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BUILDING CODE ACT, 1992

RULING OF THE MINISTER OF MUNICIPAL AFFAIRS AND HOUSING

No. MR-09-S-06

Pursuant to clause 29(1)(b) of the Building Code Act, 1992, as amended, the Director of the
Building and Development Branch as delegate of the Minister of Municipal Affairs and Housing
hereby adopts the following amendments to a code, standard, guideline, protocol or procedure
that has been adopted by reference in the Building Code (O. Reg. 350/06 as amended):

1. Description of code, standard, guideline, protocol or procedure that has been
adopted by reference in the Building Code 

The standards described in Table 1.3.1.2. of  Division B of the Building Code and listed
in Columns 1 to 3 of the Table to this Ruling.

2. Amendment of the code, standard, guideline, protocol or procedure that is adopted
in this Ruling:

The amended standards listed in Columns 4 and 5 of  the Table to this Ruling
corresponding to the standards listed in Columns 1 to 3 of the Table to this Ruling.

3. Conditions under which the amendments of the codes, standards, guidelines,
protocols or procedures are adopted.

1. This Ruling comes into force on June 2nd, 2009. 

2. The standards listed in Columns 1 to 3 of the Table to this Ruling continue in force
in respect of construction

(a) for which a permit has been issued before the 2nd day of June, 2009, or
(b) for which the working drawings, plans and specifications are substantially

completed before the 2nd day of June, 2009, and for which an application for a
permit is made before the 2nd day of September, 2009.

on condition that the construction is commenced within six months after the permit
is issued.
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Table

Issuing Agency
EXISTING STANDARD AMENDED STANDARD

Document Number Title of Document Document Number Title of Document

ACGIH 2004, 25   Edition Industrial Ventilation Manual 2007, 26  Edition Industrial Ventilation Manualth th

ANSI/ASHRAE 62-2001 Ventilation for Acceptable Indoor Air Quality 62.1-2004 Ventilation for Acceptable Indoor Air Quality

ANSI/ASME  A112.19.8M-1987
Suction Fittings for Use in Swimming Pools,

Wading Pools, Spas, Hot Tubs, and 
Whirlpool Bathtub Appliances

A112.19.8-2007
Suction Fittings for Use in Swimming Pools,

Wading Pools, Spas, Hot Tubs, and 
Whirlpool Bathtub Appliances

ANSI/ASME B16.3-1998 Malleable Iron Threaded Fittings B16.3-2006
Malleable Iron Threaded Fittings, 

Classes 150 and 300

ANSI/ASME B16.4-1998 Gray Iron Threaded Fittings B16.4-2006
Gray Iron Threaded Fittings, 

Classes 125 and 250

ANSI/ASME  B16.15-1985
Cast Bronze Threaded Fittings, 

Classes 125 and 250
 B16.15-2006

Cast Bronze Threaded Fittings, 
Classes 125 and 250

ANSI/ASME B16.26-1988
Cast Copper Alloy Fittings for

 Flared Copper Tubes
B16.26-2006

Cast Copper Alloy Fittings for 
Flared Copper Tubes

ANSI/AWWA C110 / A21.10-2003
Ductile-Iron and Gray-Iron Fittings, 3 in.

Through 48 in. (75 mm Through 1200 mm), for
Water and Other Liquids

C110 / A21.10-2003 Ductile-Iron and Gray-Iron Fittings for Water

ANSI/AWWA C111 / A21.11-2000
Rubber-Gasket Joints for Ductile-Iron 

Pressure Pipe and Fittings
C111 / A21.11-2007

Rubber-Gasket Joints for Ductile-Iron 
Pressure Pipe and Fittings

ANSI/CSA

ANSI Z21.22-1999 / 
CSA 4.4-M99 including 

Addenda 1 
ANSI  Z21.22a-2000 / CSA

4.4a -2000
Addenda 2 

ANSI Z21.22b-2001 / 
CSA 4.4b-2001

Relief Valves for Hot Water Supply Systems

ANSI Z21.22-1999 / 
CSA 4.4-M99

Relief Valves for Hot Water Supply Systems

ANSI  Z21.22a-2000 / 
CSA 4.4a-2000

Addenda 1 to ANSI Z21.22-1999 / 
CSA 4.4-M99, 

Relief Valves for Hot Water Supply Systems

ANSI Z21.22b-2001 / 
CSA 4.4b-2001

Addenda 2 to ANSI Z21.22-1999 / 
CSA 4.4-M99, 

Relief Valves for Hot Water Supply Systems

ASHRAE 2003 HVAC Applications 2007 HVAC Applications

ASHRAE 2004 HVAC Systems and Equipment 2008 HVAC Systems and Equipment

ASHRAE 2002 Refrigeration 2006 Refrigeration

ASTM A53 / A53M-02
Pipe, Steel, Black and Hot-Dipped,

 Zinc-Coated Welded and Seamless
A53 / A53M-06a

Pipe, Steel, Black and Hot-Dipped, 
Zinc-Coated Welded and Seamless

ASTM A153 / A153M-03
Zinc Coating (Hot-Dip) on Iron and 

Steel Hardware
A153 / A153M-05

Zinc Coating (Hot-Dip) on Iron and 
Steel Hardware

ASTM A653 / A653M-03
Steel Sheet, Zinc-Coated (Galvanized) or 

Zinc-Iron Alloy-Coated (Galvannealed) by the
Hot-Dip Process

A653 / A653M-06a
Steel Sheet, Zinc-Coated (Galvanized) or 

Zinc-Iron Alloy-Coated (Galvannealed) by the
Hot-Dip Process

ASTM A792 / A792M-03
Steel Sheet, 55% Aluminum-Zinc Alloy-Coated

by the Hot-Dip Process
A792 / A792M-06a

Steel Sheet, 55% Aluminum-Zinc Alloy-Coated
by the Hot-Dip Process

ASTM A1008 / A1008M-04
Steel, Sheet, Cold-Rolled, Carbon, Structural,
High-Strength Low-Alloy, and High-Strength

Low Alloy with Improved Formability
A1008 / A1008M-07

Steel, Sheet, Cold-Rolled, Carbon, Structural,
High-Strength Low-Alloy, and High-Strength

Low Alloy with Improved Formability, 
Solution Hardened, and Bake Hardenable

ASTM A1011 / A1011M-03a
Steel, Sheet and Strip, Hot-Rolled, Carbon,

Structural, High-Strength Low-Alloy and High-
Strength Low Alloy with Improved Formability 

A1011 / A1011M-06b

Steel, Sheet and Strip, Hot-Rolled, Carbon,
Structural, High-Strength Low-Alloy, High-

Strength Low Alloy with Improved Formability,
and Ultra High Strength

ASTM B32-03 Solder Metal B32-04 Solder Metal

ASTM C4-03 Clay Drain Tile and Perforated Clay Drain Tile C4-04e1 Clay Drain Tile and Perforated Clay Drain Tile

ASTM C260-01 Air-Entraining Admixtures for Concrete C260-06 Air-Entraining Admixtures for Concrete

ASTM C411-97
Hot-Surface Performance of 

High-Temperature Thermal Insulation
C411-05

Hot-Surface Performance of
High-Temperature Thermal Insulation

Column 1 2 3 4 5
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Table

Issuing Agency
EXISTING STANDARD AMENDED STANDARD

Document Number Title of Document Document Number Title of Document

ASTM C412M-03 Concrete Drain Tile (Metric) C412M-05a Concrete Drain Tile (Metric)

ASTM C494 / C494M-04 Chemical Admixtures for Concrete C494 / C494M-05a Chemical Admixtures for Concrete 

ASTM C700-02
Vitrified Clay Pipe, Extra Strength, Standard

Strength and Perforated
C700-07e1

Vitrified Clay Pipe, Extra Strength, Standard
Strength and Perforated

ASTM C1002-01
Steel Self-Piercing Tapping Screws for the

Application of Gypsum Panel Products or Metal
Plaster Bases to Wood Studs or Steel Studs

C1002-04
Steel Self-Piercing Tapping Screws for the

Application of Gypsum Panel Products or Metal
Plaster Bases to Wood Studs or Steel Studs

ASTM C1177 / C1177M-04e1
Glass Mat Gypsum Substrate for 

Use as Sheathing
C1177 / C1177M-06

Glass Mat Gypsum Substrate for 
Use as Sheathing

ASTM C1178 / C1178M-04
Glass Mat Water-Resistant 

Gypsum Backing Panel
C1178 / C1178M-06

Coated Glass Mat Water-Resistant 
Gypsum Backing Panel

ASTM C1396 / C1396M-03a Gypsum Board C1396 / C1396M-06a Gypsum Board

ASTM D635-03
Rate of Burning and/or Extent and Time of
Burning of Plastics in a Horizontal Position

D635-06
Rate of Burning and/or Extent and Time of
Burning of Plastics in a Horizontal Position

ASTM D2178-97a
Asphalt Glass Felt Used in Roofing and

Waterproofing
D2178-04

Asphalt Glass Felt Used in Roofing and
Waterproofing

ASTM D2898-94
Accelerated Weathering of Fire-Retardant-

Treated Wood for Fire Testing
D2898-07

Accelerated Weathering of Fire-Retardant-
Treated Wood for Fire Testing

ASTM E96-00e1 Water Vapour Transmission of Materials E96 / E96M-05 Water Vapour Transmission of Materials

ASTM E336-97e1
Measurement of Airborne Sound Insulation in

Buildings
E336-05

Measurement of Airborne Sound Attenuation
Between Rooms in Buildings

ASTM E413-87 Classification for Rating Sound Insulation E413-04 Classification for Rating Sound Insulation

ASTM F628-01
Acrylonitrile-Butadiene-Styrene (ABS)

Schedule 40 Plastic Drain, Waste, and 
Vent Pipe With a Cellular Core

F628-06e1
Acrylonitrile-Butadiene-Styrene (ABS) 
Schedule 40 Plastic Drain, Waste, and 

Vent Pipe With a Cellular Core

ASTM F714-03
Polyethylene (PE) Plastic Pipe (SDR-PR)

Based on Outside Diameter
F714-06a

Polyethylene (PE) Plastic Pipe (SDR-PR) 
Based on Outside Diameter

AWPA M4-02 Care of Preservative-Treated Wood Products M4-06 Care of Preservative-Treated Wood Products

BNQ NQ3624-115-2000
Polyethylene (PE) Pipe and Fittings - 

Flexible Corrugated Pipes for Drainage -
Characteristics and Test Methods

BNQ3624-115-2007
Polyethylene (PE) Pipe and Fittings - 

Flexible Pipes for Drainage - 
Characteristics and Test Methods

CSA CAN/CSA-A123.1-98
Asphalt Shingles Made from Organic Felt and

Surfaced with Mineral Granules
A123.1-05

Asphalt Shingles Made from Organic Felt and
Surfaced with Mineral Granules

CSA CAN/CSA-A123.3-98 Asphalt Saturated Organic Roofing Felt A123.3-05 Asphalt Saturated Organic Roofing Felt

CSA CAN/CSA-A123.5-98
Asphalt Shingles Made from Glass Felt and

Surfaced with Mineral Granules 
123.5-05

Asphalt Shingles Made from Glass Felt and
Surfaced with Mineral Granules 

CSA A123.17-1963
Asphalt-Saturated Felted Glass-Fibre Mat for

Use in Construction of Built-Up Roofs
A123.17-05

Asphalt Glass Felt Used in Roofing and
Waterproofing

CSA CAN/CSA-A220.0-M91 Performance of Concrete Roof Tiles CAN/CSA-A220.0-06 Performance of Concrete Roof Tiles

CSA CAN/CSA-A220.1-M91 Installation of Concrete Roof Tiles CAN/CSA-A220.1-06 Installation of Concrete Roof Tiles

CSA CAN/CSA-A277-01
Procedures for Certification of 

Factory-Built Houses
CAN/CSA-A277-08 Procedures for Factory Certification of Buildings

CSA B44-00 Safety Code for Elevators
ASME A17.1-2007 /
CAN/CSA-B44-07

Safety Code for Elevators and Escalators

CSA B52-99 Mechanical Refrigeration Code B52-05 Mechanical Refrigeration Code

CSA CAN/CSA-B70-02
Cast Iron Soil Pipe, Fittings and 

Means of Joining
B70-06

Cast Iron Soil Pipe, Fittings and 
Means of Joining

CSA CAN/CSA-B137.1-02
Polyethylene Pipe, Tubing and Fittings for Cold

Water Pressure Services
B137.1-05

Polyethylene (PE) Pipe, Tubing and Fittings for
Cold Water Pressure Services

Column 1 2 3 4 5
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Table

Issuing Agency
EXISTING STANDARD AMENDED STANDARD

Document Number Title of Document Document Number Title of Document

CSA CAN/CSA-B137.2-02
PVC Injection-Moulded Gasketed Fittings for

Pressure Applications
B137.2-05

Polyvinylchloride (PVC) Injection-Moulded
Gasketed Fittings for Pressure Applications

CSA CAN/CSA-B137.3-02
Rigid Polyvinyl Chloride (PVC) Pipe for

Pressure Applications
B137.3-05

Rigid Polyvinylchloride (PVC) Pipe for 
Pressure Applications

CSA CAN/CSA-B137.5-02
Crosslinked Polyethylene (PEX) Tubing

Systems for Pressure Applications
B137.5-05

Crosslnked Polyethylene (PEX) Tubing
Systems for Pressure Applications

CSA CAN/CSA-B137.6-02
CPVC Pipe, Tubing and Fittings for Hot and

Cold Water Distribution Systems
B137.6-05

Chlorinated Polyvinylchloride (CPVC) Pipe,
Tubing and Fittings for Hot and Cold Water

Distribution Systems

CSA CAN/CSA-B137.9-99
Polyethylene/Aluminium/Polyethylene

Composite Pressure-Pipe Systems
B137.9-05

Polyethylene/Aluminium/Polyethylene (PE-AL-
PE) Composite Pressure-Pipe Systems

CSA
CAN/CSA-B137.10-02

Crosslinked Polyethylene/Aluminum
Crosslinked Polyethylene Composite Pressure-

Pipe Systems 
B137.10-05

Crosslinked Polyethylene/Aluminum
Crosslinked Polyethylene (PEX-AL-PEX)

Composite Pressure-Pipe Systems 

CSA CAN/CSA-B137.11-02
Polypropylene (PP-R) Pipe and Fittings for

Pressure Applications
B137.11-05

Polypropylene (PP-R) Pipe and Fittings for
Pressure Applications

CSA CAN/CSA-B181.1-02
ABS Drain, Waste, and Vent Pipe and 

Pipe Fittings B181.1-06
Acrylonitrile-Butadiene-Styrene (ABS) Drain,

Waste, and Vent Pipe and Pipe Fittings

CSA CAN/CSA-B181.2-02
PVC Drain, Waste, and Vent Pipe and

 Pipe Fittings
B181.2-06

Polyvinylchloride (PVC) and Chlorinated
Polyvinylchloride (CPVC) Drain, Waste, and

Vent Pipe and Pipe Fittings

CSA CAN/CSA-B181.3-02 Polyolefin Laboratory Drainage Systems B181.3-06
Polyolefin and Polyvinylidene (PVDF)

Laboratory Drainage Systems

CSA CAN/CSA-B182.1-02 Plastic Drain and Sewer Pipe and Pipe Fittings B182.1-06 Plastic Drain and Sewer Pipe and Pipe Fittings

CSA CAN/CSA-B182.2-02 PVC Sewer Pipe and Fittings (PSM Type) B182.2-06
PSM Type Polyvinylchloride (PVC) 

Sewer Pipe and Fittings

CSA CAN/CSA-B182.4-02
Profile PVC Polyvinylchloride (PVC) Sewer

Pipe and Fittings
CAN/CSA-B182.4-02

Profile Polyvinylchloride (PVC) 
Sewer Pipe and Fittings

CSA CAN/CSA-B182.6-02
Profile Polyethylene (PE) Sewer Pipe and
Fittings for Leak-Proof Sewer Applications

B182.6-06
Profile Polyethylene (PE) Sewer Pipe and
Fittings for Leak-Proof Sewer Applications

CSA CAN/CSA-B182.7-02
Multilayer PVC  Sewer Pipe (PSM Type)
Having Reprocessed-Recycled Content

B182.7-06
PSM Type Multilayer Polyvinylchloride (PVC)

Sewer Pipe Having Reprocessed - 
Recycled Content

CSA CAN/CSA-B214-01 Installation Code for Hydronic Heating Systems CAN/CSA-B214-07 Installation Code for Hydronic Heating Systems

CSA B242-M1980
Groove and Shoulder-Type Mechanical 

Pipe Couplings
B242-05

Groove and Shoulder-Type Mechanical 
Pipe Couplings

CSA CAN/CSA-B602-99
Mechanical Couplings for Drain, Waste, and

Vent Pipe and Sewer Pipe
CAN/CSA-B602-05

Mechanical Couplings for Drain, Waste, and
Vent Pipe and Sewer Pipe

CSA
CAN/CSA-C22.3 

No. 1-01
Overhead Systems

CAN/CSA-C22.3 
No. 1-2006

Overhead Systems

CSA CAN/CSA-F379.1-88
Solar Domestic Hot Water Systems 

(Liquid to Liquid Heat Transfer)
F379.1-09

Solar Domestic Hot Water Systems
 (Liquid to Liquid Heat Transfer)

CSA CAN/CSA-F383-87
Installation Code for Solar Domestic 

Hot Water Systems
F383-08

Installation of  Packaged Solar Domestic 
Hot Water Systems

CSA CAN/CSA-O122-M89 Structural Glued-Laminated Timber CAN/CSA-O122-06 Structural Glued-Laminated Timber

CSA CAN/CSA-O177-M89
Qualification Code for Manufacturers of

Structural Glued-Laminated Timber
CAN/CSA-O177-06

Qualification Code for Manufacturers of
Structural Glued-Laminated Timber

CSA
CAN/CSA-S16-01 

(Including Supplement
CAN/CSA-S16S1-05)

Limit States Design of Steel Structures
CAN/CSA-S16-01
CONSOLIDATION

Limit States Design of Steel Structures

Column 1 2 3 4 5
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Table

Issuing Agency
EXISTING STANDARD AMENDED STANDARD

Document Number Title of Document Document Number Title of Document

CSA CAN3-S157-M83 Strength Design in Aluminum
CAN/CSA-S157-05 /

S157.1-05

Strength Design in Aluminum  / 
Commentary on CSA S157-05, Strength

Design in Aluminum

CSA CAN/CSA-S413-94 Parking Structures CAN/CSA-S413-07 Parking Structures

HUD
Rehabilitation Guidelines

No. 8 - 1980
Guideline on Fire Ratings of 

Archaic Materials and Assemblies
Rehabilitation Guidelines

2000
Guideline on Fire Ratings of 

Archaic Materials and Assemblies

MAH
Supplementary Standard
SB-1,  August 15, 2006

Climatic and Seismic Data
Supplementary Standard

SB-1, June 18, 2008
Climatic and Seismic Data

MAH
Supplementary Standard
SB-2,  August 15, 2006

Fire Performance Ratings
Supplementary Standard

SB-2, June 18, 2008
Fire Performance Ratings

MAH
Supplementary Standard
SB-3,  August 15, 2006

Fire and Sound Resistance of
 Building Assemblies

Supplementary Standard
SB-3, June 18, 2008

Fire and Sound Resistance of 
Building Assemblies

MAH
Supplementary Standard

SB-5, March 9, 2007
Approved Sewage Treatment Units

Supplementary Standard
SB-5, June 18, 2008

Approved Sewage Treatment Units

MAH
Supplementary Standard

SB-10, April 2, 2007
Energy Efficiency Supplement

Supplementary Standard
SB-10, June 18, 2008

Energy Efficiency Supplement

NFPA 2005 Publication National Fire Codes 2008 Publication National Fire Codes

NFPA 13-1999 Installation of Sprinkler Systems 13-2007 Installation of Sprinkler Systems

NFPA 13D-2002
Installation of Sprinkler Systems in 

One- and Two-Family Dwellings and
Manufactured  Homes

13D-2007
Installation of Sprinkler Systems in 

One- and Two-Family Dwellings and
Manufactured  Homes

NFPA 13R-2002
Installation of Sprinkler Systems in 

Residential Occupancies up to and including
Four Stories in Height

13R-2007
Installation of Sprinkler Systems in 

Residential Occupancies up to and including
Four Stories in Height

NFPA 14-2003
Installation of Standpipe, Private Hydrants and

Hose Systems
14-2007 Installation of Standpipe and Hose Systems

NFPA 20-2003
Installation of Stationary Pumps for

 Fire Protection
20-2007

Installation of Stationary Pumps for
 Fire Protection

NFPA 24-2002
Installation of Fire Service Mains and 

Their Appurtenances
24-2007

Installation of Fire Service Mains and 
Their Appurtenances

NFPA 80-1999 Fire Doors and Windows 80-2007 Fire Doors and Other Opening Protectives

NFPA 96-2001
Ventilation Control and Fire Protection of

Commercial Cooking Operations
96-2004

Ventilation Control and Fire Protection of
Commercial Cooking Operations

NFPA 130-2003
Fixed Guideway Transit and 

Passenger Rail Systems
130-2007

Fixed Guideway Transit and 
Passenger Rail Systems

NFPA 211-2003
Chimneys, Fireplaces, Vents and Solid Fuel-

Burning Appliances 
211-2006

Chimneys, Fireplaces, Vents and 
Solid Fuel-Burning Appliances 

NLGA 2004
Standard Grading Rules for Canadian Lumber

(Interpretation Included)
2007 Standard Grading Rules for Canadian Lumber

NSF/ANSI 46-2005
Evaluation of Components and Devices Used

in Wastewater Treatment Systems
46-2007

Evaluation of Components and Devices Used
in Wastewater Treatment Systems

SMACNA 1995, 2  Editionnd HVAC Duct Construction Standards - 
Metal and Flexible

ANSI/SMACNA 006-2006
HVAC Duct Construction Standards - 
Metal and Flexible, 3  Edition 2005rd

TPIC 1996
Truss Design Procedures and Specifications for

Light Metal Plate Connected Wood Trusses 
2007

Truss Design Procedures and Specifications for
Light Metal Plate Connected Wood Trusses 

UL UL 2034-1996
Single and Multiple Station 
Carbon Monoxide Alarms

UL 2034-2008
Single and Multiple Station 
Carbon Monoxide Alarms

ULC CAN4-S112.2-M84 Fire Test of Ceiling Firestop Flap Assemblies CAN/ULC-S112.2-07 Fire Test of Ceiling Firestop Flap Assemblies

ULC CAN4-S113-79
Wood Core Doors Meeting the Performance

Required by CAN4-S104-77 for Twenty Minute
Fire Rated Closure Assemblies

CAN/ULC-S113-07
Wood Core Doors Meeting the Performance

Required by CAN/ULC-S104 for Twenty Minute
Fire Rated Closure Assemblies

ULC CAN4-S114-M80
Test for Determination of Non-Combustibility in

Building Materials
CAN/ULC-S114-05

Test for Determination of Non-Combustibility in
Building Materials

Column 1 2 3 4 5
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Table

Issuing Agency
EXISTING STANDARD AMENDED STANDARD

Document Number Title of Document Document Number Title of Document

ULC ULC-S115-95 Fire Tests of Firestop Systems CAN/ULC-S115-05 Fire Tests of Firestop Systems

ULC CAN4-S124-M85
Test for the Evaluation of Protective Coverings

for Foamed Plastic
CAN/ULC-S124-06

Test for the Evaluation of Protective Coverings
for Foamed Plastic

ULC CAN/ULC-S126-M86
Test for Fire Spread Under

 Roof-Deck Assemblies
CAN/ULC-S126-06

Test for Fire Spread Under 
Roof-Deck Assemblies

ULC CAN/ULC-S524-01 Installation of Fire Alarm Systems CAN/ULC-S524-06 Installation of Fire Alarm Systems

ULC S543-M84
Internal Lug Quick Connect Couplings for 

Fire Hoses
CAN/ULC-S543-09

Internal Lug Quick Connect Couplings for
 Fire Hose

ULC CAN/ULC-S701-01
Thermal Insulation, Polystyrene, Boards and

Pipe Covering
CAN/ULC-S701-05

Thermal Insulation, Polystyrene, Boards and
Pipe Covering

Column 1 2 3 4 5

Dated at Toronto this 2  day of June, 2009.nd

                                                                                                                                                
DIRECTOR, BUILDING AND DEVELOPMENT BRANCH
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Appendix H 



Libraries at which Advisory Committee on the Deterioration, Repair and  
Maintenance of Parking Garages Report is Available 

 
 

A non-exhaustive search of library catalogues found that the Report is currently available at the 
following libraries: 
 

• Toronto Public Library 
 

o http://www.torontopubliclibrary.ca/detail.jsp?Entt=RDM1799260&R=1799260  
 

• York University Library 
 

o https://www.library.yorku.ca/find/Record/908021  
 

• University of Toronto Library 
 

o http://search.library.utoronto.ca/details?2034624  
 

• University of  Waterloo Library  
 

o http://primo.tug-
libraries.on.ca/primo_library/libweb/action/display.do?tabs=detailsTab&ct=display&fn=search&d
oc=dedupmrg55507358&indx=4&recIds=dedupmrg55507358&recIdxs=3&elementId=3&render
Mode=poppedOut&displayMode=full&frbrVersion=2&dscnt=3&vl(1UI0)=contains&vl(3974447
93UI0)=any&frbg=&tab=default_tab&dstmp=1400608142633&vl(397444790UI1)=all_items&du
m=true&fromLogin=true&vl(182972193UI1)=all_items&vl(freeText0)=deterioration+of+parking
+structures&vid=WATERLOO&gathStatIcon=true  

 
• University of Windsor Library 

 
o http://tcna.primo.hosted.exlibrisgroup.com/primo_library/libweb/action/display.do?tabs=detailsTa

b&ct=display&fn=search&doc=UWINDSOR_ALMA21194582700002181&indx=2&recIds=UW
INDSOR_ALMA21194582700002181&recIdxs=1&elementId=1&renderMode=poppedOut&disp
layMode=full&frbrVersion=&dscnt=0&frbg=&scp.scps=scope%3A%28%22UWINDSOR%22%
29%2Cscope%3A%28UWINDSOR_DIGITALCOMMONS%29%2Cscope%3A%28UWINDSO
R_COURSE%29%2Cprimo_central_multiple_fe&tab=default_tab&dstmp=1400696569328&srt=
rank&mode=Basic&&dum=true&tb=t&vl(freeText0)=deterioration%20of%20parking%20structu
res&vid=UWINDSOR  

 
• Lakehead University Library 

 
o http://inukshuk.lakeheadu.ca:7008/vwebv/search?searchArg=deterioration%20of%20parking%20s

tructures&searchCode=TKEY%5e%2A&limitTo=none&recCount=50&searchType=1&sk=en_C
A  
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Durability Guidelines for Parking Garages                                                           
General Durability Design and Construction Principles

FOREWORD

This project on Parking Structures Durability Guidelines was proposed by Technology
Development and Demonstration and was funded by the Real Property Program and the
Panel on Energy Research and Development (PERD).  This research was conducted in
collaboration with Halsall Associates Limited.  The objective of this project was to develop
specific guidelines for the design, construction, repair and maintenance of parking
structures.

