noise before
7.00am and after 7.00pm.

Looking at overcoming these challenges, consideration must be given to the following —

Introduction of a second set of slab forms and additional re-shoring for a number of
floors below

Use of high efficiency infra-red heaters o cure concrete in cold weather has a number
of benefits.

The proper use of maturity and pullout testing can determine the earliest that form
removal and re-shoring can proceed. Combining the use of this testing system with the
high efficiency heaters can result in safe form removal at the earliest possible time with
the least expenditure of heat energy

It would also be an option for accelerating strength gain for High Volume SCM mixes in
warm weather. Recent research in England (as yet unpublished) has shown that heat
can (as one would expect) accelerate the strength gain in HVSCM mixes. While using
heat in warm weather sounds revolutionary it could solve constructability problems with
these mixes in both hot and cold weather.

An alternative way of accelerating strength gain would be by using non-chloride
accelerating admixtures. This would require prior laboratory testing.

hi\2003\M08088%\adminvreportsthigh rise study - final final.doc
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The rapid and economic construction of multi-storey residential and commercial
buildings has been the subject of a number of studies. It is not difficult to make an
assessment of the economic benefits of fast track approach compared to normal rates
of construction. Similarly the cost of accelerating HVSCM concretes to at least allow
construction at the normal rate could be done and the relative costs determined. If
constructability year round can be maintained at normal speed then the cost of doing
this by using the approaches discussed above could be determined and compared to
the cost of normal construction.

Specifying column strengths at 91 days, because they are not fully loaded earlier can

result in economies and take advantage of the fact that SCM concretes go on gaining
strength faster after 28 days than Portland cement mixes.
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