Every year, Public Works & Government Services Canada (PWGSC) spends vast sums of
money on the repair and maintenance of parking structures.  While it is generally accepted
that a certain degree of garage maintenance is inevitable, the design and construction
practices in past failed to provide adequate protection against the increasing amounts of
chloride based de-icing chemicals which are being used in present in-service environments. 
The salts carried into garages by cars migrate through the concrete to the steel resulting in
corrosion of the embedded steel components. 

For the past five years, Technology, A&ES Services, Headquarters, in conjunction with the
Institute for Research in Construction (IRC) at National Research Council Canada (NRC),
have been monitoring the performance of several parking garage structures and evaluating
various repair strategies in an attempt to develop techniques for effective rehabilitation and
maintenance of indoor parking garages.  Much of the knowledge gained from this multi-
year research study was used in the development of these guidelines.  This document will
serve as a very useful tool for builders, operators and property managers.  However, it must
be emphasized that decisions in design, construction, repair and maintenance must be the
responsibility of qualified professionals.  If proper procedures are followed, the life of
parking garages will be greatly enhanced.

If you have comments regarding the contents of this document or require additional
information related to this study, please contact:

Allan Wiseman 

Project Manager
Public Works & Government Services Canada
Real Property Services, A&ES
Technology & Environment

Telephone: (613) 957-4397
Fax: (613) 941-5595
E-mail wisemana@pwgsc.gc.ca
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INTRODUCTION

Background

Premature parking structure deterioration has become a major focus of
Governments and private owners since the late 1970's when it became
apparent that the overwhelming majority of these structures have been
affected because the then current design and construction practices failed to
provide adequate protection.

The problem was caused by the use of chloride based de-icing chemicals
which was being applied in increasing amounts. The salts carried into garages
by cars migrates through the concrete to the steel resulting in corrosion of the
embedded steel components such as reinforcing steel, tendons in post-
tensioned and pre-tensioned structures and structural steel in composite
construction.

Prior to May 1988 no specific code provisions were available to designers of
parking structures. Parking garages were designed using building codes which
did not address or reflect the in-service environment that the elements of the
garages were exposed. To ensure that an improvement to the performance of
new parking structures was to be seen CSA developed CSA Standard S413-
87 "Durable Parking Structures" that was included in the Ontario Building
Code as of  May 1988 and subsequently in the National Building Code of
Canada. This code addresses items such as concrete mix design, protection
systems, concrete cover, slopes and drainage, construction joints, inspection,
testing and maintenance. This edition will be superceded by CSA/CAN S413-
94 due to be released in the spring of 1995. 

Studies have shown that durable parking structures can be built provided
proper planning and attention to design details, quality controlled construction
and a comprehensive maintenance program is followed to reduce the amount
of contaminates to which the concrete is exposed. Also, rehabilitation of
existing parking structures can be successfully completed with the rate of
deterioration substantially reduced, however not totally arrested unless all
active chloride contaminants are removed, a task extremely difficult and
expensive.
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Purpose

The purpose of the this document is to provide specific guidelines for the
design, construction, repair and maintenance of parking garage structures.
Four main types of structural systems are considered:

1. Cast-in-place conventionally reinforced concrete 
2. Cast-in-place Post-tensioned concrete
3. Pre-stressed, Pre-cast concrete
4. Structural steel supporting concrete deck

Objective

The objective is to provide specific details in the areas listed above which will
assist designers and contractors in the construction of new parking garages
and repair of existing structures. The document can act as a reference
document to complement the contract specifications.                                  
                                                                  

Scope

This guideline is presented in nine chapters. The majority of parking structures
are built using either conventionally reinforced concrete or cast-in-place post-
tensioned concrete structural systems. Therefore the guideline focuses
primarily on these systems. 

Chapter 1 deals in general terms with design considerations and methods of
improving durability . 

Chapter 2  is more specific to concrete mix design, structural layout,
protection systems, construction and maintenance. 

Chapter 3 focuses on the design of post-tensioned structures, but many of the
areas dealt with in this chapter also apply to the other structural systems. 
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Chapter 4 moves into the construction stage with emphasis on material testing
and quality control. Successful completion  of  this stage is critical to the final
product. Good design details will be useless if the construction and testing is
poorly carried out.

Chapter 5 provides a maintenance manual outline in the areas of structural,
operational and aesthetic requirements. All items listed do not apply to each
garage. A maintenance manual must be formulated on an individual bases
specific to each garage.

Chapters 6 and 7 deal with aspects of condition surveys with chapter 7
exclusive to post-tensioned structures. Topics include preliminary
investigation, simple mapping of deteriorated areas, non-destructive and
destructive measurement techniques and specialized techniques. It is not
intended that all of the techniques discussed in these chapter are necessary for
all condition surveys. The engineer in charge will have to identify the tests that
are appropriate and cost effective in the given investigation.

Chapter 8 deals with strategies for repair from a technical, practical and
economic point of view. 

In Chapter 9 an indepth discussion on sealers and waterproofing membranes
is presented. There are many products on the market to-day that carry various
performance warranties of the manufacture. Most design engineers are not
materials experts and must reply on the literature supplied by the manufacturer
or from past experience with a product. This chapter outlines performance
criteria, generic description of the different types of products, application
guidelines and steps in the selection process.  
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Chapter 1

GENERAL DURABILITY DESIGN & CONSTRUCTION
PRINCIPLES

TABLE OF CONTENTS
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1.0 GENERAL DURABILITY  PRINCIPLES

1.1 DETERIORATION  PROCESS

In order to achieve long term durability and assured high performance a basic
understanding is required of the various deterioration processes affecting both
new and repaired parking structures. Most engineers involved in the design
or repair of parking structures are not usually materials and concrete durability
specialists. Current literature on the corrosion of steel in concrete is
confusing, making important decisions on replacement or repair difficult and
sometimes misleading.

Techniques must be developed to reliably predict service life, properly
incorporating durability allowances into structural design, and scheduling
maintenance. Achieving this would be important for safety, performance and
economy. There is no single mechanism responsible for corrosion. Corrosion
of the reinforcing steel is a complex process which involves structural,
chemical, physical and environmental factors.

Warning signs of garages in need of repair or maintenance are spalling floors,
deteriorated and leaking expansion joints, standing water, salt deposits or rust
stains on the top edges, underside of slabs, columns or walls.

10



Durability Guidelines for Parking Garages

4

On the surface of steel embedded in concrete, being in contact with a
saturated calcium hydroxide solution of a pH of 12.5 or higher, an oxide layer
develops. Passivation, as the process is known, isolates the steel from its
environment, such as atmospheric oxygen, and water vapour, and thus
prevents the corrosion process to take place. Concrete generally is considered
to be under attack from the environment from the moment it is placed. If,
however the alkalinity is reduced, e.g. by carbonation, the protection is lost.
Even in highly alkaline environment, chloride ions destroy the passive layer
and corrosion ensues. The mechanism by which  passivation is lost is not fully
understood. Technical  Committee 222 of the American Concrete Institute
(ACI) has summarized differing theories:

Oxide film theory - chloride ions penetrate a protective oxide film on
steel through pores or defects in the film, or may disperse the film,
thereby making it easier to penetrate.

Adsorption theory - chloride ions are adsorbed on the metal surface,
promoting hydration and dissolution of the metal ions.

Transitory complex theory - chloride ions compete with ions for the
ferrous ions produced by corrosion to form a soluble complex of iron
chloride. This complex diffuses away from the anode, destroying the
protective layer of Fe(OH)2 and allowing corrosion to continue. More
iron ions then migrate into the concrete away from the corrosion site
and form higher oxides resulting in a four fold volume increase which
in turn leads to internal stresses, delamination, spalling, etc.

Carbonation is a process in which carbon dioxide  in the atmosphere reacts in
the presence of moisture with the lime constituent of the concrete. The
reaction can occur in three phases. Carbon dioxide diffuses inwards, then
reacts with the H2O molecules and finally the resultant carbonic acids react
with the alkaline components of the concrete. Penetration into the concrete
proceeds at a slow rate and depends on the moisture content of the concrete,
temperature and the relative humidity. Carbonation is also affected by the CO2

concentration in the air, cement type and  water/cement ratio.  Rapid
penetration occurs at a relative humidity ranging between 40 to 75%, while
it is less at lower and at very high humidities. 

In the case of ordinary portland cement concrete, carbonation results in
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increased strength and reduced permeability. The reaction eventually lowers
the pH of the alkaline solution from that of the saturated solution which in fact
leads to the destruction of the passivating oxide film making it possible for the
corrosion process to begin.

Carbonation also results in shrinkage. Wetting and drying cycles leads to
surface crazing and cracking of exposed concrete.

Equally important are cracks, the bond between reinforcing steel and concrete
and the cover. In most cases combinations of these factors cause the corrosion
of reinforcement and deterioration of concrete. Deterioration rates are
aggravated and accelerated by poor construction resulting from shortcomings
in design, specifications, supervision and workmanship. Concrete permeability
is the dominate key to overall durability.

1.2 INITIAL DESIGN CONSIDERATIONS

1.2.1 Structural System Selection

Structural systems normally used in most parking structures can be
categorized into three main groups:

Cast-in-place concrete 
Precast concrete 
Structural steel 

Concrete cast-in-place parking structures, either conventionally reinforced or
post-tensioned are the most common systems. 

Some systems are inherently more durable than others, however the durability
of any structural system can be improved.  In the initial design stage, the
designers should consider which system will provide the owner with the most
durable and economic product while at the same time fulfilling all of the
functional requirements. For any system to be durable the steel elements of the
structure have to be isolated from the chloride containing environment. The
first line defence often is the concrete, the quality of which is critical. The
concrete must be of adequate thickness, have a low water-cement ratio,
proper air entrainment, low permeability and proper finishing and curing.
Control joints must be strategically  located, tooled  and sealed.
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Concrete parking structures, despite their massive appearance, are flexible,
and should be designed to allow for movement due to all types of loads
including gravity, wind, seismic and volume change.

1.2.1.1  Cast-in-place Concrete

A cast-in-place concrete structural system is generally monolithic and
continuous with the concrete elements cast in their final position. The slab
design can be flat plate, flat slab, waffle slab or a beam, girder and one-way
slab system. The components are subjected to both negative and positive
bending moments. Cracking normally occurs due to tensile stresses  created
by live loads. This cracking generally provides a pathway for the ingress of
contaminates such as chlorides and water.

Conventionally reinforced cast-in-place concrete - In order to improve the
durability characteristics of this system a number of measures can be
incorporated into the design.

1. coating  the reinforcing steel
2. specific admixtures, such as corrosion inhibitors, air

entraining, high range water reducing types, to be used in the
concrete mix design

3. increased concrete cover
4. waterproofing membranes
5. sealers to reduce moisture ingress
6. designing for allowable crack width (ACI 318)
7. properly spaced joints

When considering thin slab systems such as waffle slabs and flat slabs
supported on a joist system these  factors require consideration.

1. At the juncture of the slab-joist small scale cracking can occur.
This is caused by different volume/area ratios, and varying
curing rates. 

2. Thin slabs are more likely to experience through slab cracks.
This condition results in exposure of the top and bottom
reinforcing steel mat being exposed to corrosive attack and
leaching on the slab soffit. Measures to reduce these problems
include: proper curing, proper arrangement, placement of the
reinforcing steel, thicker slabs, deeper beams and joists, and
providing reinforcement in excess of the building code
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requirements. Some of the above items would substantially
increase construction costs possibly  rendering these systems
uneconomical.

Post-Tensioned cast-in-place concrete - Post-tensioned cast-in-place
construction is similar to conventional cast-in-place systems except that
compressive stresses introduced by post-tensioning tendons reduce the tensile
stresses in the components. The tendons can either be bonded or unbonded.
The advantages of this structural system related to durability include:

1. Reduced floor cracking resulting in decreased access for
chlorides and moisture. 

2. Structural member sizes can be reduced or clear spans
increased.

3. Cracking due to shrinkage and temperature movements are
reduced.

Care must be exercised not to introduce to much post-tensioning which can
result in elastic shortening and creep.

1.2.1.2 Concrete Slab on Structural Steel Frame

This structural system incorporates structural steel framing to support either
cast-in-place or precast concrete floors. Corrugated metal deck has been used
as either the slab form or as a form and external reinforcement. The
disadvantages of this type of system include:

1. Concrete slab thickness is normally thin  and subject to the
same problems as outlined previously.

2. The metal pan can trap moisture leading to increased
corrosion .

3. The metal pan can corrode leading to unsightly stains.
4. Corrosion of the pan when used as external reinforcement can

reduce slab strength.
5. Waterproofing membranes tend to debond from decks with

metal pan soffits.

In general this type of system is not recommended in parking garage
structures. CSA 413 now states that  "steel deck shall be used only as a stay-
in-place form and shall not be designed to provide tensile reinforcement to the
floor slab."1 When this situation is encountered the repair strategy must revise
the structural system to eliminate this type of condition.
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1.2.1.3 Precast Concrete

Precast concrete structures are normally simple span construction as opposed
to monolithic and continuous. There are therefore no negative moments to
cause tensile stress induced cracks. Other advantages of this structural system
include:

1. If cracks were to form service load induced compressive  
forces tend to close the cracks.

2. Primary reinforcement is located near the bottom of the
section due to the simple span construction thus providing
maximum concrete cover. Top reinforcing is secondary
temperature reinforcement only.

3. Due to factory controlled conditions the concrete is very high
quality.

4. Pretensioning increases strength, reduces deflection and
improves crack control. Pretensioning effectively closes
service load induced cracks, reducing salt, water and air
penetration thus reducing opportunities for corrosion.

Disadvantages of this system which can affect durability are the installation
and maintenance of the large number of connections and sealed joints. Welded
connections are often a point of corrosion while failure of sealed joints allow
the ingress of contaminates. Common configurations include solid or hollow
core planks, single, double, triple and quad tees. 

Cast-in-place post-tensioned concrete and precast pre-tensioned concrete
double tee systems are both good structural systems for parking garage
construction from a durability standpoint. 

1.2.2 Closed or Open Garage

It has been stated previously that the design must reflect the environment in
which the structure will be functioning. Closed and open parking garages
operate under very different environments. 

For open parking garages environmental factors include:
1. exposure to freeze thaw cycles in all regions of Canada     with
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the only exception of Vancouver Island.
2. daily and seasonal temperature variations. Restraints of

volume changes can create cracking of floor slabs, beams and
columns 

3. waterproofing and expansion joints must be durable        
enough to withstand snow  removal operations and be
resistant to ultraviolet radiation.

4. the load on the roof level is increased by snow load

For closed parking garages factors include:
1. higher ambient air temperatures and relative humidity     

levels which will increase the rate of corrosion. 
2. ventilation requirements to control carbon monoxide levels

 
Therefore the concrete mix, requirements for isolation joints, ventilation and
waterproofing systems are quite different. 

1.2.3 Design Loads  

Part 4 of the National Building Code outlines the minimum design load
requirements for parking garage structures. The designer must be very precise
in dealing with loads on the structure not only when the structure is completed
and in service but also loads imposed on the structure during construction.
Often the loads carried by the structure during construction are greater.
Particular attention should be given to exposed roof slabs. Provisions for a
variety of loadings may have to be accounted for such as: 

1. Landscaping loads, remembering that small trees planted to-
day will grow and impose an increasing load on the slab. 2.
Type and weight of snow removal equipment intended to be
used.

3. Weight of stockpiled snow in case it is not removed.
4. Will emergency vehicles such as fire fighting equipment

require access to the slab?

Any of the above items could result in overloading of the slab resulting in
excessive deflection and cracking. The type of waterproofing system used on
the slab would also be affected by the above points.

16



Durability Guidelines for Parking Garages

10

Car bumper lateral loads also needs consideration from the designer.
Perimeter parapets and interior barrier curbs poured monolithically with the
slab must be designed to withstand car impact loads to avoid damage to the
slab and waterproofing system.

Prior to the start of construction it is critical that the contractor supply the
following information to the design engineer for approval.

1. Concrete pour schedule and sequence.
2. Method of placing concrete.
3. Falsework and reshoring drawings certified by a qualified

professional engineer.

1.2.4 Local Construction Technology

Normally, in larger urban centres a complete range of expertise are available
to the designer. Cases may arise however, when the type of structural system
used in a parking garage may be affected by local construction technology.
For example, if the designer has used a system that contractors in the area are
unfamiliar, the cost of the structure could increase and the quality of the
finished product could be adversely affected. This in turn could lead to
premature durability problems.  

1.3 SUPPLEMENTARY DESIGN CONSIDERATIONS

1.3.1 Drainage

The designer must be aware of the importance of proper drainage and that it
is essential to structural durability. Three main areas are involved in good
drainage design, namely, proper slopes, proper catchment areas and proper
drains. If the structure is to be durable it is important that the drainage system
has the capacity to rapidly carry the water away and that ponding is not
allowed to occur anywhere. If water, salt laden or not is allowed to pond
deterioration will be accelerated. 
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1.3.2 Expansion Joints

The need for expansion joints should be minimized by the design. Joints in
certain cases are essential to avoid restraints however they represent a
potential pathway for moisture ingress into the deck. The preferred joint is the
isolation joint that achieves total independence of one side of the joint from
the opposite side through the use of separate columns on either side of the
joint.

A sliding joint will provide one side of the joint with vertical support only and
little or no lateral force buildup for the other side. The joint is usually a
bearing assembly that will slide and rotate while supporting the vertical load.
Only slide bearing materials that will not corrode should be used. These
materials might include stainless steel and a low friction polymer. All slide
bearing materials develop some friction, thus the bearing assembly should be
designed to transmit limited horizontal force often combined with variable
rotations and should be adequately attached to the respective structural
elements. It is desirable to prevent differential vertical movement of each side
and horizontal movement parallel to the joint because expansion joint seals
generally have little ability to deform in this manner.

Slide bearings may deteriorate with time, especially if they are not maintained
in a clean and dry condition. It is recommended that bearing stresses on the
sliding joint material be designed for half of the manufacturer's allowable
stress. Experience has shown poor performance may result when full
allowable bearing stresses are developed on some assemblies. Retainers may
be required to keep bearings from moving out of the joint. Well designed slide
bearings that are protected from weather have been observed to perform
reasonably well. Sliding joints should only be used for supporting slabs and
precast floor units.

The performance of slide bearings in supporting beams and girders has been
found to be unsatisfactory in many cases. The heavy reactions of most beam
bearings may cause undesirable cracks due to volume changes. Details should
clearly show concrete being excluded from the required open joint space.
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1.3.3 Vibrations

Acceptable vibration levels are subjective and depend on the sensitivity of the
user. From a durability point of view vibrations can adversely affect an
isolation joint seal. An expansion joint located between cantilevered slabs
experiencing differential vibration or deflection  due to vibration could expose
the seal. This in turn could cause premature deterioration from vehicle traffic.
To avoid this problem a shear connection should be provided  which allows
horizontal movement but no differential vertical movement.    

1.3.4 Tensile Stress Control

The rate at which concrete deteriorates and the corrosion process begins is
proportional to the permeability of the concrete but also to the degree of
cracking. Cracks located in areas of tensile stress such as in the negative
moment zones at columns and walls are among the first to yield to weathering
deterioration. Bending stresses can be reduced to noncracking levels by the
use of selective prestressing. At the building perimeter, stiff walls and columns
can reduce prestressing forces. Therefore a higher level of prestressing may
be required. Using temporary hinges at these locations to reduce member
stiffness may also be effective. Refer to Chapter 3 for specific details. Other
methods of reducing cracks due to bending stresses include proper slab depth,
accurate placement of reinforcing to ensure design "d" and construction "d"
are the same, proper concrete cover, adequate quantity of reinforcement, and
using smaller diameter bars closely spaced as opposed to the wider spacing of
larger diameter bars.

1.3.5 Embedded Materials 

Typical materials which have been embedded in the concrete structure include
electrical ducts, parking control cables, security systems, plumbing, door
frames and miscellaneous hardware. Concrete durability will be improved by
not embedding anything in the concrete unless absolutely necessary. Electrical
ducts are commonly laid on top of the lower mat of reinforcing. While
aesthetically superior and less expensive, embedded ducts will eventually
contribute to performance and durability problems. Metal ducts and junction
boxes will corrode which can result in leaching and staining on the slab soffit
around the junction boxes. The ducts also provide passageways for migrating
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water. If water in the ducts freezes splitting of the duct could result and if the
pressure is large the concrete may spall. For these reasons conduits, junction
boxes and other services are prohibited by the National Building Code from
being embedded in the concrete slab or topping.

1.3.6 Future Requirements

At the initial design stage meetings clear direction must be given to the design
team as to whether there are any requirements for either horizontal or vertical
expansions. Expansion plans can  affect the connection details, location of
columns, expansion joints, etc. Vertical expansions  can affect the design loads
used for the structural slabs, columns and walls. In order to add floors,
shoring of existing floors would be required or the slabs would have to be
designed for the full construction load. Failing to account for the above
implications could result in overloading of the slabs which  could cause
cracking or more severe structural distress. 

1.3.7 Volume Change Effects

In parking garages that have large plan areas volume change effects must be
taken into consideration. Volume change can be a result of drying shrinkage,
elastic shortening, temperature change and horizontal creep. The end result
of all of the above actions are the development of cracks which in turn
provide access to moisture, chlorides and other aggressive chemicals. 

Drying shrinkage occurs independent of externally applied loads. Decrease in
concrete volume is a result of changes in the moisture content  and hydration
reaction of the concrete. The consequences are the formation of cracks at
weak points  such as at slab mid-spans and abrupt changes in concrete cross-
sections. For proper durability and serviceability the designer must be able to
reasonably predict where shrinkage cracking is most likely to occur and
compensate by providing control joints or expansion joints. ACI 209R
provides recommended shrinkage values.

Elastic shortening occurs in prestressed concrete structures as a result of the
compressive forces  applied by the tendons. Drying shrinkage and elastic
shortening  are additive and must be accounted for in the design.
Recommendations for predicting elastic shortening and other types of volume
changes are outlined in the Post-tensioned Concrete Institute Design and The
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Prestressed Concrete Institute Handbooks.

Creep is a time dependent change which results in long term deflections under
sustained loads. Cracking  at mid-span soffits and in surface tension zones can
be the result. Creep can result in larger magnitude changes than the short term
elastic shortening.

The structural movements caused by temperature changes are a major design
consideration. These movements are cyclic and can be both expansive and
contractive. Certain sections, such as roof slabs may experience greater
thermal movements than others. Specific means of controlling volume change
effects are covered in chapters two and three.

1.4 MEASURES TO IMPROVE DURABILITY

When designing parking structures, durability design and structural design
cannot be considered as being independent. Measures to improve durability
can be grouped under two main headings: internal protection systems and
external protection systems. Internal protection systems are basically built in
and are in most cases inexpensive. External systems are applied and in  general
more expensive. Products such as membranes and sealers applied to the
structure must be thoroughly researched by the designer and used within its
limitations. Sealers cannot bridge cracks and certain membranes have better
elastic properties than others. If a product is used beyond its limitations it will
not work and money will have been wasted.

1.4.1 Internal Protection Systems

1.4.1.1 Drainage

As mentioned in section 1.3.1 properly drained slabs which do not allow water
to pond have significant benefits from a durability point of view. Chapter 2
deals with specific design requirements in this area for new parking structures.
For the repair of existing parking structures Chapters 7 and 8 will cover the
investigation of drainage patterns and improvement techniques.
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1.4.1.2 Concrete

Good quality concrete is the main component in the design for durability.
Regardless of the type of structural system, design details or internal/external
protection systems without high quality low permeability concrete durability
seldom, if ever, can be achieved. The basic requirements of a durable concrete
mix are:

- A cohesive and stable matrix with excellent flow
characteristics.

- Low water to cementitious material ratio
- Early age strength development similar to that of plain

ordinary portland cement mix without cement replacement.

Concrete quality with respect to durability is measured in terms of
permeability. Permeability is affected by:

- quality of the cement and aggregate
- w/c ratio 
- degree of hydration
- effectiveness of the compaction
- the mode and length of curing
- degree of cracking

The quality of the pore system will determine the permeability of the concrete
and its ability to resist chemical attack from acids, carbon dioxide, sulphates,
alkali-aggregate reactivity and from other environmentally induced attack
caused by moisture penetration. Concrete consists of three main  ingredients,
cement, water and aggregate.  As simple as this may seem these materials are
not always selected properly. Concrete durability requirements are outlined
in section 15 of CSA Standard CAN/CSA-A23.1-M90. Cement types are also
outlined in this CSA Standard for various environments. Water must be of
drinkable quality and free from injurious amounts of oil, acid, alkali, soluble
chlorides, organic matter, sediment, or any other deleterious substance.
Reference can be made to the above code in section 4.0. Both fine and course
aggregate must also conform to A23.1 section 5.0. Gradation, chloride ion
content and expansive qualities are some of the properties which require
quantification.
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1.4.1.3 Additives

Air entraining agents  (AEA), water-reducers (WRDA) and corrosion
inhibitors are used to achieve specific characteristics for various applications.
These compounds are added in relatively small amounts. In order to assure
good quality control the design engineer should approve all additives.
Additives from various manufactures should not be mixed and it should be
required that manufactures certify the compatibility of their additives.

AEAs  improve the concretes ability to resist freezing and thawing by
introducing tiny air bubbles evenly distributed throughout the mass which
relieve the pressure generated when water transforms to ice. Air content is
expressed as volume percent and the amount of air required is outlined in
section 15.0 of A23.1. Normally entrapped air can range between 1 to 3%,
however these void are usually to large and poorly distributed to be of any
benefit. Entrained air is normally specified in the range of 5 to 8% depending
on exposure conditions and aggregate size.

WRDA's, plasticizers and superplasticizers maintain the workability  and
slump of the mix while reducing the water content. While good workability
is an essential characteristic for placing and compaction the more important
purpose of superplasticizers should be to reduce porosity and permeability of
the concrete through water reduction. Superplasticizers increase slump in the
initial stages to allow placement in confined areas congested with reinforcing
steel, duct work etc. Adding WRDAs can not change the final characteristics
required for the design such as strength, air content and cement content.

Corrosion inhibitors are generally more expensive than the products listed
above and their use on a particular project would have to be assessed on an
individual basis from a cost/benefit point of view. Calcium nitrite is a common
product which reacts with ferrous ions to protect uncoated steel. It should be
noted that this can delay corrosion but with a continual supply of chloride ions
from external sources the calcium nitrite may be used up and corrosion of the
reinforcing will begin. 
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1.4.1.4 Admixtures

Admixtures are not grouped with additives because admixtures actually
replace a portion of the cement in the mix as supplementary cementing
materials. Typical admixtures are fly ash, ground granulated blast furnace slag
and silica fume.  

Fly ash has cementitious properties and is a residue resulting from the
combustion of ground or powdered coal. It improves the workability  and
final strength of the concrete and it usually improves impermeability. Concrete
containing fly ash initially gains strength at a slower rate than normal concrete
however final strength is unaffected. Due to this fly ash is not normally used
in post-tensioned parking structures.

Silica fume is another by-product of industry. The silica particles occupy some
of the spaces between the cement particles and react chemically with the
cement. Strength, impermeability and electrical resistivity are all improved.
The improvement in permeability takes approximately one  year to fully
develop. Again, assurances from the manufacturer on compatibility should be
obtained. Concrete mixes containing silica fume require careful attention to
finishing and curing. Granulated blast furnace slag cement used as an
admixture reduces permeability and thus enhances durability. It is available in
Central Canada. If exposed to freezing and thawing cycles it is prone to
scaling.

Latex is a water emulsion of synthetic rubber obtained by polymerization. It
is used in place of water to produce latex-modified concrete (LMC). LMC is
recommended for use as a patching material in rehabilitation work or as a
topping. The cost of latex would be prohibitive if used for the slab mix. The
fresh surface tends to tear easily which makes finishing more difficult and
curing requires special care to avoid excessive cracking. Using experienced
personnel is the best way of overcoming these problems.

Polymer admixtures such as methyl methacrylate also improve impermeability
and provide high early strength, however increased cost usually limits their
use to repair applications.
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1.4.1.5 Reinforcement

Protection of the reinforcement in parking garage structures is critical to the
durability issue. Increased cover, coated reinforcing and introducing
specialized admixtures into the mix are the most common methods of
improving resistance to corrosion.

Cover is only one aspect of protection and is only effective if good quality,
highly impermeable concrete has been used. In order to ensure that the
specified cover is achieved in the field  accurate initial placement of the bars
are required. This entails adequate chair bars, well secured ties, proper
placement of the concrete and minimizing  construction traffic in areas where
the reinforcement has been completed, conscientious quality control on site,
accurate placement of formwork and finishing. 

Various coatings can be applied to reinforcing steel to improve corrosion
resistance. Galvanizing acts as a sacrificial coating which in a corrosive
environment will corrode. Since corroded products occupy more space than
in its original state pressure will build and concrete spalling can  develop.
Galvanizing is commonly used for embedded connection plates and anchors
but seldom  for  reinforcing steel.  

Epoxy coating of reinforcing was first initiated by the United States Federal
Highway Administration in the 1960's for the use on bridge decks. It was
found that it provided an impervious, tough, bendable coating. The epoxy
powder coating was applied by the electrostatic spray fusion-bonding process.
Minimum requirements are now specified in CAN/CSA S413-87, Table 1
Section 7.0. This table has now been revised in the S413-94 edition.

Using fibre reinforced concrete improves the crack resistance of the concrete
during finishing and curing. In parking garage structures non ferrous fibres are
recommended such as polypropylene. This type of mix has been used as a
patching material, in-filling temporary isolation joints such as pour strips
where the configuration is narrow and as toppings.

1.4.1.6 Construction Methods

Regardless of the structural system or materials being employed if good sound construction practices
are not followed performance and durability of the parking structure will not be achieved. Often,
quality control on the site is the weak link in the sequence of events which take a project from the
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computer to the finished structure. Concrete quality is affected by many different operations carried
out by a number of companies from mixing to curing. Prior to construction a meeting should be held
with the owner, general contractor, finishing contractor, forming contractor, testing company, design
engineers and anyone else whose work will affect the concrete. Each stage of the process should be
reviewed with clearly defined expectations by the owners design team identified and responsibilities
of the construction team laid out. The meeting should cover producing, delivering, placing, finishing
and curing  each type of concrete on the project. 

CSA Standard A23.1 and A23.2 outlines requirements for construction  and testing methods. These
topics are dealt with in detail in Chapter 4.

Formwork requirements are outlined in CAN/CSA A23.1-M90 section 11.0. Falsework is covered
in CAN/CSA S269.1.    

1.4.2 External Protection Systems

External protection systems consist of sealants, sealers, membranes and
overlays. Only a brief mention will be covered in this section as they are dealt
with in depth in Chapter 9. External protection systems are only as good as
the quality of the underlying concrete. The primary function of any surface
treatment is to reduce the penetration of contaminates such as chloride laden
water into the slab and to provide a wearing surface which can withstand the
abrasive action of vehicle traffic. 

1.4.2.1 Sealants

A sealant is a material that is applied in plastic state to the concrete surface in
liquid form. The purpose of the sealant is to provide a long term seal which
is flexible enough to accommodate concrete movements. The sealant must be
able to adhere to the surrounding concrete and keep moisture from
penetrating  the joints. Sealants are used to seal joints between members or to
fill grooves cut as a crack control  measures. To improve the bond to the
concrete the edges of the joint should be tooled, not sawn, then ground to
remove concrete laitance. Next the joint should be primed. There are both one
and two part sealants. It is debatable if one type is superior to the other. If the
two part sealant is specified the installer must take care in accurate
proportioning.
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1.4.2.2 Sealers

A properly functioning sealer can extend the life of a sound concrete surface.
Sealers cannot bridge wide cracks. The purpose of a coating type of sealer is
to provide a protective coating to prevent water and water-borne salts from
penetrating the concrete surface. A good penetrating sealer should penetrate
the concrete surface to a depth of 2mm. Sealers have a finite life span and
must be re-applied at specified intervals. The manufacturer should be
consulted as to the life span and reapplication should be incorporated into the
repair and maintenance schedule. This will be discussed further in later
chapters.

1.4.2.3 Membranes

Membranes are significantly different than sealers as they do not penetrate the
concrete but provide a waterproofing layer over the concrete. Membranes can
bridge cracks to varying degrees and typically provide greater durability
however are more expensive. They are classed as either a "thin" or "thick"
membrane. 

A thin membrane system consists of a rubber membrane approximately 1mm
thick and an epoxy or rubber wearing course of 0.5mm thick in which silica
sand is embedded. Liquid applied material is the recommended field
application procedure. 

Thick membrane systems consist of hot or cold applied rubberized asphalt
approximately 3 to 4mm thick with a mastic asphalt wearing course 15 to
25mm thick. An advantage of the thick system is that the thickness can be
varied to improve local drainage patterns such as around columns, walls, and
perimeters which are common problem areas. Increased dead loads and height
restrictions must be accounted for by the engineer. 

The performance of any membrane is highly dependent of the preparation of
the base slab and the workmanship of the applicator. The slab must be dry,
free from contaminates such as oil, gas, and solvents. If this is not done
blistering of the membrane can result. A light sand blast to the concrete
surface is a good method of cleaning the slab. Input from the manufacturer is
very important at this stage to ensure a successful application. 
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1.4.2.4 Overlays

Concrete overlays (toppings) are used both in new construction and
rehabilitation projects. Typically overlays are 50 to 75 mm thick. In
rehabilitation the load carrying capacity of the structure has to be determined
to ascertain whether the addition of the weight of the overlay can be
permitted.

The most common types of concrete overlays are low-slump, high-density
concrete (LSDC), superplasticized low slump dense concrete (SLSDC), latex
modified concrete (LMC), fibre-reinforced concrete using polypropylene
fibres, silica fume concrete and resin-based mortars such as epoxies,
polyesters and urethanes.  Toppings are often used in precast structures.

The above overlays must provide the following qualities:

1. low permeability to water  and de-icing chemicals
2. skid and abrasion resistance
3. adaptable to  variations in temperature and  humidity
4. adequate set time to allow for placement and finishing
5. adequate service life of 10 to 15 years
6. compatible coefficient of thermal expansion and modulus of

elasticity to concrete structural slab.

Advantages of concrete overlays:

1. In rehabilitation projects overlays can fill in areas where the
original deteriorated concrete has been removed while
providing a completely new surface to the remaining area. 

2. High density concrete has a high resistance to moisture and
chloride contamination which results in maximum durability
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3. Impermeable membranes can result in vapour pressure build
up between the membrane and the concrete slab. Concrete
overlays allow vapour exchange between the concrete and the
environment.

4. Skid and abrasion resistance can be maximized by the use of
high quality aggregates in the overlay.

5. Concrete overlays are compatible with the concrete structural
slab in regards to thermal expansion characteristics.

6. Overlays can provide proper slopes and eliminate flat areas
which have resulted from dead load deflections. 

Fibre-reinforced concrete is currently undergoing research and field testing.
No data is presently available regarding resistance to deicing salts and chloride
ion penetration. In the past steel or alkali-resistant glass fibres have been used
to increase tensile and flexural strength. Polypropylene fibres are presently
being studied. Prior to recommending large scale use in our parking structures
further research work is required in areas dealing with freeze thaw resistance,
chemical resistance, abrasion resistance, thermal compatibility, porosity
measurements and electrical compatibility tests.
  
Polymer concrete overlays can be divided into 3 types which are polymer-
impregnated concrete, polymer-modified concrete and polymer-based
concrete. Polymer-impregnated concrete has had very limited use due to the
large capital investment required for production. Polymer-modified concrete
is a mix of regular concrete with a latex emulsion. The latex quantity is
normally 10 to 15% by weight of concrete. This type of overlay is discussed
in chapter 2 section 2.2.12. Polymer-based concretes replace the cement and
water from a normal mix with a liquid resin. The most commonly used are
epoxies and MMA. Polymer concrete overlays of all types tend to be
expensive and life cycle cost analysis has to be performed to determine the
cost effectiveness of the addition of a polymer concrete overlay.
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1.4.2.5 Cathodic Protection

Cathodic protection is a method that can be used to prevent corrosion in new
parking structures or prevent the further corrosion and reduction of the
chloride concentration around the reinforcing steel in existing parking
structures. The effectiveness of cathodic protection for complete slabs in
existing parking garages and maintenance costs have not been fully
established. The principal behind cathodic protection is to reverse the flow of
current using an externally applied source so that the electron flow is always
directed into the reinforcement. This is accomplished by connecting
reinforcement to the negative terminal of a D.C. power source and embedding
a positively charged electrical network close to the level of the reinforcement
in the concrete cover. Power is generally supplied by a transformer and
rectifier system. Because cathodic protection does not prevent water seepage
through the concrete a barrier system is also required. The initial costs of
installing a cathodic protection system is high. This system  generates
hydrogen gas which may cause hydrogen embrittlement in high strength
prestressed reinforcement. Hydrogen embrittlement can cause abrupt failure
of the metal. In conventionally reinforced structures it is not a concern. In
prestressed structures cathodic protection is not recommended. Cathodic
protection, in specific locations within a structure such as ramps can be
effective. The main problem is providing electrical continuity of the steel bars
and short circuits between the cathodic protection and the bars caused by
stairs and conduits etc. These problems can be more easily addressed in new
construction than in a repair situation. 
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2.0 SPECIFIC DURABILITY DESIGN AND CONSTRUCTION DETAILS

2.1 GENERAL

Parking structures are unique due to many significant factors which affect
their performance.  In Chapters 2 and 3 specific design and construction
details in parking structures are discussed which should be incorporated into
the design philosophy to improve durability. All factors affect durability to
varying degrees. Some of these factors include special structural features,
volume change, cracking, joints and joint seals, control of surface water and
unique loading. Durability is dependent on the design, construction and
maintenance of the structure. 

Design - Design considerations include: 

1. good quality concrete with low permeability 
2. adequate cover over the reinforcing steel 
3. epoxy coated reinforcing 
4. good drainage patterns with corrosion resistant drains  
5. volume change control measures 
6. high quality waterproofing system or sealers 
7. attention to the protection of prestressing steel and post-

tensioning anchors
8. the layout and location of stiff shear walls, stair and elevator

towers
9. connection details

  10. embedded materials      
11. keep design details simple and buildable

Construction -  Construction considerations include:

1. concrete which is properly transported, placed and finished
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2. accurately placed reinforcing steel with the proper cover
3. curing
4. slab slopes
5. control of construction loads
6. sufficient site inspection and material testing

Maintenance - Maintenance considerations include:

1. budget for a detailed  maintenance schedule
2. periodic inspections by expert consultants
3. prompt and appropriate repairs

2.2 DESIGN

2.2.1 Concrete

The quality of the concrete, as stated previously is of paramount importance
in protecting the reinforcement from corrosion. The concrete must have low
permeability to moisture and chlorides and other agents that attack the passive
film. The desired properties of the concrete normally requires adequate
cement content, air void system and strength.

Strength is governed mainly by the porosity of the concrete in addition to the
quality of the aggregate and the bond between the paste and the aggregate.
The higher the water cement ratio, the greater the capillary porosity of the
paste, and therefore, the lower the strength. Permeability is a primary factor
in determining the durability of a concrete. The penetration of injurious
chemicals and frost susceptibility (when moisture saturated) are all directly
related to the permeability of concrete.  To address the above parameters
CSA Standard A23.1-M90 outlines the basic requirements for a concrete mix
to be used in parking structures.  The minimum requirements as outlined in
Table 8 of that standard are:

35



Durability Guidelines for Parking Garages
Specific Durability Design And Construction Details
                                                             

29

Class C-1 exposure Minimum 28 day strength 35MPa
Minimum cement content 320 kg/m3

Maximum w/c ratio 0.40
Air content 7 to 10% for agg. 10mm

5 to   8% for agg. 20mm
4 to   7% for agg. 40mm

2.2.2 Additives

In addition to the main constituents of cement, water and aggregates,
additives mentioned in the previous chapter can be added to refine the mix to
suit the in-situ environment, construction schedules  or architectural features.
In most cases additives and admixtures are used together to achieve the
required properties.

2.2.2.1 Air-Entraining Additives 

Air-entraining additives are normally salts of wood resins or synthetic
surfactant which entrain air when added to the concrete mix.

Benefits - Increases resistance to freeze thaw action. 
Increased plasticity and workability. 
Durability is improved significantly.

Mix Proportions - 0.002 to 0.6% by weight of the cement content based on
the active constituents of the admixture. This results in 5 to 6% air in concrete
with a cement content of 300 to 400 kg/m3 and a slump of 75 to 100mm.

Precautions - Small reduction in concrete strength. 
- Premature finishing can reduce air entrainment at the surface
which will reduce effectiveness against freeze/thaw.
- Overworking the surface will produce a heavy layer of
laitance with excessive air resulting in a weak surface with
rapid wearing properties. Entrainment of air is a process
affected by numerous parameters. To ensure that the desired
amount of air with proper distribution has been entrained, the
air content of the plastic mix has to be determined and
microscopically investigated after curing of the cores or test
cylinders.
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2.2.2.2 Water-Reducing Additives (WRA)

WRA's are based on lignosuphonate which is a waste product from the pulp
and paper industry. Chemicals such as hydroxylated carboxylic acids and
carbohydrates are also used.

Benefits- Reduction in water content of 8 to 10% while maintaining
workability.

Mix Proportions- Refer to CSA-A266.2.

Precautions- Chemical additives can retard set as can high doses of
lignosulphonate. Small amounts of set-accelerating chemicals
should be added to the mix. Set-accelerators must not contain
calcium chloride.

2.2.2.3 Superplasticizers (High Range Water-Reducers)

Superplasticizers are synthetic chemicals (copolymers) that are typically based
on sulphonated napthalene or melamine formaldehyde condensates.They result
in the even dispersion of the cement particles. This increases the rate of
hydration of the  particles. 

Benefits - A given slump can be achieved with 25 to 30% less water.
Increased density, strength, short term workability and
reduced porosity.   
Reduced shrinkage and cracking  potential.
At a given water content the slump increases drastically and
therefore the concrete can be placed in congested areas with
minimum vibration or compaction without problems of
bleeding or segregation.

Mix Proportions - 40%  solids naphthalene formaldehyde based materials
at a range of 0.6 to 1.3% of the  cement content. 
20% solids melamine formaldehyde based materials at
1.5 to 3.0% of the cement content. 

Precautions- Trial mixes should be carried out to establish optimum dosage
and maximum workability for the higher slump concretes
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(slump over 180mm). Mixes with slumps over 240mm can be
prone to bleeding and segregation. Because the effect of the
superplasticizer is transitory it should always be added.
Superplasticizers should always be added at the job site under
strict control by an authorized person.

 

2.2.2.4 Corrosion Inhibiting Additives 

As explained in the previous chapter, in the absence of chloride ions the
reinforcing steel will not corrode as long as the concrete provides an alkaline
environment. Corrosion inhibiting additives interfere with the corrosion
process either at the anode or cathode or both. 

Anodic inhibitors have the ability to accept electrons but are only effective if
used in high concentrations. Most of these chemicals are not commercially
available for use as a concrete additive in North America except for calcium
nitrite.

Calcium Nitrite - A corrosion inhibitor that delays the onset of and reduces
the rate of corrosion of the reinforcing steel. It also acts as an accelerator of
concrete hydration.

Precautions:

Anodic inhibitors are only effective if present in quantities high enough to
maintain passivity. Calcium nitrite is an anodic inhibitor. The optimum dosage
will maintain a chloride to nitrite ratio in the range of 1.5 to 1.0 even after the
consumption of some of the nitrite by the protective action. The correct
dosage for a given application will therefore depend on the level of chloride
to which the concrete is expected to be exposed in future service. If
inadequate quantities are used or if the ratio of the inhibitor to the chloride
level is small, corrosion becomes intensely localized and the attack is
significant causing severe pitting.

Powdered inorganic salt normally requires manual addition at the mixer that
needs experienced and knowledgable personnel. Powders can be added with
the sand or with the gauge water or after the initial batching cycle is
completed. 

Calcium nitrite when used with other additives should be added separately and
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at different times in the mix cycle.

Calcium nitrite inhibitor accelerates the set of the concrete and may require
a retardant when the ambient and mix temperatures exceed 35oC. In the same
manner corrosion inhibitors which set-retard may require an accelerator  to
prevent slow early strength development.

2.2.3 Supplementary Cementing Material Admixtures 

Admixtures listed in this section replace a proportion of the cement content.
Supplementary cementing materials can be divided into three types, namely
pozzolans, granulated slags and silica fume.  

The three types of pozzolans are: Type N - raw or calcined natural
pozzolan
Type F - fly ash 
Type C - fly ash

Granulated Slags: Type G - ground granulated blast
furnace slag
Type H - ground granulated blast
furnace slag meeting the requirements
of type G and CSA A363.

Silica Fume: Type U - by-product from the
manufacture of silicon or ferro-silicon
alloys. 

2.2.3.1 Fly Ash

Fly Ash  is a mineral admixture of the finely divided residue resulting from the
combustion of ground or powdered coal.

Benefits - Improves workability (plasticity and cohesiveness). It normally
allows for a reduction in the quantity of water required for a given slump. This
is true except for course high carbon fly ash that can increase water
requirements. 

Fly ash decreases concrete permeability (one of the most important durability
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variables in concrete mix design). 

Modifies the  products of cement hydration so that they are less harmful in
reactions with sulphates or reactive aggregates. 

Through reduction of the heat of hydration shrinkage and crack formation is
reduced. 

Bleeding is normally reduced. 

Pumpability is improved. 

Mix Proportions - The most effect method is trial batching and testing for
each application to establish strength, air content, etc. From an economical
standpoint the normal proportions are:

Class F fly ash - 15 to 25% of cementitious material
Class C fly ash - 15 to 35% of cementitious material 

Precautions - The set time of the fresh concrete is retarded. The finishing
stage must therefore be delayed appropriately. Finishing the concrete too early
can trap bleed water creating a weak plane near the surface. Admixtures such
as silica fume can be added to increase the early strength gain. 

Fly ash characteristics are source dependent and strength and the rate of
strength gain will be dependent on the particular fly ash, cement and the
proportioning of each in the concrete mix.

The amount of air entraining additives will have to be increased to maintain
the desired air void content in concretes containing fly ash. The amount of
increase again depends upon the characteristics of the particular fly ash.  The
characteristics which effect the dosage include carbon content, loss of
ignition, fineness and amount of organic material in the fly ash. Frequent
testing at the point of discharge is recommended so that adjustments can be
made. Fly ash carbon content should not exceed 4%.

Drying shrinkage may increase slightly if the water content remains constant
and  there is an increase in the paste volume. If there is a water content
reduction the dry shrinkage will be the same as a mix without fly ash. 
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2.2.3.2 Ground Granulated Blast Furnace Slag (GGBFS)

Benefits - Provides flexibility to the mix for each job application.
Reduces cost of cementitious material.
Improves workability.
Improves strength loss during hot weather.
Increases compressive and flexural strength with GGBF slag
grade of 100 or better.
Improved impermeability

Mix Proportions - The proportions used are dependent on the end  use of
concrete, curing temperature and the grade of the GGBF slag. In general it is
used in proportions of 25 to 50% by mass of the total cementitious material.

Precaution - Concrete containing GGBFS is prone to scaling when exposed
to alternate freezing and thawing.

2.2.3.3 Silica Fume 

Silica fume is dealt with in the concrete overlay section  2.2.12.3.

2.2.4 Layout

The layout of the parking structure with respect to major restraining elements
such as stairwells, elevator towers and perimeter walls will a significant effect
on the ability of the concrete to resist cracking especially for large plan areas.

Walls should be arranged so that they do not restrain the normal volumetric
changes accompanying post-tensioning, temperature changes, shrinkage and
creep. These effects are more significant in parking structures than in other
structures. Walls should be located at or near the centre of rigidity of the
structure, whether in the interior or on the perimeter.

Designers should consider factors such as not tying the more flexible
superstructure to the less flexible foundation structure, avoid tying the stair
and/or elevator towers, which are usually relatively rigid to the flexible
superstructure and giving attention to the need for isolation, control and
construction joints and locating them in the most effective locations.
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Drive aisles should be sufficient in number and arranged to minimize the
number of turns required to access the most remote areas of the garage.
Protection systems tend to wear faster in areas of turn lanes, deceleration and
acceleration lanes.

Reference should be made to chapter 3 "Durability Aspects of the Design of
Post-tensioned Parking Structures", which presents an in-depth discussion on
layout considerations. It provides examples of good layouts of stiff vertical
structural components and connection details  which minimizes tensile forces
and helps to reduce the potential for cracking slabs, walls and columns. These
details can apply to systems other than post-tensioned.

2.2.5 Drainage Design Details

1.  All parking structure floors should be sloped. Minimum slopes should
not be less than 2%. Slopes should be both ways so that the water is
directed positively to the drain.

2. When setting finished elevations on the design drawings the following
items must be considered:

- prestressed member camber
- deflections of all members, particularly cantilevered

members 
- providing deflection control by prestressing, camber

forms and sloping top surfaces.

3. Drainage areas should not exceed 400m2. Runoff should never cross
an expansion joint or turn a corner in order to reach a drain.

4. Slabs should always slope away from walls, columns, parapets, and
any other vertical surface.

5. Drains must be properly sized for the design storm and have a
minimum grate drainage area of 33000mm2. The drain must have a
integral 6mm anti-ponding feature or be set 6mm below the floor
surface. Hinged grates that close when released are recommended for
parking garages. Grates which are screw fastened are difficult to lift
and often the screws are not replaced by the maintenance personnel.
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6. All drains must have a sediment bucket which is readily accessible. In
cold climates drain leaders should be covered with insulation and
traced with heating cables to facilitate the flow of water.

7. Circular drains are preferable to square drains  since stress
concentrations tend to develop in the concrete at  the corners of the
drain possibly resulting in the formation of cracks radiating out from
the corners.

8. Trench drains are usually required at the bottom of the ramps to
collect runoff. Inside of the trench drain should be well waterproofed
with a waterproofing membrane because trench drains receive the
maximum concentration of salt.

9. The drain assembly should be constructed with non-corroding
materials.

10. Drains should be located a minimum 1000mm from pretensioned or
post-tensioned anchors.

Refer to S413-87 Section 7.6 for design requirements pertaining to slopes and
drainage. In the second edition refer to section 7.5.

2.2.6 Volume Change Control Measures

Volume change affects various structural systems to different degrees. 

In conventionally reinforced cast-in-place concrete structures, shrinkage is the
significant factor affecting volume change while creep and temperature have
a smaller influence.

In cast-in-place post-tensioned concrete structures elastic shortening,
shrinkage and creep are significant.
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In precast pretensioned concrete shrinkage, creep and temperature all have
some impact. 

In designing for volume change forces the following factors should be
considered:

1. For large plan areas the structure should be divided into smaller areas
with either permanent or temporary joints. Table 2.1 provides
recommendations for typical joint spacings for different structural
systems. 

2. The superstructure should be allowed to move freely with respect to
the substructure which involves isolating the structural frame from
stiff elements such as walls, core walls and stair walls. 

3. Installing temporary pour strips joints allows for the release of early
age volume changes due to elastic shortening, temperature movement,
and shrinkage. At the pour strip all steel should be epoxy coated and
the concrete mix for strip concrete must be specifically designed to
control shrinkage. Fibre reinforced concrete is recommended. Control
joints transverse to the strip should be placed at spacing equal to the
pour strip width. 

4. At the slab on grade isolate the column from the slab by the use of  a
compressible joint.

Typical details are shown in chapter 3.

2.2.7 Concrete Cover 

S413 supercedes A23.1 for minimum cover in the areas listed below.
top reinforcement, tendon sheaths, ducts: with membrane 40mm

exposed 50mm 
top mesh 40mm
bottom reinforcement, tendon sheaths, ducts

30mm
bars in vertical elements protected by a membrane extending
100mm above the floor and down to the foundation at the lowest
floor or by a sealer in accordance with clause 7.3.11. 40mm
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Minimum actual cover over top reinforcement and mesh in concrete slab or
topping shall be 25mm. Minimum actual concrete cover to top reinforcing
bars and tendon sheaths in post-tensioned concrete 35mm. 

General Guidelines for Isolation Joint Spacing 
 

Number of
Isolation Joints

Precast concrete
Prestressed  
Direction 

Precast Concrete
Non Prestressed
Direction 

0 68 m. max. 91 m. max.

1 at centre 137 m. max. 183 m. max.

at 1/3 points 206 m. max. 275 m. max.

Table 2.1

In unbonded post-tensioned concrete, the grout cover at pocket locations is
outlined in A23.1. 

For steel structures the specified cover slab thickness over the steel deck
flutes shall be a minimum of 90mm. Strength and serviceability requirements
may dictate a thicker section. Encased structural steel members should have
70mm minimum cover. 

2.2.8 Protection of Reinforcing Steel With Coatings

Durability of the structure can be improved if there is a redundancy in the
protection systems. Coating of the reinforcing steel is used to reduce the
corrosion tendency of the reinforcing steel if corrosive agents reach the steel.
The most widely used coating is epoxy powder applied by the electrostatic
spray fusion-bonding process. Table 1 in S413-87 provides the minimum
requirements for the location of the epoxy coated steel that applies in the
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construction of new parking structures. This table is presently being revised
and the minimum requirements for its use amended in the second edition. 

There has been many discussions, papers and some on going controversy
regarding the connection between excessive slab cracking and the use of
epoxy coated steel. Manufactures, researchers, and consultants all have
varying opinions on the relationship. The designer of parking garages
specifying epoxy coated steel should be aware of this potential problem. A
suitable waterproofing membrane must be chosen which can bridge the cracks
satisfactorily.

Present practice in parking structures is to use epoxy coating in slab steel
only. Other locations that epoxy should be considered are:

1. Ties from 0 to 600mm above the floor elevation in columns. 

2. The bottom 600mm at parapet and wall locations where exposure is
more severe such as at entrances where splash from passing vehicles
is likely.  

3. Beam and slab steel adjacent to expansion joints.

4. Adjacent to floor drains.

5. Perimeter steel around slab and vertical component openings that are
prone to cracking.

Other coatings that are available are cement mortar slurry, polymer-modified
cement slurry and zinc rich primers. These coatings apply mainly to repair
applications rather than new construction. 

The cement mortar slurry provides good protection because of the high
alkaline environment, however the bars in the surrounding concrete  corrode.
This is due to the higher pH level in the patch area. The bar within the repair
zone becomes the protected cathode and the bar in the surrounding concrete
becomes the corroding anode.

Polymer-modified cement slurry and epoxy resin primed bars can be
susceptible to migrating corrosion from the surrounding concrete,
undercutting the coating.   Corrosion will also be initiated at pin-holes or
"holidays" in the coatings. It is assumed that corrosion is rapid in these areas
due to the large cathode to anode ratio in the immediate area. Attention to
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touching up any damaged areas in the coating must be done prior to placing
the concrete. 

Zinc-rich primers act as a sacrificial coating and provides good protection
since the corrosion rate is approximately 40 times slower than that of steel.
Corrosion is not enhanced at holidays in the coating and in the surrounding
concrete. 

Epoxy coating is the presently accepted industry
standard however in evaluating each project the
engineer should consider the use of alternatives.
Factors affecting selection include:

1. Chloride ion content of surrounding concrete.
2. Moisture content of surrounding concrete.
3. Type of protection system to be applied.
4. Projected deicing chemical load.

 

2.2.9 Prestressing and Post-Tensioning Anchors

In most cases deterioration in the area of the anchoring systems is one of the
first areas to experience problems. Chapter 3 "Durability Aspects of the
Design of Post-tensioned Parking Structures" provides details of how to
safeguard these areas for both bonded and unbonded systems.   

2.2.10 Embedded Materials

CSA-S413 provides the following guidelines for hardware and miscellaneous
metals.

1. The separation of metals of different types should be a
minimum of 40mm or protected by electrically insulating
coatings. This would apply to stainless steel and plain steel,
galvanized steel and plain steel. 

2. Aluminum must be coated if in contact with the steel
reinforcement. A dielectric material should be used between
aluminum alloy drains and cast iron pipes. 
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3. Uncoated cast iron does not perform well in the environment
of parking structures and should be coated.

 
4. No conduit, fixtures or junction boxes should be embedded in

the concrete whether metallic or nonmetallic.

5. All beams or tee stems should be sleeved to provide formed
holes to allow for straight and economical conduit runs.

6. All door frames should be galvanized or painted with zinc rich
paint. 

2.2.11 Waterproofing Systems and Sealers

Apart from the layout of the structural components and slab slopes the
waterproofing membrane and sealers provide the first line of defence against
contaminates which initiate deterioration. S413-94 Table 1 outlines minimum
requirements for protection systems related to the concrete structural system.

The recommendation of this guideline is that membranes be used regardless
of the structural system. 
     
Chapter  9 "Sealants and Waterproofing Membranes" covers the many factors
which must be considered when choosing a membrane. The membrane must
be compatible with the expected environmental factors, volume changes,
movements and traffic loads etc. Consideration must be given to: 

- concrete surface quality and finish
- crack bridging capability
- abrasion, puncture, skid resistance
- durability of wearing course
- maintenance needs
- fire, explosion and toxic fume hazards during construction
- ability to withstand ultraviolet radiation
- carbonation resistance
- life-cycle cost effectiveness
- ability to integrate with expansion joints, curbs, landings etc. 

2.2.12 Overlays
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The use of overlays must be done with caution and only after careful
assessment by the restoration engineer. Problems which have been
encountered in the past include:

1. Debonding between the parent concrete and the overlay.

2. Partial removal of chloride contaminated concrete and replacement
with a new chloride free overlay can result in a galvanic cell being
created. This is due to the difference in chloride concentration
between the parent concrete and the overlay. This can result in rapid
deterioration of the original concrete.

3. The lower concrete continues to deteriorate and the only way to reach
it is to destroy the new overlay concrete.

2.2.12.1 Normal or High Early Strength Portland Cement (LSDC), Superplasticized Low
Slump Dense Concrete (SLSDC)

Mix Proportions: 1 part Portland cement
1 part fine aggregate
1.5 to 2 parts course aggregate by volume
3mm to 9mm grading
0.35 to 0.40 water/cement ratio
slump - LSDC -  25mm or  SLSDC - 50mm.

Placing Techniques: In new construction this type of topping can be placed
in two ways. A 12.5 to 24.5mm thick layer can be placed prior to the first
layer of concrete setting. This layer contributes to the structural capacity of
the slab and provides a dense surface. The other way is to place a 50 to 75mm
thick separately bonded overlay after the structural slab has set. In this case
the overlay acts strictly as a topping and does not contribute to the structural
capacity of the slab. The overlay must be fully bonded to the structural slab.

The procedure for placement of the overlay are:

1. Prior to set roughen surface of the structural slab with a wire
broom exposing the course aggregate.

2. Once the concrete has set clean all dust and debris from the
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surface.

3. Dampen

4. A thick slurry is then brushed onto the base slab. The slurry
consists of a 1:1 mix of Portland cement and sand (passing the
no. 8 sieve) combined with a water/latex mixture.

5. Place the overlay prior to the slurry drying out. The slurry
should not be allowed to puddle. The overlay should be
compacted and finished with a disc type power floating
machine.

6. Wet curing must be continuous for a minimum of 5 days at
21oC  or longer if the temperature is below 15oC. Curing must
begin within 30 minutes of  placement to minimize shrinkage
cracking.

With the SLSDC method it is easier to obtain uniform and adequate
compaction. The success of an overlay is dependent on good quality control
and compaction.

2.2.12.2 Latex-Modified Concrete    

Latex modified concrete is basically a polymer latex combined with a
conventional concrete mix. The polymer provides supplementary binding. 

Mix Proportions: cement:sand:stone - 1:2.5:2
maximum course aggregate - 12mm.
latex 12 to 15% polymer solids by weight of cement
water/cement ratio 0.35 to 0.40 
specified slump 100 to 150mm measured 5 minutes
after mixing
maximum air content 6.5%

Placing Techniques:

1. Prepare surface of the structural slab as previously described.

2. brush a bond coat of a cement/latex slurry onto the wetted
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surface and avoid ponding.

3. Place overlay immediately and finish with conventional
finishing equipment.

4. Wet cure for 24 hours commencing as soon as finishing is
complete.

5. Air cure for 72 hours when temperature is above 13oC after
the initial wet cure period. Longer periods of curing may be
required at temperature below 13oC. The placement should
only take place at temperatures between 29oC and 7oC. The
latex should always be maintained between the same
temperatures prior to use.

2.2.12.3 Silica Fume Concrete Overlay   

Silica fume is a pozzolana that forms reaction products with the lime from
hydrated cement and reduces the volume of large pores and capillaries
normally found in cement paste.

Mix Proportions - Slurry form - 7.5 to 9.0% silica fume by weight of cement.

Benefits - Increases concrete density which improves strength,
impermeability, abrasion resistance and therefore durability. Silica fume
particles are much smaller than the typical cement particle. Therefore they are
able to fill the voids between the cement particles. This microfiller effect
greatly reduces permeability and improves the bond of the paste to the
aggregate. 

Precautions - Adding silica fume to the mix increases the amount of required
water due to the fineness of the particles. To offset this superplasticizer is
added to the mix.

Silica fume can vary in properties depending on the source. The variations can
influence the colour of the concrete. 

Adding silica fume to the mix as a slurry affects the flow properties of the mix,
virtually eliminating bleed water. This could result in premature drying of the
surface which can result in plastic shrinkage cracks. Proper curing is essential.
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A continuous mist spray or wet burlap covering for 7 days is recommended.

The cost of silica fume is one to three times that of cement.

A magnesium bull float is recommended over a wood bull float to prevent
surface tears while finishing.

2.2.13 Connections

Beam-column joints in parking garage structures often require special
attention due to unusual  load combinations. For example: 

- columns loaded from one side 
- very stiff columns where short columns are loaded from both     
sides often at offset elevations 
- effects of prestressing 
- high joint moments and shears due to long spans 
- effects of volume change. 

In exterior columns such as shown in figure 3.6 high joint moments can be
present. Top reinforcement  in the beam may require special anchorage details
and must be considered by the designer. Shear within the joint caused by the
negative moment may exceed the shear capacity of the concrete and ties could
be required within the joint.

Shear in the columns may require increased tie reinforcement throughout the
column height. Where column vertical bars are lapped development of column
vertical bars and tie requirements need special attention by the designer.
Limiting the moment transferred to the column is one method of reducing the
shear. This is dealt with in chapter 3 in more detail.

In flat slab and flat plate construction similar design problems must also be
addressed at the column-slab intersections. 
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2.3 SPECIAL DESIGN CONSIDERATIONS

2.3.1 Precast 

The Prestressed Concrete Institute provides the following recommendations
regarding design of prestressed parking garage structures. 

Design Considerations 

Live Loads - For  proper performance the design engineer must examine the
behaviour of the structure not only for their code specified loads, but also for
the realistic live loads that actually exist in a parking structure. A realistic live
load of 1.2 KPa. is recommended. In areas of average snow loads, the snow
load may be added to this realistic live load. In areas of heavy snow loads,
engineering judgement in combining the loads should be used.   

1. For live loading where deicing chemicals are used, "the level
of prestress, for prestressed members without supplementary
mild steel, shall be chosen such that, under a realistic live load,
the flexural tensile stress in the precompressed tensile zone not
exceed 7.5 (f'c)1/2. This will ensure that the concrete is
supporting the loads as an uncracked section which will
enhance performance and durability."10 

2. "Where deicing chemicals are used, the extreme fibre tension
at the wearing surface should not exceed 3(f'c)1/2 under dead
loads, and under dead loads plus realistic live loads should not
exceed a tensile stress of 6(f'c)1/2."10

Volume Changes - "Volume change is defined as the change in dimension of
structural elements due to the forces associated with shrinkage, temperature
change, elastic shortening and creep."10 Restraint of volume change forces can
result in cracking of the structural elements which can provide an avenue for
contaminates to penetrate the concrete resulting in deterioration. 

1. In precast structures restraint forces tend to accumulate at the
component connection resulting in the formation of cracks.
Connections can be designed to resist the full value of the
restraint forces or by designing the connections with some
degree of flexibility. The use of flexible, or ductile connections
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is preferred. It is important that the design recognize that rigid
(welded) connections restrict the structures ability to react to
volume changes. The use of bolted or slip connections are
recommended when possible.

2. To accommodate creep and shrinkage it is recommended that
precast members be 28 days old prior to making the final field
connections. In the case of construction schedules which do
not allow this, it is recommended that the element be placed
however not be firmly connected to adjacent elements by
welding or bolting until the 28 day period has passed.
Connection must however provide sufficient stability and
safety until the final connection is made.

3. Exposed roof decks experience the greatest temperature
related cyclic movement. Sun cambering of the roof deck
causes rotation and shortening at the supports and therefore
the bearings of roof members must be free to translate
horizontally to relieve any stresses that might occur if the
bearings were fixed (welded).  

4. Volume change effects on frames should be controlled by the
use of isolation joints, isolating the frame from stiff walls,
reducing the rigidity of certain members or connections and
using pour strips. Stair and elevator towers may be kept free
of the structural frame. On tall structures isolate the roof deck
to accommodate thermal cambering but attach the lower levels
to the walls. 

5. Minor isolation joints should be placed to separate grade
beams from the structure and columns from the slab on grade.
The PCI design handbook, Third edition  provides detailed
guidelines for spacing of isolation joints. 

6. Double column isolation joints are recommended whenever
possible. They are the most reliable and provide complete
separation. The added initial cost will be cost effective in the
life span of the structure. 

Cantilevered expansion joints should be avoided. Differential
deflection of the cantilevered slabs can result in damage to the
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seal and leakage problems. 

Sliding expansion joints are another alternative. The proper
functioning of slide bearings is dependent upon proper design,
installation and maintenance. Care must be taken during the
concrete pour that there is a complete bond break between the
two pours or the concrete can crack and spall along the
bonded slab edge. Sliding joints are preferable when the
anticipated maximum movement will exceed 13mm. 

7. Isolation joints are recommended if slab lengths exceed 46m
from the centre of restraint.

8. Joints should be placed at slab high points so that drainage is
away from the joint.

9. If at all possible joints should be straight and bending the joint
around columns or walls should be avoided.

10. On individual slide bearings oversize the upper pad to prevent
debris accumulation on the lower pad.

A detailed discussion on the measures to minimize the effects of volume
change and other structural aspects of parking structures is given in Guide for
the Design of Durable Parking Structures, a report of Technical Committee
362 of the American Concrete Institute.

Isolation Joint Seals

1. Factory moulded urethane sealant installed over a traffic plate
by adhering into place with polymeric nosing is the most
common method of sealing isolation joints in parking
structures. This type of seal is flush to the driving surface,
eliminating tripping hazards and places for dirt and debris to
collect. Field poured sealants are subject to inconsistent cure,
uneven thickness, and inability to provide a bond free zone
beneath the seal. Factory moulding eliminates these problems
and greatly improves performance and is recommended in
areas of moderate exposure conditions. 

2. In areas when exposure to snow removal equipment is likely,

55



Durability Guidelines for Parking Garages
Durability Aspects of the Design of Post-tensioned Parking Structures

49

high speed or heavy duty traffic, top and bottom of ramps,
turn lanes or deceleration and acceleration locations a
continuous, folded elastomeric gland secured by metal
retaining strips, polymeric nosing or both should be used. 

Topping

1. Toppings should be minimum 75mm thick when exposed to
deicing chemicals.

2. Minimum concrete strength must be 27.5 MPa. with a
water/cement ratio of 0.40 to 0.45. Moist curing is essential
and joints should be hand tooled rather than sawn. A high
quality traffic-bearing polyurethane sealant is necessary to seal
the joint. All metal passing through the joint should be epoxy
coated, galvanized or ZRC painted.

3. With pretopped tees, microcracking at the surface behind the
flange to flange connection has been a problem. The cracking
can eventually lead to leakage and deterioration. The cracking
is caused by the restrained expansion of the weld plates
generated by the heat from the welding process. To minimize
this problem the weld plate detail must allow for unrestrained
upward thermal expansion of the plate. Grinding or wire
brushing the weld area will also reduce the heat required to
complete the weld.

Joints - Common problems with the joints of precast concrete structures are:

1. The torsional rotation of L-shaped beams.

2. Spalling of the edges of ledge beams under concentrated loads
when suitable load distribution pads are inadequate.

3. Inadequate rigidity between double tee members resulting in
differential movement.

4. Corrosion of the steel at the connections of the precast
components.
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Pocketed Spandrel - To eliminate as much torsional strain as possible
pocketed spandrel should be used as an alternative to a continuous ledge. The
pocketed arrangement is more economical and reduces torsional strain thus
reducing cracking potential. Pocketed spandrel allow a wider spacing of
exterior columns again reducing costs. Durability is increased due to reduced
crack potential and decreased number of connections.

Cranked Double Tees - Cranked double tees can be used to frame interior
driving ramps instead of expensive interior framing. This results in simplifying
framing, reducing the number of components and types of connection details
which translates into increased performance and durability.

Galvanized Connections - In areas where deicing salts or coastal airborne
salt is present hot dipped galvanizing is used on exposed connection
components. The following recommendations are outlined by the American
Hot Dip Galvanizers Association.

1. "An uncoated electrode should be used whenever possible to
prevent flux deposits.

2. If a coated electrode is used, all welding flux resides must be
removed by wire brushing, flame cleaning, chipping, grinding,
needle gun or abrasive blast cleaning. This is necessary
because welding flux residues are chemically inert in the
normal pickling solutions used by galvanizers; their existence
will produce rough and incomplete zinc coverage.

3. A welding process such as metal-inert gas (MIG), tungsten-
inert gas (TIC), or CO2 shelled arc is recommended when
possible since they produce essentially no slag.

4. If special process welding is not available, select a coated rod
specifically designed for self-slagging, as recommended by
welding equipment suppliers and refer to Item 2."10

To guard against strain-age embrittlement caused by cold working, punching
holes, notching, producing fillets of small radii, shearing and sharp bending of
the connection components the following recommendations are listed by the
American Hot Dip Galvanizers Association. 

1. "Select steel with a carbon content below 0.25%.
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2. Choose steel with low transition temperatures since cold
working raises the ductile-brittle transition temperature and
galvanizing (heating) may raise it even further.

3. For steels having a carbon content between 0.1% and 0.25%
a bending radius of at least three times the section thickness
(3t) should be maintained. On some cases 6t yields even better
results. If less than 3t bending is unavoidable the material
should be stress-relieved at 593oC for one hour per inch of
section thickness.

4. Drill, rather than punch holes in material thicker than 20mm.
If holes are punched they should be punched undersized, then
reamed an additional 3mm overall or drilled to size.

5. Edges of steel sections greater than 16mm thick subject to
tensile loads should be machined or machine cut.

6. In critical applications, the steel should not be hot worked
above 649oC in accordance with the steel makers
recommendation. Where cold working cannot be avoided,
stress-relieve as recommended in Item 3."10 

In addition to hot dipped galvanized coating, epoxy coated or stainless steel
may also be used to reduce corrosion. Field applied coatings may also be used
to protect exposed welds and plates. The effectiveness of field applied coating
is directly related to the throughness of surface preparation. 
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2.3.2 Steel Structures

1. All steel columns should have a concrete curb a minimum of
150mm high at each slab level. This protects the column from
the accumulation of water and provides a surface for the
membrane upturn.

2. If no membrane is to be applied the joint between the curb and
the slab must be watertight and the reinforcement shall be
epoxy coated. This is best done by providing a reglet around
the bottom of the curb and filling with a suitable sealant.

3. Weathering steel should not be used in enclosed structures. 

4. In composite construction, flexural cracks occur in the
negative moment zone over girders and beams. Crack widths
must be limited by the use of sufficient reinforcing to be
compatible with the bridging capacity of the membrane.

5. As much as possible exposed horizontal steel surfaces should
be avoided. They can collect dust and debris which tends to
hold moisture and in turn promotes corrosion. 

6. Oversize the top bearing plate to minimize the potential for the
build up of debris on the lower plate. 

2.4 CONSTRUCTION  

Construction methods and site quality control must be in strict accordance
with CSA A23.1 and S413 if the design factors are to provide the intended
results. Concrete transportation, placement, finishing and curing must all be
carried properly. Chapter four will outline proper procedures for quality
control and testing to help to ensure design features perform and provide the
desired durability. 
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2.5 MAINTENANCE

As part of the design stage, long term maintenance of the garage must be a
consideration in order to achieve satisfactory performance levels. At this stage
maintenance should be in the budget and a preliminary plan developed.
Maintenance should be considered an ongoing process with the thought being
to identify and rectify the problems at an early stage to avoid major and costly
repairs at a later date.

In order to assure maintenance on a regular basis the National Building Code
requires that the owner of the garage be provided with a maintenance program
to sustain the durability of the structure. The maintenance program shall
include:

1. cleaning
2. inspection and repair of the structure, protection system and drainage
3. recommendations for snow removal equipment and procedures to

minimize damage
4. recommendations for observed conditions which require inspection by

a professional engineer.

All records of inspection, observation of defects and the corrective actions,
the date of scheduled maintenance actions should be kept and made available
to the inspecting engineer.

Reference should be made to Chapter 5 which deals with the operation and
maintenance of parking structures in detail.
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DURABILITY ASPECTS OF THE DESIGN OF POST-TENSIONED PARKING
STRUCTURES

3.1 GENERAL

Cast-in-place post-tensioned structures became common in the 60's and 70's.
The use of pre-stressing allowed long column free spaces and better parking
layout.  Properly designed and constructed post-tensioned structures can be
virtually crack free.

Most post-tensioned parking structures built in the 60's and 70's have
deteriorated to varying degrees due to penetration of deicing salts and water.
Virtually all post-tensioned parking structures were constructed using
unbonded or ungrouted tendons. 

A lot has been learned from the deterioration and failures of these parking
structures built in the 60's and 70's.

Cracking is nearly eliminated in properly designed post-tensioned concrete.
Many engineers believed that if cracking were eliminated, this will also
prevent entry of deicing salts and water.  The crack free nature of prestressed
concrete does not completely eliminate the penetration of water and deicing
salts; water and salt still migrate into concrete through the pores in concrete.

To achieve a durable structure we must attempt to prevent entry of chloride
laden water into concrete and if water does get in, prevent that water from
coming in contact with prestressing tendons or reinforcing steel.  Redundancy
of durability systems is needed to achieve this goal, i.e., if one factor fails
there should be other durability factors to take over.  The following durability
factors are discussed in detail:
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• Epoxy Coated Reinforcement
• Post-tensioning Tendon Protection
• High Quality Low Permeability Concrete
• Concrete Cover
• Crack Control
• Drainage
• Surface Treatment and Corrosion Inhibitors

3.2 EPOXY COATED REINFORCEMENT

One of the most effective durability elements of a parking structure is the use
of epoxy coated reinforcement.  If a completely effective waterproofing
membrane is used, the use of epoxy coated reinforcement is not absolutely
essential but still adds protection in case of failure of the waterproofing
system.  Post-tensioned parking structures built in the United States and
Canada have frequently not used a waterproofing membrane, reliance being
placed on a sealer applied to the surface.  In this case, the use of epoxy coated
rebar is essential.

3.3 POST-TENSIONING SYSTEMS

Post-tensioning can be carried out by the use of fully bonded or unbonded
tendons.  In the case of fully bonded tendons, the prestressing steel wires are
placed inside a duct and the concrete is cast.  After the concrete has hardened
to the required degree, the prestressing tendons are stressed.  The space
between the duct and the prestressing steel is then grouted using a high quality
cementitious grout.  

3.3.1 Unbonded Post-tensioning System

In the case of unbonded tendons, the steel strand is coated with corrosion
inhibiting grease and fully encapsulated in a plastic sheathing by the process
of extrusion, over its entire length.  The watertight encapsulation also includes
the tendon ends .  End anchorages, couplings and other post-tensioning
hardware is provided with corrosion protection by means of epoxy coating or
plastic encapsulation.  Extreme care has to be taken during construction to
ensure that there is no damage to the encapsulation.  The plastic encapsulation
is supposed to provide protection to the prestressing steel against water
penetration.  The grease is intended to break the bond between steel and
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plastic sheathing during prestressing and also acts as corrosion protection.  In
the case of unbonded tendons: if a tendon breaks then the pre-stressing force
due to that tendon is lost.  

Prestressed Concrete Institute publication "Specifications for Unbonded
Single Strand Tendons," provides detailed requirements for sheathing and
corrosion protection.  A brief specification and details are given below for
quick references.

Sheathing:  Tendon sheathing for unbonded single-strand tendons should be
made of material with the following properties:

1. Sufficient strength to withstand damage during fabrication,
transport, installation, concrete placement, and tensioning.

2. Watertightness over entire sheathing length.

3. Chemical stability without embrittlement or softening over
anticipated exposure temperature range and service life of
structure.

4. Non-reactive with concrete, steel and tendon corrosion-
preventive coating.

5. Colour should contrast with black grease so that sheathing
tears will be readily visible.  The concrete itself is the first line
of defense against tendon corrosion.  Sheathing and grease are
the second and third lines, respectively.  Sheathing should be
seamless and extruded.  Sheathing thickness should not be less
than 1.5 mm, using high-density polypropylene or
polyethylene.  Sheathing should have an inside diameter
0.76mm greater than maximum diameter of strand.  Sheathing
should be connected to all stressing, intermediate, and fixed
anchorages in watertight fashion; this provides complete
encapsulation of prestressing steel, all couplers, intermediate,
and end anchorages, including wedge cavities.  All
connections shall have demonstrated ability to remain
watertight, when subjected to a hydrostatic pressure of
0.086KPa (1.25 psi) over a period of 24 hours.

67



Durability Guidelines for Parking Garages
Durability Aspects of the Design of Post-tensioned Parking Structures

61

Corrosion Inhibiting Coating: Coating shall be an organic compound with
appropriate polar, moisture displacing and corrosion inhibiting
additives.

1. Grease should completely fill void between tendon and
sheathing.

2. Minimum weight of grease on tendon strand should be 1.14kg
per 30.5 meters of 12.7 mm diameter strand, and 1.36kg per
30.5 meters of 15 mm diameter strand.

3. Grease should meet all requirements of PTI "Performance
Specification for Corrosion Preventive Coating."

Anchorages: Anchorage system must meet all requirements below and those
of PTI Guide Specifications for aggressive environments.  All anchor plates
should be epoxy coated or plastic encapsulated. Tie wires shall not be
tightened to the extent that the tendon sheath is cut or damaged during
installation or tendon stressing.

Tendon anchorages and couplings should be designed to develop static and
dynamic strength requirements of "Guide Specifications for Post-Tensioning
Materials."  Castings should be nonporous and free of sand, blow holes, voids
and other defects.  Provision should be made for a plastic cap which fits
tightly and seals barrel end on stressing side of anchor.  Bearing side of anchor
casting should have provision for plastic sleeve which should prevent moisture
leaks into anchor casting or tendon sheathing.

Blockouts:  Plastic pocket former should be used at the stressing end to
provide a minimum recess of 50 mm to anchor casting and minimum of 65
mm in width to allow access to cut off excess strand without damage to
wedges and anchor casting.  At intermediate stressing ends, prevent moisture
leaks into anchor casting or tendon sheathing.

Anchor Cap:
1. Stressing Ends:  Plastic cap should fit tightly, covering

stressing end of barrel and wedges, and should be fitted with
sealing device.  Cap should allow minimum 40 mm protrusion
of strand beyond wedges.

2. Intermediate Stressing Ends:  This plastic cap, similar to
above, should be used with exception that cap should be open
to allow passage of strand.
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3. Coating Material:  Wedge area and plastic cap should be
completely filled with same grease used along the length of the
strand.

Sleeve:  A Plastic sleeve should be used on bearing side of the anchor casting
which will prevent moisture leaks into anchor casting or tendon sheathing.
Plastic sleeve should be 250 mm long, minimum and sealed at the ends with
moisture-proof tape. Wrapping exposed tendons or anchor assemblies with
duct tape or any other type is not acceptable.

Intermediate Anchorage Sheathing:  At intermediate stressing anchorages,
exposed stressing length should be protected with corrosion preventive
coating (same as above), covered with plastic sheathing.  Please refer to figure
3.23 for a typical end anchor detail.  

3.3.2 Bonded Post-tensioning System

In bonded post-tensioning systems, a steel or polyethylene duct is cast into the
concrete to create a void in the concrete for the insertion of prestressing steel
which is subsequently stressed.  The void is then grouted to provide bond
between the concrete member and the prestressing steel through the duct.  To
serve this purpose, the duct should have the following characteristics:

. Impervious to the intrusion of mortar during placement of the
concrete.

. Sufficient strength to prevent crushing, puncture or other
damage during installation of the duct or the placement of
concrete.

. Sufficient abrasion resistance and stiffness to prevent the
prestressing steel from cutting or crushing the duct wall during
tensioning.

. Adequate chemical stability to avoid destructive reactions with
cement, grout or pre-stressing steel.

. Ability to transfer bond between the grout and the surrounding
concrete.

Earlier practice for bonded post-tensioned concrete has been to use
corrugated galvanized steel ducts.  If used in parking garages without a
waterproofing membrane, this type of duct is subject to corrosion.  Therefore,
in parking garages with bonded systems utilizing galvanized metal ducts, a
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waterproofing membrane must be used.
In recent years, spirally corrugated polyethylene ducts have been introduced.
Cost of steel or polyethylene duct is approximately the same.  Corrosion
resistant duct will also increase the protection to the embedded prestressing
steel.  Major concerns with the use of polyethylene ducts are:

. Ability of the duct to transfer stresses to the concrete by bond.

. Abrasion resistance of the material.  During threading or
prestressing if a hole develops then the purpose of a plastic
duct is defeated.

• With hoop corrugated ducts there may be concern about the
proper filling of all voids with grout.

Mid length duct joints, if not properly sealed, may let in concrete mortar and
later during grouting operations cause problems.  A partially grouted duct will
create a durability problem for the prestressing steel.  

3.3.2.1 Cementitious grout

The two primary purposes a grout must fulfil in post-tensioned members are
to inhibit corrosion by encapsulation of the steel in an alkaline environment
and to have the ability to transfer bond stresses between the prestressing steel
and the duct enclosing the grout.

In addition, an effective grout must possess the following characteristics:

. Low permeability and high electrical resistivity.

. Adequate fluidity to allow pumping and filling of the duct void.

. Minimum or no shrinkage in the plastic or hardened state and not
suffer shrinkage cracking after hydration of cement.

. Little or no segregation.

For detailed requirements for Cement Grout for Bonded Tendons refer to
CAN/CSA A23.1-M90.  A summary is given below:

. Materials
Cement, water, aggregate, air entraining agent, expansion agent, w/c
ratio not to exceed 0.45

. Use colloidal mixer for mixing.

. Test grout for
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- Fluidity
- Bleed water
- Minimum grout strength 20 MPa at 7 days
- Corrosion inducing chemicals, e.g. chlorides and nitrates.

The most serious problem with cementitious grouted post-tensioned tendons
results from improper grouting techniques which can lead to air voids at
various locations along the tendon length.  These voids will permit an oxygen
gradient to develop, leading to corrosion.  Also moisture penetration into the
voids can lead to corrosion of prestressing steel. Collection in the poorly
protected duct of rain water during construction can cause long term
durability problems if not eliminated before grouting.  Grouting may be
complimented by a subsequent regrouting where entrapment of water is
expected.  Regrouting should commence no sooner than 10 minutes and no
later than 20 minutes after grouting, depending on set time and ambient
temperature.  Regrouting to displace water can be achieved by using an inlet
and an outlet near the locations where accumulations of bleed water are
expected.  Such locations may be at anchorages, couplers and high points.

3.4 CONCRETE QUALITY

Study of deteriorated parking structures has shown that concrete of low
permeability reduces the ingress of water and chlorides into concrete.
Durability of concrete against freeze/thaw cycles is enhanced by the use of air-
entrainment.  Concrete in parking garage structures should have:

.1 Low water cement ratio

.2 High cement content

.3 Air entrainment

.4 Proper vibration

.5 Dense finished surface

.6 Proper curing

(Please refer to Chapter 2 for further detailed information.)

3.5 COVER

Increasing concrete cover over reinforcing steel increases the distance the
chlorides must travel in the concrete to cause corrosion.  Minimum cover
recommended for enhancing protection against water and salt ingress is 40
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mm.  This is required wherever water or salt come in contact with concrete
surface.  Generally speaking these areas include the top and edges of slabs,
column and wall surfaces.  Fireproofing requirements should also be
considered; in some cases fireproofing may require a larger cover.

3.6 RESTRAINT CRACKS AND THEIR MITIGATION

"All concrete cracks" is a popular saying.  But in post-tensioned concrete,
cracks can be kept to a minimum by proper design detailing and construction
techniques.  In most cases, restraint cracks do not impair the structural
strength but can lead to reduced durability in the case of parking structures by
allowing corrosive salt laden water into the structures.  We will only be
dealing with cracks due to restrained volume changes, which include:

. Drying Shrinkage

. Creep

. Elastic shortening due to post-tensioning compression

. Temperature

3.6.1 Drying Shrinkage

Drying shrinkage is due to a decrease in concrete volume with time due to
changes in the moisture content of concrete and its chemistry.  When concrete
shrinkage is restrained, cracking at weak points will provide relief.  For proper
durability and serviceability, the stresses induced by drying shrinkage should
be allowed for by either allowing the structure to move or by providing
enough strength in the structure to resist the forces generated.  Shrinkage
stresses are tensile in nature.

3.6.2 Creep

Creep is the time dependent reduction in the dimension of hardened concrete
subject to sustained compression, as in the case of prestressed concrete.
Concrete continues to deform inelasticity over time under sustained
compression.  The total magnitude of creep shortening may be several times
larger than the elastic shortening.  Prestressed members continue to shorten
in length due to creep caused by sustained compression.  Effects of creep are
additive to drying shrinkage.

3.6.3 Elastic Shortening

In prestressed concrete, axial compressive forces applied to the concrete by
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prestressing tendons cause elastic shortening.  It should be noted that if a
member being prestressed is not allowed to shorten in length while
prestressing, no compression will be induced in the member.  If the shortening
is partially restrained then some of the prestressing force will flow into the
restraining member.  As in the case of a post-tensioned beam supported on
concrete columns, if the connection between the column on the beam is such
that it can resist some horizontal shear, then some of the prestressing force
will be transferred to the column, depending on the stiffness of the column.
The effects of elastic shortening are additive to shrinkage and creep.

3.6.4 Temperature

Change in temperature, in the case of open parking structures, is a major
design consideration.  Depending upon the temperature variations, the effect
of temperatures may increase or decrease the effects of shrinkage, creep or
elastic shortening.  The following table shows contribution of various factors
to shortening of a structure in Ottawa, considering the structure was cast at
20oC and temperature drop to -20oC.

Contribution of Different Factors to Shortening

DESCRIPTION Percentage

Shrinkage (S) 60

Creep (C) 10

Elastic Shortening (ES) 5

Temperature (T) 25

Total 100%

Also, to give an idea of the amount of shortening, if the structure is free to
move consider a 60 m x 30 m slab.  The shortening along the long direction
will be 50 mm and along the short direction 25 mm.

The more flexible is the supporting structure the smaller are tensile stresses
produced in the floor structure and less cracking is likely to occur.  The
restraining elements should be so placed and detailed that they provide least
amount of restraint possible to floor structure shortening.  See figure 3.1 for
arrangement of restraining walls.
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3.6.5 Types of Cracking

Characteristics of cracks in unbonded post-tensioned slabs and bonded or
normally reinforced slabs are different.  In unbonded post-tensioned slabs the
cracks are wider, less in  number, and more widely spaced.  In bonded
construction, cracks are larger in number, smaller in width and more uniformly
distributed.  In bonded construction, cracks are shorter in length and coincide
with location of maximum movement.  In unbonded construction the cracks
extend the whole width of the structure and coincide with axially weak
locations like construction joints and locations of reduced prestress.

Slab cracks are grouped into overall and localized cracking.

! Overall Slab Cracks
The primary cause of overall cracks are 
. Poor overall layout of supporting structural elements
. Irregularity in slab geometry.

Figure 3.1 shows an example of poorly placed walls in a building.  The walls
are placed in such a manner that they will restrain the shortening of the slab,
thereby inducing excessive stresses and cracking.

Figure 3.2 shows an example of cracking in slab due to irregular geometry.

! Localized Slab Cracks
Figure 3.3 shows examples of localized cracks in post-tensioned slabs.
The cracks normally form a few days after the concrete is cast and
before post-tensioning.

! Column Cracks
Columns supporting post-tensioned beams can develop shear cracks
depending on the relative stiffness of the column and the beam.
Typically short columns at split levels in parking structures absorb a
considerable amount of prestress from the beam which results in large
shear forces in the columns.  Figure 3.4 shows a typical example.
Large shear forces can be induced in full height columns, if the
columns are very large due to architectural reasons. Columns tied to
half height walls, as shown in Figure 3.5, also develop large shear
forces because the columns are very stiff due to the presence of the
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walls.  Tensile forces in the slab build up along the length of the
building.  Therefore, end columns of long buildings are particularly
susceptible.  Figure 3.6 illustrates this problem.  The moments and
shears generated in the columns due to this displacement, should be
accounted for in the design of such columns.

! Wall Cracks
Figure 3.7 illustrates the most common crack formation due to overall
behaviour of walls tied to post-tensioned slabs.  The diagonal tension
cracks form because of the force exerted on the wall by the movement
of the slab.  It should be noted that this type of stress develops only
if the other end of the slab is also rigidly connected to a rigid concrete
wall.  If the other end is connected to a relatively flexible member, all
the movement can take place on the other side.  The member on the
other side should then be designed to resist the movement or other
measures (described later) should be introduced.

3.6.6 Crack Mitigation

3.6.6.1 Planning the Layout

The most effective way to mitigate restraint cracks is to plan the placement
of rigid supporting elements in a way that the horizontal shrinkage and
expansion of the floor structure can take place with as little restraint as
possible.  The walls should be placed symmetrically, the wall with the strong
axis in the direction of movement should be placed at or near the point of the
movement.  Figure 3.1 illustrates some favourable and unfavourable
arrangements of walls.

3.6.6.2 Structural Separation

All parking structures, stair and elevator shafts are usually placed on the outer
periphery of the building.  There is a tendency by design engineers to use
these to resist lateral loads.  This should be avoided, i.e. stair and elevator
shafts at the perimeter should be isolated from the main structure by means of
expansion joints and other locations in the structure should be selected for
shear wall placement as illustrated in Figure 3.1  Any other small appendages
to the main building should be separated from the main structural system by
means of expansion joints (see Figure 3.8).
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3.6.6.3 Closure Strips, Joints and Favourable Pour Sequence

A closure strip or a pour strip is a temporary gap left between two regions of
slab to be post-tensioned separately.  Each region separately is allowed to
undergo initial elastic shortening due to post-tensioning and initial drying
shrinkage.  After a period of 30-60 days, the gap is closed with non-shrink
concrete and conventional bonded reinforcement.  The width of the closure
strip is determined by the space required for stressing operations because
intermediate stressing is required at a closure strip.  Closure strips are usually
located at quarter points of the slab where the moment is usually the
minimum.  For corrosion protection it is emphasized that the stressing ends
of the tendons terminating in a closure strip should be cut, sealed and grouted
in the same manner as a free edge.  As indicated in Figure 3.9. additional
epoxy coated re-bar should be added across the joints to make up for the
crack resistance of monolithic concrete.

Construction joints are joints at predetermined locations in the slab between
two concrete placements.  They are used to divide larger slabs into
manageable concrete pours and can also be used for crack control.  If there
is a time lag of between three to seven days between the first pour and the
second pour, most of the initial drying shrinkage is accommodated.
Depending on the total slab length to be stressed, there may or may not be
intermediate stressing at a construction joint.  Additional epoxy coated rebar
across the joints should be used.  The following guidelines are suggested:

! If the slab length is less than 80 meters, no closure strip, or structural
separations or expansion joints are necessary unless the walls are
unfavourably placed.

! If slab length is larger than 80 meters, but less than 110 meters
provide one centrally located closure strip.

! If the slab length is longer than 110 meters, provide a structural
separation in the form of an expansion/contraction joint.
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3.6.6.4 Released Connections

Released connections are effective means of crack mitigation when a
favourable layout of supporting structural elements is not available.  Released
connections are those where a joint is designed and constructed in such a
manner as to allow limited amount of movement between the slab and the
supporting element.  A release connection can be temporary or permanent.
A temporary release connection is one in which a beam or a slab is seated in
such a way as to allow the slab or beam to slide and shorten during the post-
tensioning operation.  In a permanent release connection the movement can
take place throughout the life of the structure.

Wall/Slab Release
A typical wall slab release detail is shown in Figure 3.10 to illustrate this
concept.  In the case of a ground floor slab with basement, casting the ground
floor slab over and on top of the basement walls should be avoided.
Basement walls should be placed outside the structural system as illustrated
in Figure 3.11.  The basement walls should be cast after the stressing
operations are complete so as not to lose prestressing force into the basement
walls.

It should be noted that performance of a release joint is greatly dependent on
the workmanship and selection of slip material.  A smooth trowel finish should
be specified and two or more layers of thick building paper or roofing felt can
be used as slip material.  High density plastic elastomeric strips, such as
neoprene, are also used as slip material.  Due to their high cost the use of
elastomeric materials is primarily limited to smaller areas such as between the
columns and slab or columns and footings.  The use of elastomeric material
is particularly recommended where the connection is expected to undergo
appreciable rotation in addition to relative displacements in the plane of the
slip joint.

Beam/Slab/Column Release
Columns may either be designed to withstand full anticipated stresses due to
volume changes of the slab structure or the joints may be released to partially
mitigate the stress levels.  A temporary release of the beam/column joint can
be achieved as shown in Figure 3.12 to allow shortening of the beam during
post-tensioning.  Figure 3.13 illustrates a detail to create a hinge at the bases
of the columns to reduce their stiffness and their resistance to movement of
the floor structure.
It should be noted that implementation of release joints improves the
serviceability of the structure at the cost of structural redundancy.
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Slab Joints
Any isolated pieces of slabs as illustrated in Figure 3.8 should be separated
from the main structure by means of through slab joints.  These are planes of
weakness in the slab and, if not isolated, cracks usually develop at locations
like this.

Wall Joints
Concrete walls or block walls which are full height and tightly built between
the columns and the floor structure should be provided with joints as
illustrated in Figure 3.15 This is applicable to those walls which are non-
bearing and do not form part of the lateral load resisting system.

Additional Reinforcement
In addition to well planned layout of shear walls and supporting structures and
provision of releases, it is necessary to place additional rebars or post-
tensioning tendons at locations of potential distress to mitigate crack
formation.  Figure 3.15 illustrates potential locations.

Minimum Levels of Pre-stress
Cracks are caused when the tensile stresses exceed the tensile capacity of the
part of the slab in the particular area.  If enough compression is present then
cracks can be avoided.  A minimum general level of prestress should be
established in the slab based on bending stresses and stresses caused by
volume changes.  The following formula should be used as a guide:

S + SV < SP + MR
S = Stress due to Bending
SV = Stress due to Volume Change
SP = Stress due to Post-Tensioning
MR = Modulus of Rupture of Concrete

SP should be kept about 1 MPa (150 psi) more than that required by
bending alone.

3.7 DRAINAGE

For drainage design details, please refer to Chapter 2, section 2.2.5.
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3.8 CONCRETE ADMIXTURES, SEALERS AND MEMBRANES

3.8.1 Concrete Admixtures

Silica fume (microsilica) admixture in the right proportion makes concrete
more impermeable.  A concrete mix containing 7% silica fume by weight of
cement can produce concrete strengths up to 55 MPa.  The result is a
concrete with much improved strength, impermeability and electrical
resistivity.  These properties make the concrete much more durable than a
comparable mix without silica fume.

3.8.2 Sealers and Waterproofing Membranes

In the case of unbonded tendons along with all the durability factors noted
above, the Post-tensioning Institute recommends use of a high quality
penetrating sealer.  Sealer application will have to be repeated depending on
the quality of the product and application.  Sealers should not be specified if
reapplication of sealer cannot be assured.  Sealers slow the penetration of
water but do not bridge cracks.  Silane sealers are penetrating type while
polyurethanes are surface sealers.  Polyurethane sealers are subject to ultra-
violet degradation.  In the case of bonded tendons with steel ducts and
uncoated strands, the use of a waterproofing membrane is a must.  In the case
of unbonded tendons a life cycle cost analysis should be carried out to
determine whether a sealer or a waterproofing membrane is more beneficial.
Please refer to Chapter 9 for detailed discussion of sealers.

In cases where a decision is made to use a sealer instead of a waterproofing
membrane, consideration should be given to the use of a waterproofing
membrane at critical locations such as over and near anchorage zones, at
bases of columns and walls, over construction joints and in trench drains.

3.8.3 Thick Waterproofing Systems

To achieve a high level of durability use of a "thick" waterproofing system is
recommended instead of a sealer.
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3.9 MISCELLANEOUS DURABILITY FACTORS

3.9.1 Electrical Conduits

Do not cast electrical conduits in the structure.  Exposed conduit is initially
more expensive to install, maintenance will be far easier and concrete
durability will be improved. When conduit is cast into the structure and
moisture gets into it through cracks, leaks or condensation, deterioration of
the concrete around the conduit may be accelerated.  If the moisture freezes
and the ice is not free to expand within the conduit, the conduit may split and
the surrounding concrete may spall.  If conduit is to be exposed, formed holes
will be required to run the conduit through the beams if any.

3.9.2 Formwork

Deicing chemicals should not be used to melt snow and ice on the formwork.

3.9.3 Chairs and Tie Wire

Plastic coated chairs, tie wire and concrete blocks should be used to support
post-tensioning tendons.  Tie wire should not project into the concrete cover
and should not damage tendon sheaths by tightening the sheaths excessively.

3.9.4 End Anchorage Protection

In addition to the end anchorage protection discussed earlier, concrete parapet
details should be designed to provide additional protection to end anchorages
(see fig. 3.16).  If sealer surface protection is specified, then partial membrane
protection should be provided as shown in Fig. 3.16.  Partial membrane
protection should also be provided in an area 900mm each side of a
construction joint.
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3.9.5 Base Protection

Bases of all walls and columns should be protected as shown in Fig 3.17 and
installation of dykes around the column footings be considered.

3.9.6 Foundation Protection

In the case of normal spread footings or piled foundations, the slab on grade
usually provides enough protection against water and chloride ingress.
However, in the case of raft foundation, special precautions have to be taken.
Epoxy coated rebar should be used in the top layer of the raft.  In addition, a
waterproofing membrane should be provided.  All other durability factors
discussed earlier for a structural slab should be followed.  Due to the
possibility of migration of moisture from the bottom of the raft to the top
surface, there may be durability problems with use of a waterproofing
membrane.  Consideration should be given to using a 100mm to 150 mm thick
dense concrete overlay to provide protection.

3.10 EXAMPLE OF A  DURABLE PARKING STRUCTURE

3.10.1 Structural Concepts

Structural concepts of a parking structure is illustrated in fig 3.18 to fig. 3.22.
This parking structure was commissioned in 1975.  It is located in eastern
Canada in an area of heavy salt use and extremes of temperature.  Major
features are as follows:

1. Major portion of the structure is post-tensioned concrete beams and
slabs.  Bonded (grouted) system was used for both beams and slabs.
Grouting duct is a galvanized sheet steel tube.

2. A waterproofing system was used to protect all structural slabs.

3. The structure is well sloped.
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4. The structure was designed to resist Zone 2 earthquake.

5. Shear walls are located near the centre of the building to allow for
movement of the structure.

6. Average prestressing after all losses is approximately 2.75 MPa in the
east-west direction and 0.9 MPa  in the north-south direction.

7. The basement walls are isolated from the ground floor structure in
order to allow volume changes.  The basement wall were cast after the
ground floor was post-tensioned.

8. Stair and elevator shafts are separated from the main building by
means of expansion joints to allow for volume changes.

3.10.2 Present Condition

The present condition (November 1993) is as follows:

1. There is virtually no cracking in the slabs or beams.

2. Waterproofing membrane has not been repaired and now needs
replacement.  The poor condition of the waterproofing membrane has
allowed water and chlorides into the slab at 5 locations.  This has
caused corrosion of the steel ducts.  There is no corrosion on the
prestressing steel.

3. There is no anchor deterioration visible.
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Chapter 4

MATERIAL TESTING AND QUALITY CONTROL DURING THE 
CONSTRUCTION OF PARKING GARAGES
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MATERIAL TESTING AND QUALITY CONTROL DURING THE CONSTRUCTION OF
PARKING GARAGES

4.1 GENERAL

To erect a building of good quality, team effort is essential.  The owner,
builder and the consultants must work as a team.  Shortly after construction
begins, the relations between various parties usually become adversarial.
From the bidding stage onwards, efforts should be made to maintain a good
relationship.  More than the normal periodic review of the critical building
components during construction is required for parking garages.  A special
budget should be established for additional consulting fees related to services
during construction.  The site review services should be provided by engineers
or technologists experienced in the design and construction related to
durability of parking garages.

4.2 COMMUNICATION

In most cases, the lowest bidder wins the Contract.  It is therefore essential
that the tender documents should be complete, and clearly convey the
intentions of the Engineer. Design, materials, testing and inspection
requirements for a parking structure are more stringent than those of an
ordinary building consisting of a similar structural system.  Any special
requirements should be very clearly stated in the Tender Documents.
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4.3 TENDERING PROCESS

1. Organize a Pre-bid meeting to explain to the bidders what is expected
of them.  Point out the unique characteristics of the design.

2. Use selected list of bidders.  If possible, invite bidders who are
experienced in this type of structure.  This can only be accomplished
if a pre-qualification procedure is permitted.

4.4 PRECONSTRUCTION MEETING

Hold a pre-construction meeting.  The following sub-contractors and
testing agencies should be invited:

! Concrete supplier
! Concrete testing agency
! Concrete placing and finishing
! Rebar placer
! Post-tensioning contractor
! Precast supplier and erector
! Waterproofing contractor

Procedures for the following elements of the construction process should be
discussed, agreed to and documented.  Copies should be distributed to all
parties.

! Concrete proportioning and mix design
! Concrete transportation
! Concrete placing/curing
! Rebar and Post-tensioning shop drawings and placing procedures
! Precast concrete shop drawings
! Cold and hot weather concreting
! Finishing procedures
! Quality control by contractor
! Review by Engineer
! Material Testing procedures
! Construction Sequence/Construction Joints
! Formwork Drawings
! Repair of damage to epoxy coated rebar and pre-tensioned tendons
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4.5 CAST-IN-PLACE REINFORCED CONCRETE

4.5.1 Concrete Quality Control

Proportioning, mixing, transporting, placing and testing of concrete should be
carried out in accordance with CAN/CSA-A23.1-M90 and CAN/CSA-A23.2-
M90 and CSA S413.  Major factors effecting quality control are as follows.

4.5.2 Requirements for Concrete

Refer to Table 8 and Table 10 of CSA-A23.1-M90.  For parking structures,
the following requirements should be used.
! Exposure classification C1
! Minimum compressive 35 MPa

strength at 28 days
! Maximum water/cement .40
! Air content 5 to 8%
! Cement content 320 kg/m3

! Maximum water soluble .06% by mass of cementing
chloride content in hardened materials for prestressed concrete

.15% by mass of cementing
materials for reinforced
concrete

4.5.3 Concrete Testing

Testing should be carried out to check the following requirements:

Compressive strength
A minimum of one strength test should be conducted for every 100 m3 of
concrete placed or one test for every pour or class of concrete, if the pour is
less than 100 m3.  A set of three cylinders should be obtained from a random
sample of concrete.  One should be tested at 7 days and two at 28 days.  In
addition,  cylindrical samples should be cast within the structure and later
removed for testing to help determine in-situ strength of concrete prior to
stripping the forms.  Refer to CSA Test Method A23.2-20C.

Pull out tests can also be used to determine the in-situ strength of concrete.
A pullout test measures the force required to pull a specially shaped steel rod
or disc out of the hardened concrete into which it has been cast.  Because of
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its shape, the steel rod is pulled out with a cone of concrete whose surface
slope is approximately 45 degrees to the vertical.  Pullout test equipment is
commercially available.  The manufacturer of the equipment publishes a
recommended relationship, relating pullout force to the compressive strength
of standard cylinders.  Each test takes approximately 2 minutes and it is
recommended that about 10 inserts be used for each 100 m3 of concrete
placed.  A primary use of pullout testing is to determine the safe removal time
for forms or the earliest time at which post-tensioning may take place.  The
inserts have to be preplaced in the forms before concreting.  As the inserts
may be lost or misplaced, this is perceived as a disadvantage of this testing
method.  Another disadvantage of this method is that during winter
construction this method tests the strength of concrete in the best protected
area of the slab, which is the soffit.  This test method cannot predict the
strength near the top surface of the slab, in winter conditions it is the top
surface which gets the least protection and heat.

Slump
A slump test should be made with every strength test.  Slump is a measure of
workability of concrete.  Recommended slump for parking slabs and beams
is 80 mm, the allowable variation is +/- 30 mm.  Excessive slump can lead to
segregation of materials in the mix.  Too low a slump will make the concrete
hard to place in areas of closely spaced reinforcing steel. High or low slump
will affect the durability of concrete.  In concrete with a slump high enough
to the point of segregation, the top surface of the concrete will end up with
excessive water and cement paste. The aggregates tend to settle thereby
producing non-uniform strength, a weak surface and excessive permeability.
In concrete with too low a slump, air pockets around areas of closely spaced
rebar may be left and concrete will be difficult to consolidate.

If the slump is found to be excessive at the point of discharge the concrete
should be rejected.  If the slump is less than specified water may be added by
an authorized person designated by the producer of the concrete. In this case,
water should only be added if no more than 60 minutes have elapsed from the
time of batching and no more than 10% of mix design water is added.

For a water-cement ratio of 0.4, water reducing agents or superplasticisers are
required to produce concrete of a specified slump.  When superplasticised
concrete falls below the specified slump due to delay, it should be retempered
with the superplasticising admixture previously used and not water.
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Air Content

Air entrained concrete is a code requirement for all parking structures.  In
order to test for air, two tests are required.  A test of air content and a test for
satisfactory air void system.  Air content test should be conducted at the time
a concrete sample is taken for a strength test at the time of discharge from the
truck.  A test for air void system is carried out on a hardened sample of
concrete.  This test is done, prior to the start of construction, on cylinders of
concrete made of the same materials, mix proportions and mixing procedures
as intended for the project.  If more than 90 minutes have elapsed after
batching, an air content test should be repeated.  If air content is found to be
low, additional air entraining admixture should be added by the authority
responsible for the mix proportions.  Air content tests are conducted in
accordance with CSA test method A23.2-7C.  Air void system test is carried
out in accordance with CSA test method A23.2-17C to meet the requirements
of clause 14.3.4 of CAN/CSA - A23.1-M90.

Chloride Ion Content

Water-soluble chloride ion content of hardened concrete should be determined
on the proposed mix prior to commencement of work.  The test is conducted
in accordance with test method A23.2-4B of CSA-A23.2-M90.

4.5.4 Concrete: Transportation, Placement & Curing

In order for the intended design characteristics of the concrete mix to be
effective in the finished product, transportation, placement, finishing and
curing of the concrete must be carried out properly.  CSA A23.1-M90
provides criteria dealing with the above areas.  At the point of discharge
some flexibility is allowed in order to adjust the mix to suit the air content and
slump specifications.  

For complete requirements refer to section 18 in CSA A23.1.-M90.

Concrete placement is covered in section 19 of A23.1.  Concrete should be
placed as close to its final position as possible.  Vibration is a means of
providing as dense a mix as possible.  Do not use a vibrator to move the
concrete as over vibration results in segregation and excess paste
accumulation at the surface.  Use plastic or rubber tipped vibrators when
epoxy coated rebars are involved.
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Section 19 of CSA A23.1.-M90, covers construction processes such as
- conveying equipment
- allowable concrete lifts
- allowable heights of free drop
- vibration

All the above factors can result in segregation, voids, honeycomb, large air
and water pockets, if not carried out by experienced personnel.

Once the concrete has been placed and finished, curing and protection of the
concrete must begin immediately until the concrete hydration process has been
completed.  Curing is required in both hot and cold weather.  Freshly placed
concrete requires protection from freezing, high temperatures, rapid
temperature gradients, premature drying and moisture loss in order to develop
the specified properties.  All concrete requires a basic curing period as
outlined in the code as either 3 days at a minimum temperature of 10oC or the
time required to gain 35% of the specified 28 day compressive strength.  In
the case of C-1 exposure concrete there is an additional curing requirement
for durability.  The code states that the concrete be cured for an additional 4
days at a minimum temperature of 10oC or the time it takes for the concrete
to reach 70% of the specified compressive design strength.

In hot weather, drying conditions are a major factor in the evaporation of
moisture and are categorized as being moderate or severe.  Curing
requirements vary depending on these categories.  The normal method of
curing is a continuous water spray or burlap soaked with water covered with
a plastic sheet.  Relative humidity, air temperature, concrete temperature and
wind velocity all affect the rate of evaporation from the concrete surface and
must be considered.  Appendix D, Figure D1 of CSA A23.1-M90, provides
graphical guidelines to estimate the rate of evaporation from a concrete
surface.  The appendix is not a mandatory part of A23.1 but the
recommendation of the guideline is that it be followed and adhered to.  When
the rate of evaporation exceeds .75kg/m2/h, windbreaks must be constructed
around the perimeter of the area being poured.  When severe drying
conditions exist, additional measures are required and are outlined in clause
21.2.2.3.2.
Section 21.2.3 outlines requirements for cold weather protection.  Protection
is related to ambient temperature, concrete temperature at placement,
concrete thickness and length to height ratio of the element.  In cold weather
rapid temperature drops in the concrete at the time of form stripping is a
major contributor to thermal stresses.  Appendix D. Figure D2 of CSA A23.1-
M90, provides a graphical guideline for the safe stripping time for insulated
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formwork in cold temperatures below 0oC.

In enclosed areas, care must be taken to properly ventilate the combustion
products of the heaters to the outside air.  If the combustion products come
in contact with curing concrete, carbonation can result.  Carbonation produces
dusting of the surface which is a difficult process to correct once initiated.

Sealers should not be applied to curing concrete in cold climates as moisture
can be trapped and the concrete could be damaged if the water in the concrete
freezes.  Sealers are ineffective in high moisture concrete.

Cure concrete using water.  In extremely cold weather conditions, wet curing
may not be practical; however the use of a curing compounds is presently
prohibited by CSA S413. Using insulated tarps over the top surface of slabs
heated from below is necessary in cold weather concreting.

4.5.5 Handling & Placement of Reinforcing Steel

Design of structural slabs is based upon the effective depth (d) of the slab.
Effective depth is the dimension from the surface of the compression face of
the concrete to the centre of the reinforcing bar in the tension zone in the
direction being considered.  Slab strength and deflection is dependant on the
reinforcing steel being placed in accordance with the designer's design criteria.
To help ensure that the reinforcing is placed accurately, the following
recommendations are listed:

1. Whenever possible use the same diameter bar throughout the top mat
reinforcing.  This results in the fewest number of chair sizes being
required and therefore less chance for mistakes and the thickness of
cover over the steel is more uniform.

2. For top reinforcing, use a minimum 15 M diameter bar.  This bar size
will less likely suffer permanent deformation during the placement of
the concrete or if stepped on by workers, loaded by the storage of
reinforcing, buggies, compressors etc., which are often present on the
formwork surface prior to casting the slab.

3. Chair bars should be spaced at a maximum of 1200 mm c/c with a
maximum overhang of 300 mm.

4. Plastic chairs, chairs coated with high dielectric materials or concrete
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blocks of the same type of concrete as the slab should be used.

5. The bottom mat of reinforcing should be supported on plastic chairs
spaced on a 1200 x 1200 mm grid.  Extra chairs should be placed at
high points in the formwork in sloped slabs to maintain the proper
cover at change of grade.

6. Only epoxy coated wire ties should be used with epoxy coated steel.

7. When loading and unloading epoxy coated bars, cloth or sheathed
straps should be used to minimize damage to the coating.  Bundled
bars on the flat bed should be separated with lumber blocking.

8. Epoxy coated bars should not be cut on the site.  All exposed ends
should be painted with epoxy paint.

9. The placement of the reinforcing should be coordinated so that
completed areas are not in high traffic areas where the steel can be
knocked down or displaced.

4.5.6 Falsework & Formwork

Definitions

Falsework - The structural supports and the necessary bracing required for the
support of temporary loads during construction.

Formwork -  The mould into which the concrete is placed.

Falsework must be designed in accordance with CSA Standard S269.1.  The
drawings should bear the stamp of a registered Professional Engineer.  The
following factors can all affect the quality of the concrete.

1. The plywood seams must be tight to prevent the cement paste from
bleeding out, resulting in poor quality concrete.  This often occurs at
column and beam corners and at the edges of drop panels.

2. All debris such as saw dust, wood, reinforcing ties and nails etc. must
be removed from the formwork.  Debris often collects at the top of
the previously poured columns and along the edges of the drop panels
and beams.  If the debris is not completely removed concrete will be
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prevented from filling these areas resulting in poor quality concrete,
reduced cover and unsightliness.

3. To avoid settlement, special attention to the bearing capacity of the
supporting material and the sill plates is required.

4. Both S413-87 and S413-94 state that no formwork shall be stripped
prior to the concrete obtaining a minimum 75% of the specified design
strength, and that the stripped area be reshored immediately.  This is
a minimum requirement.  In the case of parking garages, the design
engineer should be conservative in this area.  Often flexural cracks
result during the construction phase of the project due to stripping and
reshoring procedures.  Although it is not structurally significant, small
hairline cracks can result in premature deterioration which could
eventually impact on the structural integrity of the garage.

5. No chemicals should be used to melt snow and ice in the forms.

4.5.7 Protection Systems (Waterproofing Membranes and Sealers)

Waterproofing membranes should be installed only by contractors authorized
by the manufacturer.

1. Prepare the concrete surface as specified by the manufacturer of the
membrane.  Generally, a light sandblasting of the surface is
recommended.  Ensure that the curing compound is not incompatible
with the membrane; an improper surface can result in a loss of
adhesion.

2. The moisture levels in the slab should not exceed those recommended
by the manufacturer.

3. Application of the membrane should take place within the temperature
range recommended by the manufacturer.

4. The manufacturer's representative should visit the site during the
surface preparation and accept the surface prior to the start of the
application.

5. The installation of the membrane or the application of the sealer
should be inspected by the manufacturer's representative.
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6. Cut tests should be performed prior to application of the wearing
course to determine the conformance to specified thickness and
adhesion to substrate.  Cut tests should also be performed after the
application of the wearing course to check for thickness and inter-coat
adhesion.

7. Vehicles should be kept off the slab until the wearing course has been
placed and cured.

8. Manufacturer's instructions should be followed for handling with
regard to fire, toxicity and other matters of safety.

4.5.8 Construction Review Checklist

A. General

.1 Pre-construction Meeting

.2 Retain an experienced material testing agency

.3 Keep records

B. .1 Review the mix designs
.2 Test aggregates
.3 Test proposed additives and admixtures
.4 Prepare trial mixes in lab and carry out tests to determine

.1  Strength

.2  Slump

.3 Air content of plastic concrete

.4 Air void structure of hardened concrete

.5 Water soluble chloride ion content

C. Formwork - Review to determine that
.1 Formwork drawings bear the stamp of an engineer
.2 Drainage slopes are shown on drawings
.3 Reshoring sequence is shown on drawings
.4 Concrete to attain minimum 75% of specified 28 day strength

before stripping and reshoring.
.5 Deicing chemicals are not used.

D. Reinforcement - Review

.1 Size, spacing and quantity

.2 Chair height
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.3 Plastic coated chairs and plastic coated tie wire

.4 Cover from top and bottom and sides

.5 Damage to epoxy coated rebar - repair damage

E. Concrete Placement - Review

.1 Concrete placement procedures

.2 Concrete member sizes

.3 Concrete finishing

.4 Concrete compaction

.5 Curing

F. Joints

.1 Construction Joints

.2 Expansion Joints

.3 Contact of dissimilar materials

G. Drainage

.1 Floor slopes

.2 Drain placement

.3 Types of drains

.4 Flood test to determine areas of ponding and fix.  Repair leaks
at drains, construction joints and expansion joints.

H. Miscellaneous

.1 Heating cable in ramps

.2 Electrical conduits surface mounted

I. Membrane or Sealer Protection

.1 Surface preparation

.2 Curing compound not be used 

.3 Moisture content of substrate

.4 Ambient temperatures at time of application

.5 Application rate of membrane material or sealer 

.6 Sealer penetration

.7 Membrane turned up at columns and walls

.8 Sealer protection at vertical surfaces

.9 Membrane connection to drains and expansion joints
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.10 Test cuts to determine membrane thickness, adhesion, pin
holes, gas bubbles, intercede adhesion

.11 Formulation of asphalt or mastic wearing coat

.12 Test cuts of asphalt wearing course to determine thickness and
adhesion to membrane and to determine that asphalt aggregate
will not puncture membrane

J. Joints

.1 Special membrane protection over construction joints

.2 Additional epoxy coated rebar across construction joints

.3 Check construction of expansion joints.  Carry out flood test
to check for leakage

K. Drains

.1 Material for Drains

.2 Connection to membrane

.3 Electrical heating and insulation

.4 Flood test

L. Miscellaneous

.1 Contact of dissimilar metals causes corrosion

.2 Surface mount all conduit

.3 Ramp heating

4.6 POST-TENSIONED CONCRETE

4.6.1 General

General quality control requirements are the same as for normal reinforced
concrete structures as listed in 4.5.1 to 4.5.8.  Special requirements for post-
tensioned structures are listed below in the form of a checklist.

4.6.2 Checklist

A. P/T Tendons
.1 Sheathing thickness
.2 Tears repaired
.3 Proper amount of grease
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.4 Encapsulation system - ensure watertight connections

.5 Type of grout for bonded system.  Strength tests.

.6 Type, size and grade of strands

.7 Check in the shop for grease application for complete and
continuous coverage.

.8 Ensure all strands are stressed

B. Slabs and Beams

.1 Main tendons
.1 Number
.2 Drape profile check at 1/4 and 3/4 points and at ends.
.3 Properly supported

.2 Temperature tendons in slabs
.1 Number
.2 Location at centre of slab
.3 Straight placement
.4 Properly supported so they do not affect the main

tendons.

.3 Plates at the Ends
.1 Correct position
.2 Epoxy coating
.3 Concrete cover to plates 40 mm
.4 Additional rebar behind plates
.5 Grease filled plastic cap at ends

.4 Grouted system
.1 Grout pump
.2 Method of grouting
.3 Temperature of structure
.4 Heating requirements
.5 Availability of grout to check filling of duct
.6 Check complete grouting of the ducts

.5 Grout stressing pockets

C. Release joints and control joints as per drawings

D. Formwork

.1 Special Formwork: Note that in beam slab construction,
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special shoring will be required at beams to support the dead
and live load of the slab.  Slabs are stressed first; they lift off
the forms and load the beams.

E. Stressing operations: Ensure all tendons are tensioned as required.

4.7 PRECAST CONCRETE

4.7.1 General

Quality control for placement of concrete topping will be as for normal reinforced concrete
structures as listed in 4.5.1 to 4.5.8.  Field observation guidelines and plant visit guidelines
are provided below in the form of a checklist.

4.7.2 Plant Visit Checklist

A. Pre-Visit Review

.1 Obtain permission to observe operations.

B. Pre-cast Double tee; Beams and Columns

.1 Forms
.1 Forms are clean and free of pits, bends, bowing  and

uneven joints
.2 Form will provide an approved finish
.3 Form oil is applied properly per manufacturer's

recommendations and no puddles are left in form
.4 Form is of correct configuration and dimensions
.5 All blockouts are correctly positioned.

.2 Reinforcements
.1 Shear reinforcement in stems provided per drawings
.2 Shear reinforcement held with nonmetallic chairs

which provide specified concrete cover
.3 End-bearing plate in place and held in proper position
.4 Bearing plates have received the proper finish and

have the correct reinforcement welded to them
.5 Flange welded wire fabric (WWF) located per plans

and held with nonmetallic chairs which provide
specified concrete cover.

C. Concrete

.1 Mix design is approved; approve aggregates.
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.2 All concrete admixtures are approved.

.3 Admixtures containing calcium chloride are not allowed.

.4 All admixtures are properly measured.

.5 Admixtures applied to mix at proper time and per  
manufacturer's recommendation.

D. Pretensioning Strand

.1 Strand is clean and free of dirt or from oil.

.2 Strand is new and free of broken or nicked wires.

.3 Strand is located per plans.

.4 Strand mill report verifies size and strength.

E. Tensioning

.1 Strand vises are clean.

.2 Strand jack has been calibrated within the last year (Report is
available).

.3 Final stress is checked by measuring elongation and jack-
gauge reading.

.4 If strand is depressed during stressing, frictionless holddown
devices are used.

.5 Strand is depressed at the proper locations.

F. Finishing Concrete

.1 If broom finish is specified, striations are made in specified
directions.

.2 If rough finish is specified, a minimum of 6mm amplitude is
maintained.

G. Curing Concrete

.1 Concrete is covered to prevent loss of moisture.

.2 If ambient temperature is below 10oC, form is heated or
insulated to prevent concrete temperature from dropping
below 50oC.

.3 If heat is used to accelerate cure, continuous recording
thermometers are used to monitor temperatures.

.4 At no time is concrete temperature allowed to go below 10oC
or above 70oC.

H. Quality Control

.1 Plant has a designated quality-control department.

.2 Quality-control department supervises the tensioning,
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detensioning and all concrete testing.
.3 The quality-control department checks dimensions on all

products.
.4 The quality-control department maintains records of all

stressing, testing and mill reports.

I. Storage

.1 Product is handled only at pick points.

.2 Product is stored on a level plane.

.3 Product is marked so it can be identified by date cast and
location in the building.

.4 If product is stacked more than three high, plant engineer has
calculations showing he is not exceeding allowable concrete
strength.

.5 If product is stored at below 0oC, all inserts an sleeves are
sealed to prevent ice forming in them.

4.7.3 Field Observation Checklist

A. Connections

.1 Column foundation

.2 Base protection to column 

.3 Beam/Column

.4 Double Tee Flange connections

.5 Bearing Pads

B. Finish

C. Expansion Joints

D. Concrete Topping

.1 Control Joints

.2 Control joint sealant

.3 See 4.5.1 to 4.5.8

E. Surface protection (see 4.5.8)
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4.8 STEEL STRUCTURES

4.8.1 General

Quality control for cast-in-place concrete will be as per paragraphs 4.5.1 to
4.5.8.

4.8.2 Field Observation Checklist

Field observation guidelines specific to structural steel parking structures are
provided below in the form of a checklist.

A. Bases

.1 Concrete curb for the protection of the column base against
corrosion. Where the curbs are not cast monolithically with
the floor slab, the slab shall be first cleaned by sandblasting, or
an equivalent method, a cement slurry or bonding agent shall
be applied to achieve good bond and a sealant shall be
provided at the junction of the curb with the slab.

B. Floors

.1 Steel deck thickness and corrosion protection.

.2 Structural steel corrosion protection.

C. Concrete Topping

.1 Same as indicated earlier under concrete structures.

D Size of structural steel members.

E. Size and Quality of Welds and Moment Connections

F. Torque check on bolts.

G. Waterproofing Membrane.

.1 Use of a waterproofing membrane is mandatory for steel
structures.  See 4.5.8.1 for a checklist.
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5.0 MANUAL FOR THE OPERATION AND MAINTENANCE OF PARKING
GARAGES

5.1 GENERAL

It is now widely recognized that in order for parking garages to perform as
intended and meet durability expectations a comprehensive operational and
maintenance program is necessary. Even garages built to CSA S413-87 must
be maintained on a regularly scheduled basis if premature deterioration is to
be minimized. This manual is intended to provide the authority responsible for
the garage with guidelines for maintaining the facility at an acceptable level of
service. This includes maintaining the environment in which the garage
operates to the terms of reference that the design team used in designing the
various components. Mechanical equipment necessary for heating and
ventilation, roofing and waterproofing components, cleaning, snow and ice
removal and structural systems must all be included from a durability aspect
in any maintenance program. This manual will be directed towards durability
issues and would make up only a part of a complete maintenance package.
Other factors which could be involved are security systems, signage and
elevators but these factors are outside the scope of this document.

This manual will deal with all the previously mentioned structural systems
with particular areas of attention being highlighted for individual systems.
Although this manual will strive to be as specific as possible it is a guideline
only and it should be stressed that each individual garage must be considered
unique in many ways. A operational and maintenance manual should be
produced for each garage under consideration and a budget set up for the
initial writing of the manual and an annual allocation to implement the
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recommendations. Major items such as reapplication of sealers or membranes
and  restoration of concrete slabs should be planned for in the maintenance
budget. Maintenance can be categorized into three main areas: structural,
operational and aesthetic. 

The degree to which a parking garage requires maintenance is dependent on
the original design details, materials and workmanship and the environmental
conditions to which it is exposed.

The owner has basic control over the durability of a parking structure. If the
owner chooses to invest in durability features in the original construction, the
future preventive maintenance and repair costs will be less. Therefore it is the
owner, not the operator that should be responsible for preventive maintenance
and repairs to protect the investment. The maintenance schedules will help in
extending the parking structures useful life and minimize costly repairs. 

The owner should keep a written record of the maintenance activities
performed and of the recommendations of the inspecting consultants and
protection system suppliers.   

5.2 DEFINITIONS

Identification - Prior to being able to monitor conditions within a parking
structure or being able to maintain it, the personnel must know what they are
looking for and be able to recognize signs of the early stages of deterioration.

Monitoring - Refers to a scheduled routine of periodic inspection and
recorded observations of the condition and physical appearance of the
building.

Maintenance - Refers to all tasks required to maintain a facility at
satisfactory levels of service.

Preventative Maintenance - Refers to those tasks that are designed to
prevent the need for major repairs at some future time.
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5.3 IDENTIFICATION OF PROBLEM AREAS

In setting up a maintenance program for an existing parking structure the first
step should be to obtain, if available the original design documents. This
includes architectural, structural, mechanical and electrical drawings and
specifications. If possible, results of the test data carried out during
construction could also be useful. Obtaining these documents help to identify
which codes were in effect at the time of design and construction and any
problems which may have been encountered. An initial walk-through of the
garage should subsequently be carried out. This should involve a visual
inspection of the entire facility. This inspection, carried out by an experienced
engineer would assist in identifying particular conditions in the structure
which would be important in developing a unique program based on factors
such as:

- age and geographic location
- structural system and design details
- quality of construction material specified
- quality of construction
- existing signs of distress
- external corrosion protection system
- operational elements of the facility

Once the program is in place regular walk through inspections then form the
basis for implementing and monitoring the effectiveness of the program. The
regular inspections could be carried out by the maintenance staff. A record
should be kept of any signs of distress which would then be reviewed and
evaluated by the engineer. Under the engineers direction areas requiring a
more in depth examination could be carried out. 

 
5.3.1 Structural 

Structural maintenance includes floor slabs, beams, columns, walls, parapets,
joint sealant systems, stair and elevator towers, and exposed structural steel.
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5.3.1.1 Conventional Reinforced Concrete Structures

In conventional reinforced cast-in-place concrete structures the following is
a list of common types of visual deterioration that most frequently is
encountered.

1. Drainage: Inadequate slopes and ponding water that results in
the slab being wet for long periods of time will
increase the rate of deterioration.

2. Cracks: Cracks may or may not be of structural concern.
However cracks provide access for moisture and
chloride ions to penetrate into the slab that could lead
to structural problems. Cracks in increasing numbers
or size may be early warning signs of structural
distress and  should be brought to the attention of the
structural engineer. 

3. Scaling: Scaling is the sloughing off of the concrete paste.
Light scaling is in the order of 5mm deep while severe
scaling can be 25mm deep exposing the aggregate. In
scaling freeze/thaw action in the presence of salts
affects the concrete. Cracks are fine shallow surface
cracks. Young concrete is most vulnerable to scaling.

4. Delamination: A delamination is a plane of separation parallel to the
surface of the slab at the level of the reinforcing. Delamination can
occur on both the slab surface and soffit and is normally not visible
and is a result of the expansive forces caused by reinforcing corrosion.

5. Spalling: Spalling is the breaking away of a chunk of concrete
from the surface of the slab and is a progression in the
deterioration process that follows delamination. In
spalling the presence of chlorides affects the
reinforcing steel. The cracks are long and wider than
in scaling and are deep enough to expose the
reinforcing steel.

6. Popouts: Popouts are localized spalls caused by the expansion
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of an aggregate particle near the concrete surface.
Expansion of the aggregate will only occur if there is
moisture present. 

7. Leaking, Leaching, Rust Stains: Moisture migrating through the
concrete  elements can cause corrosion of steel resulting in rust
staining of concrete surfaces or leaching of cement constituents to
cause a white film or stalactites on the slab and beam soffits.

8. Dusting: Dusting occurs when the surface of the concrete
becomes soft and rubs off as a fine powder under
wearing conditions. Causes of dusting include
carbonation produced by the use of unvented heaters
during cold weather conditions, inadequate curing,
improper finishing and a concrete mixture that was too
wet.

 9. Crazing: Crazing is the cracking of the concrete surface into
small irregular shaped areas resulting from tensile
shrinkage stresses. Crazing can occur as a result of
expansive aggregates, carbonation, inadequate curing
or excessive finishing. 

10. Cracks due to Stress Concentrations: Cracks often appear at the
corners of doors, windows and  floor drains due to stress
concentrations at these  locations.  

In addition to the above listed types of visual deterioration which occurs to
the concrete components certain locations throughout the structure are more
likely to deteriorate than others.

1. Expansion Joints: Inspection of expansion  joints must include:

- water leakage through concrete or joint
- adjacent concrete deterioration

2. Construction Joints:  Construction joints are the interface between
two adjacent pours. Often a rubber type waterstop was placed in the
joint with the intent of sealing the joint. It is our experience that the
waterstop in most cases is not effective and moisture passes through
the joint at splice locations, and around the waterstop. Debris and
poor consolidation of the concrete around the waterstop are the main
reasons for the poor performance. Inspection of construction joints
should include:
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-  identification of leakage through the joint
-  deteriorated concrete, loose spalls

3. Electrical Fixtures: Electrical junction boxes in slab soffits should be
inspected for corrosion and water leakage. Moisture in the ducts
indicate penetration of moisture in the slab. Ducts embedded in the
concrete corrode which can result in spalling concrete. Moisture can
also cause short circuits.

4. Waterproofing Protection System: This includes both membranes
and sealers.

The effectiveness of treated concrete can be tested using the field
surface absorption test. A control test must be done on both the
untreated and newly treated surface. Further tests are then carried out
at predetermined time intervals and the results compared. It is a simple
test which consists of placing a graduated cylinder filled with water on
the surface, sealing the bottom and measuring the water uptake over
time.

The test results will be affected by the amount of moisture already in
the slab.

Another test that can be used is the Initial Surface Absorption Test
that is widely used in Europe and is described in the British Standard
BS 1881: Part 5 1980. Typical values using this method are quoted in
Table 5.1.

 
5. Exposed Reinforcing Steel:  Exposed reinforcing steel can be a

result of spalling or insufficient cover due to improper placement of
the steel during construction. Exposed steel can be found in any
concrete component. The location and extent should be noted and the
structural engineer advised.
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Time After Starting Test 10 minutes 30 minutes 1 hour 2 hours

Absorption low
average
high

0.25
0.25 - 0.50
0.05

0.17
0.17 - 0.25
0.35

0.10
0.10 - 0.20
0.20

0.07
0.07 - 0.15
0.15

Table 5.1: Typical ISAT Values ( ml/m2/sec)

5.3.1.2 Post-Tensioned Structures

Post-tensioning, by design reduces the amount of cracking which should be
expected in a conventionally reinforced structure. Therefore if cracking is
present in the structure it may indicate more serious problems are occurring
than in a conventionally reinforced concrete structure. Deterioration in post-
tensioned structures can also progress more quickly and evidence of the
previously listed problems should be investigated immediately. Specific
locations which require monitoring are:

1. Anchor and stressing head locations. Rust stains at anchor locations
indicate corrosion and possibly lack of proper cover. At stressing head
locations normal construction practice provides a pocket in the
concrete to allow for post-tensioning. This pocket is later infilled. This
leaves a construction joint near the stressing head and possible
deterioration problems. 

2. Post-tensioned structures can accommodate large spans which means
that the beams would be cast with a camber. Visual inspection should
include noting excessive deflections or beams and slabs which do not
exhibit the same characteristics of similar components. Loss of camber
or excessive deflections indicate a problem with the post-tensioning
tendons. Any deflection problems should be reported immediately to
the responsible engineer.
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5.3.1.3 Pre-Tensioned Structures

Pre-tensioned structures are of simple span construction, cast off site with the
components transported to the site and assembled. Precast concrete parking
structures require a minimum, but specific periodic maintenance. The concrete
is normally of very high quality with good impermeability. Therefore the type
of concrete deterioration problems listed for conventionally reinforced
structures are not as frequent but can still occur and should be monitored. For
this type of structure, emphasis should be placed on the inspection of
connections and bearing pads. Typically connections consist of steel plates
with embedded steel anchors. The connections will either be welded or bolted.
The connection should be checked for staining, cracks and spalling concrete.
Cracking and or spalling concrete could be an indication of corroded anchors.
Special concrete components such as corbels supporting beams should be
checked along with beam bearing plates. Steel connections are either
galvanized or protected with various brands of corrosion resistant paint. Field
welding of these connections often damage the protective coating resulting in
surface rusting. 

The purpose of preventive maintenance is to keep the parking structures
protective system at a high performance level in order to minimize the ingress
of water and deicing salts into the concrete. General preventive maintenance
includes:

- slab washdown
- sealing cracks
- reapplying of floor sealers and cleaning necessary for     
reapplication.
- maintaining sealants (caulking)
- maintaining roofing and related sheet materials
- painting
- maintaining masonry, including repointing and recaulking
- tightening guard rail bolts and guard rail strand

5.3.1.4 Steel Structures

As with the previous structural systems the concrete components require
monitoring  for cracks, leakage, staining, leaching and spalling, etc. The steel
members which include beams, columns, bearing plates, web stiffeners and
connections must be checked for excessive deflections, distortion, cracks,
buckling of members and damage to corrosion protection.    

Concrete slabs cast on steel pan deck require special attention. The structural
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design may have used the pan as external reinforcement or strictly as a form
to support the slab until it has reached sufficient strength to support itself.
Corrosion of the pan, staining or leakage can quickly lead to structural
problems and must be monitored on an ongoing bases. In new construction
CSA S413-94 prohibits the use of the pan as external reinforcement.
   

5.3.2 Operational 

Operational items include cleaning, snow and ice control, mechanical systems,
electrical systems, parking control equipment, security systems, signage and
striping, inspection and safety checks. The items which affect performance
from a durability point of view will be dealt with in this section. Operational
problem areas are basically the same for all the structural systems. 

5.3.2.1 Cleaning 

Regular cleaning of the floor slabs are very important to reducing the rate of
deterioration. The accumulation of dirt and debris collects in corners, along
walls and columns and in the ramp areas. Oil and grease deposits are usually
found in parking stalls, at the bottom of ramps, entrance gates and adjacent
to the cashier's booth. In winter months salt deposits build up in much the
same areas.

5.3.2.2 Snow and Ice Removal

Damage to the roof system of exposed parking garages often occurs from the
operation of snow and ice removal equipment. The most common causes of
damage are dropping or dragging heavy or sharp objects on  the surface and
tire chains.
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5.3.2.3 Mechanical Systems

Durability related mechanical items includes the drainage system, ventilation
equipment, and parking equipment. 

1. Drainage System: Catchbasins, drains, grates, leaders, downspouts
and support  brackets require inspection for build up of debris, leaks,
corrosion and distress. 

2. Ventilation Equipment: The proper operation of ventilation equipment
is critical to controlling the environment in the garage. Exhaust and
make-up air fans  provide fresh air and extract toxic gases in the
garage. They also control temperature and humidity levels which have
a significant effect on the durability.

3. Electrical Equipment: From a performance and durability point of
view electrical ducts and junction boxes require checking as
mentioned previously.

4. Parking Control Equipment: Cables cut into the slab at garage
entrance and exit locations to provide automatic gate controls require
checking for sealant failure, concrete and reinforcing steel
deterioration.

        

5.3.3 Aesthetic 

Landscaping, painting and the general appearance of the garage are typical
aesthetic factors. These factors  have an indirect impact on durability issues.
As trees mature and grow the loads on the roof deck increases. These can
result in slab cracking and moisture ingress. Peeling paint can be a sign of
moisture penetration through exterior walls. If a garage is well maintained,
clean and well lighted the users of the facility tend to litter less and in general
be less abusive to the structure.   
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5.4 OPERATIONAL MAINTENANCE GUIDELINES

5.4.1 Cleaning

1. Sweeping should be carried out with hand brooms or mechanized
sweepers. Weight of mechanized sweepers should be checked to
ensure no overloading of the slabs.

2. All sweeping should be away from drains and pipes to prevent
clogging. 

3. Sweep away from expansion joints as grit and debris can damage
sealing mechanisms.

4. Grease and oil deposits should be removed on a regular basis. A
mixture of limestone, sodium hydroxide solution and trisodium
phosphate is effective in removing oil spills. 

5. Flushing of the slab surface should be carried out at regular intervals
especially in winter months in areas which use heavy salt on the roads.
Due to higher temperatures in closed structures salt laden snow melts
quicker than in open garages and frequent flushing is even more
important. Particular attention must be paid to entrance and exit lanes,
turn lanes, flat areas and main drive aisles. During flushing care must
be taken to avoid washing dirt and debris into the drains and plugging
the pipes. Cover the drains with burlap or other filter materials.
Flushing should only be carried out with low pressure hoses. High
pressure water jets can damage control joints, expansion joints, crack
sealants and protective coatings. 

5.4.2 Snow and Ice Removal

1. All equipment operators should be briefed on the proper techniques
of snow removal and the consequences of damage caused by the
removal.

2. Expansion joints should be clearly marked so that operators know the
location of the joints even when the slab is snow covered. Markings
on walls and parapets using bright paints at each end of the joint
works well. Also flags embedded in sand filled drums can be used if
there are no suitable walls or parapets.

3. Stockpiling of snow on the structural slab is not recommended. The
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snow can become quite dense and ice can form in the pile. The loads
would probably not be high enough to cause a structural failure
however cracking could result. The formation of cracks, as discussed
previously provides a path for the ingress of moisture and deicing
chemicals which increase the rate of deterioration. 

4. Snowploughs should not cross an expansion joint at 90o. The
recommended angle is not greater than 75o and if possible parallel to
the joint. This approach will minimize the chances of catching a blade
on the joint and causing damage. Using a power brush for snow
removal is recommended instead of a steel blade. If a steel blade must
be used a heavy rubber cutting edge should be attached to the bottom
or shoes to hold the steel edge approximately 12mm above the deck
surface. Follow the manufacturers recommendations for removing
snow and ice from the seal. Warranties do not usually cover damage
due to snow removal. 

5. An inspection of a deck should be carried out each spring to identify
damaged areas so that repairs can be scheduled promptly and in good
construction weather.

The control of ice on the concrete surface  can be controlled with the use of
chemicals. The following is a list of the most common and the affect they have
on the environment.

1. Urea - It is the only available de-icier that does not damage concrete,
metal, and the surrounding vegetation , but being a fertilizer, promotes
growth of seaweed in inland waters, reduces their oxygen content and
affects adversely the fish stock.

2. Calcium chloride - affects on concrete and vegetation and  causes
corrosion of metal and in particular prestressed steel.

3. Sodium chloride - (halite, table salt, rock salt) has little chemical
affect on concrete but damages  vegetation and is corrosive to steel.

4. Ammonium nitrate or ammonium sulphate chemically attacks
concrete and reinforcing steel.

5. Calcium magnesium acetate is both noncorrosive and nonreactive.
Presently however it cannot be produced economically.

6. Salt added to sand at approximately 3 to 6% by weight is very
effective in improving traction and preventing skidding problems. If
sand is being used the drains should be protected from clogging.
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From a durability standpoint de-icing chemicals are not a recommended
method of snow and ice removal. Broom sweeping is preferable with
ploughing and scraping next. The use of sand to improve traction is
acceptable provided clogging of the drains is prevented. If a de-icing chemical
must be used,  urea is the most desirable.  A mixture of sand and salt also can
be used provided the drains are protected.
 

5.4.3 Mechanical Systems

1. If ponding is a problem additional floor drains should be installed. A
minimum recommendation would be to broom or mop the ponded
water to the drain .

2. Drains, catchbasins, and plumbing require checking on a regular basis.

3. Heating, ventilation and air conditioning equipment require regular
maintenance and service manuals supplied by the manufacturer should
be readily available to maintenance personnel. Controlling humidity
levels in closed parking structures is critical. Maintaining low
temperature in the garage is most beneficial.
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5.5 RECOMMENDED MAINTENANCE ROUTINES

5.5.1 All Structural Systems - General

Item Check Points Remedial Measures Recommended
Frequency

Unprotected structural slabs visual inspection of cracks,
scaling, spalling,popouts,
leaking, leaching, exposed
reinforcing, Check both surface
and soffit. 

Record defect type, approximate
size  and location on drawings. If
extensive notify engineering
consultant.  

Quarterly

Protected structural slabs wearing course for wear,
cracking, peeling, or bulging. 
Check soffit for water leakage,
leaching, rust stains, cracks,
spalling and exposed reinforcing.

Record defect type, approximate
size and location on drawings. If
extensive notify engineering
consultant.

Quarterly

Slabs on Grade Check for cracks, slab curling,
settlement, water infiltration
around columns and at the
junction of the walls and the slab.

Record location, type and
approximate size  of
deterioration. If extensive notify
engineering consultant.

Quarterly

Walls Check for water infiltration,
cracks, spalling, exposed
reinforcing. 

Record location, type, and
approximate size of
deterioration. If extension notify
engineering consultant.

Quarterly

Columns Check for cracks,
spalling,exposed reinforcing steel
or rust staining

Record location, type, and
approximate size. If extensive
notify engineering consultant.

Quarterly

Roofing and Waterproofing Check for leaks in roofing, joint
sealant in floors, expansion
joints, around windows, doors.
Check floor membranes 

Record defects and initiate spot
repairs or notify engineering
consultant.

Monthly

Repair As per engineers
recommendations

Table: 5.2
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Precast System -  Structural 

Item Check Points Remedial Measures Recommended
Frequency

Floor surfaces Inspect surfaces for excessive
wear and cracking. 

Record location of potholes on a
set of drawings. Minor potholes
should be patched and worn
spots levelled. Latex modified
concrete or a fast setting patch
mix can be used. Cracks should
be routed and sealed. If
deterioration is significant the
engineer should be contacted.  

Semi-annually

Masonry Inspect mortar joints Remove loose mortar and
repoint. If wall cracks have
developed notify engineer.

Annually

Connections Check all structural connections
and surrounding concrete. All
cracks and staining should be
recorded for review by the
engineer.

Direction for repair strategy from
the engineer.

Annually

Parapets and guardrails Check for impact damage.
Record all areas of drawings for
periodic review by the engineer.

Tighten rail bolts and strand
guardrails. Initial minor concrete
repair work.

Annually

Elastomeric bearing pads Check the condition of the pads
(tearing, displacement) and for
any cracking  of the concrete in
the area of the bearing surface.
Record for periodic review by the
engineer.

Notify engineer for further
review and direction.

Annually

Repair As per engineers
recommendation

Table: 5.3
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Post-Tensioned System - Structural

Item Check Points Remedial Measures Recommended
Frequency

Slab and beam cracking over beams on slab surface,
around columns, on the soffit and
sides of beams

Record location on drawings.
Notify engineer for review and
direction

Annually

Anchor and stressing head
locations

Rust staining, exposed
anchorage, concrete cracking

Record location on drawings.
Notify engineer for review and
direction. 

Annually

Deflections Excessive deflection .Loss of
camber

Notify engineer for review and
direction.

Annually

Repair As per engineers
recommendations

Table: 5.4

Steel/Concrete System - Structural

Item Check Points Remedial Measures Recommended
Frequency

Structural Steel columns, beams,
joists 

surface rust, pitting, scaling,
web crippling, buckling,
torsional distress

Clean loose scale and repaint
with zinc rich paint.
Report any crippling, buckling or
twisting to engineer.

Annually

Connections, stiffener plates,
bearing plates, base plates, 

surface rust, pitting, scaling,
visible cracks in welds,
corroded bolts, missing nuts 

Clean loose scale and repaint
with zinc rich paint.
Report cracks in welds or bolt
deterioration to engineer.

Annually

Metal pan water stains on underside of pan
corrosion of metal pan

Record location of stains and
leakage. Report to engineer

Semi-annually

Waterproofing Membrane debonding of membrane from
concrete deck

Check for wearing, tearing and
budging 
Record location and initiate
minor repairs. 

Quarterly

Repair As per engineers
recommendations

Table: 5.5
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5.5.2 All Systems - Operational

Item Check Points Remedial Measures Recommended
Frequency

Cleaning - Sweeping by hand Check for debris, oil and grease
spills

sweep, scrub and remove oil and
grease

Weekly

Cleaning - Mechanical sweeping Clean all parking areas, aisles
and ramps

Machine sweep and machine
scrub all surfaces.

Monthly

Cleaning - Expansion Joints remove debris from sealant area Weekly

Washdown Parking Floors debris accumulates along
perimeter walls, in corners, at the
bottom of ramps and at entrance
gates.

washdown with low pressure
hoses to avoid damage to joints,
and previously sealed cracks.
Cover drains with filter to
prevent debris from clogging
drainage system

Semi-annually minimum. In
winter months monthly is
recommended for closed
structures.

Water Ponding check and note areas where
ponding occurs

Squeegee water into nearest
drain. Note locations on
drawings for possible future
drain location.

Daily depending on weather and
time of year.

Drains and Sump Pumps, trench
drains

check drains to ensure that they
are clear of debris, check trench
drains at entrances

notify maintenance staff to clean
out drains

weekly

Damage from Snow  and Ice
Removal

Remove snow and ice

check for icy locations

check for damage to expansion
joints, parapets, membrane
wearing course

notify management and/or
engineering consultant

annually - early spring

daily as required

daily as required

Heating, Ventilation and Air
Conditioning - HVAC

check for proper operation notify maintenance people to
proceed with repair immediately.

weekly

Table 5.6
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Table 5.6 cont'd.

Item Check Points Remedial Measures Recommended
Frequency

HVAC Check ventilation in enclosed or
underground garage. Use carbon
monoxide monitor to ensure
power is on and that it is in
working order.

Notify maintenance immediately Daily

Sealants check each sealant joint Replace sealant as required Annually in spring

Replacement of complete
protective coating.

As per engineers
recommendation.

Sealers Reapply at 3 year intervals or as
per manufactures
recommendations

Table 5.6 

5.5.3 All Systems - Aesthetic

Item Check Points Remedial Measures Recommended
Frequency

Landscaping Monitor growth of trees, check
slab soffit for growth of cracks

If crack growth is recorded notify
engineering consultant.

annually

Painting check for peeling paint on the
interior of the  exterior walls, etc.
which could indicate moisture
ingress through cracks or porous
concrete.
check metal door frames etc. for
rust staining 

notify engineering consultant for
direction in sealing crack

prepare surface and repaint

quarterly

annually

General Appearance daily

Table: 5.7
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6.0 CONDITION SURVEY OF REINFORCED CONCRETE PARKING
STRUCTURES

6.1 GENERAL

As stated in chapter 5 maintenance programs should be mapped out for new
parking structures at the time of construction. The maintenance program
should include provisions for periodic site visits by an engineer experienced
in concrete restoration. Based on a relatively inexpensive walk through and
visual inspection of the garage components the engineer can evaluate the
condition. By performing these regular reviews problems can be detected
early and rectified before they become major. This will extend the life of the
parking structure and the need for an in-depth condition survey and costly
repair. 

In many cases for existing parking structures which have had no formal
maintenance program over the years, concern over the condition of the
structure is not normally expressed  until deterioration becomes noticeable to
the inexperienced eye. At this point the owner will engage an engineer  to
assess the structure and since the deterioration is probably in an advanced
stage a full condition survey is necessary.

As part of Public Works Canada Building Performance Evaluation Series,
Document D32 "Parking Garages: Condition Survey" was published in March
1988. The purpose of this document was to assist the engineer in conducting
a condition survey of reinforced concrete structures. It outlined methodology
with regards to the preliminary assessment, simple measurement techniques
and specialized in-depth monitoring. 

In this section of the guideline the items discussed above will be expanded
with special emphasis on how each of the testing methods relate to providing
information regarding the degree of deterioration and  the impact on 
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structural integrity, serviceability and aesthetics. Also items specific to the
other structural systems will be discussed with the exception of post-tensioned
since it is dealt with separately in Chapter 7.

The purpose of a detailed condition survey is basically three fold. The first
objective is to determine the extent of deterioration. Secondly, the causes of
the deterioration must be identified, and finally to provide a strategy for
repair. Since no two parking structures are the same and in varying degrees
of deterioration the authority in charge of the survey must decide the extent
of the survey and which tests will be performed from a cost/benefit point of
view.                                                                    

  

                                             
6.2   PRELIMINARY INVESTIGATION

Initially, the main task of the investigating engineer is to assess the existing
condition of the structure by a walkthrough inspection. The purpose of the
walkthrough is to form an overall impression of the garage and to identify
areas which require further inspection. The type of structural system will
dictate to some extent where the engineer will focus his inspection. Previous
chapters have dealt with specific structural types and the components which
are prone to deterioration. 

Document D32 provides a checklist which summaries what should the
included in an expert walkthrough, interview with the owner and design data.
We have included this checklist in this document for convenience at the end
of this chapter.

Once this stage has been completed a brief report summarizing the finding and
recommendations for a more detailed survey, if required should be submitted
to the owner.  

Once it has been agreed that a detailed condition survey is required the
engineer should try to obtain as much background information as possible.
This information would include:

1. Construction documents such as plans, specifications, test results and
inspection reports. This will enable the engineer to become familiar
with the structural type, any problems which may have arisen during
construction, identify the construction materials and organize the plan
for the condition survey.
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2. Interviewing the owner, manager or the maintenance personnel
responsible for the day to day operation of the garage will also
provide useful information. Important details which should be
obtained include the present maintenance program, history of any
previous repairs along with backup documentation. 

6.3 FIELD SURVEY RECORDS DRAWINGS

In order to proceed with mapping of the deteriorated areas field working
drawings should be prepared showing all walls, columns, ramps, grid lines,
drains, islands, special purpose areas and grid dimensions. Additional grid
lines in the order of 2000mm apart or some other dimension to suit the bay
sizes can be shown to help when mapping the deteriorated areas. 

The information from the work sheets will be transferred to the repair contract
documents at a later date, therefore it is important that the scale of the work
sheets and the contract documents be the same.   

6.4 MAPPING AND RECORDING OF DETERIORATED AREAS

The following information should be recorded or mapped as part of a
thorough investigation. For definitions of these terms refer to Chapter 5.
Mapping of deteriorated areas should be done on both the top surface and
slab soffits.

1. Ponded Water/Chloride Stains (m2) - Ponded water and chloride
stains will identify if there is a problem with slab slopes or if there are
isolated areas which have poor drainage. Stains on the surface can
also indicate if regular washing of the slabs is being carried out or
locate inadequate slopes. If the adequacy of the drainage is not easily
visible a flood test on sections of the slab will quickly identify drainage
problems.
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2. Membrane (m2) - Map all areas where the membrane is worn,
cracked, debonded or missing. Drive aisles, turning lanes and ramp
areas are normally the locations that deteriorate first. Special attention
should be given to termination points such as walls, columns, steps
and expansion joints.  Membranes which are below a concrete topping
are not visible however by inspecting the soffit of the slab for evidence
of leaching, leaks and discolouration will provide a good indication on
the performance of the membrane and condition of the slab.

  
3. Sealers - Is there evidence of sealer re-application? Pour water on the

slab to see if the water forms droplets. Does the water soak in?

4. Scaling (m2) - Scaling can be categorized in terms of depth of scale:
light 0-5mm
medium 5-10mm
heavy 10-25mm
severe greater than 25mm

5. Spalling (m2) - Spall areas will be mapped during the overall
delamination survey.

6. Popouts (m2) - Popouts will usually not account for large areas of
deterioration but may indicate problems with the aggregate.

7. Cracks (m) - All cracks must be located and can be categorized as
follows:

hairline less than 0.1mm
narrow 0.1-0.3mm
medium 0.3-0.7mm
wide greater than 0.7mm

The width of the crack is often not as important as the location or
configuration of the cracks. There is an indepth discussion on cracks
in the chapter 3 which applies to conventionally reinforced slabs as
well as post-tensioned slabs. 

8. Leaching, leaking and rust stains (m) -  This indicates that moisture
is migrating through the concrete and the probable presence of a crack
which may or may not be visible.
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9. Dusting (m2) - Test the floor by scrapping with 10% HCL. If rapid
effervescence takes place then carbonation has occured and a
polymeric sealer which fortifies the surface should be used.

10. Exposed Reinforcing Steel (m2) - Typical locations that reinforcing
steel will be exposed are at the base of walls, columns, side of beams,
changes in slab grade such as at the top and bottom of ramps.

 
11. Expansion Joints (m) - Record condition of seal, leakage along joint,

staining of concrete, concrete deterioration along joint, accumulation
of debris, condition of steel nosing, anchors, or plates if present.

12. HVAC - Record the temperature and relative humidity at various
locations throughout the garage. Document whether exhaust and
make up air fans are operating as required. Comment on the physical
condition of the fans.  

13. Crazing (m2) - Check crazing pattern for freeze/thaw or alkali
aggregate reaction.

14. Photographic Record - Photographs of all deteriorated areas
provides an excellent reference when the report is being written, repair
strategy, and even for contractor reference at the time of tendering the
repair contract. The location of the photographs should be marked on
the condition survey drawings.

6.5 SIMPLE NON-DESTRUCTIVE MEASUREMENT TECHNIQUES

Once all visual areas have been identified there are a few simple methods  that
can be used to quantify the degree of deterioration.
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6.5.1 Delamination Survey (m2) 

Delaminated areas are identified by dragging  a chain over the concrete
surface producing a hollow sound in the delaminated areas. The chain drain
is accurate to a depth of approximately 150mm. Depending on the accuracy
desired tapping the slab with a hammer will further delineate the boundaries
of the delaminated area. Marking the boundaries with crayon or spray paint
will allow accurate area measurement and location on the survey drawings.
This survey is normally carried out concurrently with the above data
collection. 

The hollow sound is easily distinguishable in slabs which have no protection
systems. It is sometimes best to do the chain drag in off hours if possible,
when the garage is relatively quiet. For slabs with thin membrane systems two
conditions are possible. The hollow sound could indicate concrete
delamination or a debonding of the membrane from the concrete surface.
Experienced personnel should be able to hear the difference between the two
sounds. In order to verify the findings it is recommended that at the beginning
of the survey that 2 or 3 cores be taken in the delaminated areas for
confirmation. The chain drag method can be attempted on thick membranes
but may not provide reliable results. 

6.5.2 Covermeter Survey (mm)

The covermeter survey entails using a magnetic device to locate steel
embedded in the concrete slab. The manufacturers instructions should be
followed regarding calibration. The engineer in charge of the survey will have
to decide how many readings are necessary to obtain meaningful information.
Conditions which will interfere with the readings are:

1. Electrical ducts and equipment 
2. Heavily reinforced members with different layers or bar spacing less

than 2 or 3 times the bar diameter.
3. Temperatures less than 5oC.

Relevant information which can be obtained from a covermeter survey are:

1. The results can be compared to the specified cover on the structural
drawings or the relevant code. If it is found that the cover is greater
than that specified there could be an impact on the structural capacity
of the slab or may correlate with crack patterns. Insufficient cover 
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may match with areas of increased bar corrosion and delamination.

2. The consistency of the readings will indicate the accuracy of the
reinforcement placement at the time of construction, chair bar support
and over all quality of construction and inspection.

3. Establishing the depth of reinforcing can be used to correlate the
chloride ion content of the concrete with corrosion potential.

4. Areas of insufficient cover can indicate areas which may become a
problem before others. The cover survey can assist in  determining
priorities if economics are dictating limited repair.

5. When strategies for repair are being prepared the depth of the
reinforcing may effect the methods of concrete removal that can be
used.

The test limitations are to an accuracy of +/-3mm up to 40mm and +/-5mm
for cover > 40mm.  This information should be added to the survey drawings
for easy comparison to the other data.
 

6.5.3 Half-Cell Testing

The corrosion activity of steel in concrete can be determined by half-cell
potential measurements. The half-cell potential method consists of estimating
the electrical half-cell potential of reinforcing steel in concrete for the purpose
of determining the potential for corrosion activity of the reinforcing steel. The
method is limited by the presence of electrical continuity. A concrete surface
that has dried to the extent that it is dielectric, epoxy coated reinforcing steel
or paper or plastic sheathing of post-tensioned steel will not provide an
acceptable electrical circuit. Stray current in the slab often affect the readings
and the results must be interpreted by experienced personnel. Whereas there
is a direct relationship between corrosion activity and half-cell potential of the
reinforcing steel, the reproducibility of the test is often rather poor due mainly
to varying moisture content of the concrete.

This test is considered as non-destructive, however if there is a membrane
protection system over the structural slab holes would have to be drilled
through the membrane in order to make contact with the concrete surface.
This procedure would be destructive to the membrane and repairs would be
required if the remedial work to the slab was not going to proceed 
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immediately. The readings are normally taken on a 1200 x 1200 grid pattern.
A detailed description of the apparatus and parameters for the use of the
apparatus are given in ASTM876. The equipment for the test consists of:

- copper sulphate half-cell
- high impedance voltmeter
- spool of insulated copper wire with clamps

The half-cell survey is conducted with the voltmeter set on +DC volts, and on
0 to 1 volt range. One terminal is connected to the deck reinforcement. A
clean tight connection is very important. Any coating on the reinforcing steel
must be removed including rust, by filing to exposed base steel. A clamp is
used to attach the wire to the ground connection. A ground should be
checked with several others to eliminate the possibility of using a ground
which is isolated from the deck reinforcement. The other is connected to the
half cell. The half cell is maintained at least half full with saturated copper-
copper sulphate solution. The half cell is placed on the surface of the concrete
slab through a wet sponge or the surface of the slab is wetted and the half cell
placed on the wet surface. A spool of wire permits surveying large areas of
the deck from the same ground. When moving to a new ground connection,
a ground continuity check should be run. The half cell is placed on the deck
and voltmeter readings are taken from both grounds. The readings should
agree with +/- 0.2 volts. By convention, a negative sign (-) is used for all
readings. If the half cell temperature is outside the range of 22oC +/- 5oC the
voltage readings will need correction. The temperature coefficient for
correction is given in ASTM C876.

In accordance with ASTM C876, the significance of the numerical value of
the potentials with reference to copper-copper sulphate half cell (CSE) is as
follows:

If potentials over an area are less negative than -0.2V (CSE) there is
a greater than 90% probability that there is no corrosion activity in the
steel in concrete at the time of measurement.

If the potentials in the area are in the range of -0.2 to -0.35V then the
corrosion activity is uncertain.

If potential in the area are more negative than -0.35V CSE then there
is greater than 90% probability that there is reinforcing steel corrosion
in the area at the time of measurement.
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The relative numerical value of potential measurements do not indicate
relative rate of corrosion. In order to measure corrosion rates measurement
of corrosion current and resistance to flow of current is required.

In areas which are exhibiting visual signs of deterioration half cell tests will
not provide new information that has not already been obtained from the
visual and chain drag survey. It must be left up to the discretion of the
engineer the extent of the survey in relation to the cost/benefit. For slab
surfaces which do not have a membrane or are protected with a sealer only,
covering 5% to 10% of the surface area with half cell would probably be
adequate to confirm the chain drag survey. Again, judgement is involved that
would have to take into consideration overall area. For small garages the
percent area covered could be increased without much added cost.
 
For slabs with thin membrane protection systems, half cell can be used to
confirm the results of the chain drag survey. Once the chain drag survey has
been completed and plotted areas can be chosen for half cell testing.  A cross
section of locations should be selected to represent all conditions. For
example choose areas which show little to no deterioration, a mix of
deterioration and critical areas such as turn lanes or ramps. Covering a
maximum 15% of the area should be enough to confirm  the results.
For slabs with thick membrane systems the half cell survey could be used
instead of the chain drag. The major drawback is that the membrane integrity
would be destroyed. Prior to proceeding a method of repairing the membrane
would be required.

The results are plotted in the form of equipotential contour lines and
compared to the chain drag survey. Proprietary products are now on the
market which use computerized measurement and mapping techniques.
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6.5.4 Impact-Echo System

The Impact-Echo System is a relatively new method of determining
delamination, voids and cracks. This method is useful in reinforced concrete
slabs that are overlain with a thick asphalt, mastic or concrete topping. This
test method is more costly and its usefulness in a given investigation would
have to be assessed against benefit.

6.6 DESTRUCTIVE MEASUREMENT TECHNIQUES

6.6.1 Chloride Ion Content

The purpose of chloride ion testing is to determine the chloride content of
concrete to establish potential for corrosion of reinforcement and the extent
of chloride ion penetration. 

A23.2-4B in CSA-A23.2-M90 describes the test for the chloride
determination. Samples can be collected by two methods. The first method is
to drill holes into the slab and recover the powder at various depths. A
minimum of 30 grams is required in order to carry out the test. The second
method is to extract cores and then cut wafers from the cores at determined
depths and then  pulverize the wafer. The second method is more expensive
and causes greater damage to the slab. However, the second method provides
a more accurate depth chloride concentration profile with less chance for
sample contamination and in our opinion should be used if at all possible. The
wafers must provide a minimum 30 grams to complete the test.

As with the previous tests the engineer must decide location and number of
tests to be done. It is a matter of judgement and economic restraints. Samples
should be taken at all parking levels of a structure including ramps, parking
stalls, drive and turn lanes in both sound areas and deteriorated locations as
determined by the delamination survey. 

Initially a certain number of tests have to be estimated for budgeting of the
project and three or four locations for each parking level is reasonable. The
area of the parking structure would definitely be a factor. At each level one
location should be chosen that can act as a reference sample. This sample
would be taken in an area where little or no contamination would be expected
such as areas with no vehicle traffic. This sample would provide a baseline 
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or background chloride concentration and serve as reference in which to
compare the remaining test locations. The minimum depth of steel should also
be determined in the area that the sample is taken. Typically in each location,
samples should be taken at three depths in the slab to produce a chloride
profile. Ideal locations are:

1. At the top upper layer of reinforcing.
2. Approximately at the upper half of the middle third.
3. Just above the bottom upper layer of reinforcing.

When coring avoid drilling through to the soffit since repair of the hole is
much more difficult. CSA Standard A23.2-M-90-4B determines water soluble
chloride ion content. There are other chloride ion test methods: ASTM C114
and FHWA (Federal Highway Administration). Both methods determine the
acid soluble chloride content which is also the total chloride ion content. ACI
201-2 recommends that tests first be conducted according to the acid soluble
technique because it is considered to be more reliable. If the acid soluble
chloride content is less that the established threshold limit, the criterion is met.
If the acid soluble content exceeds the limit, it is suggested that the water
soluble chloride content be checked. The water soluble ion content is,
depending on the chloride content of the aggregate, often about 75 to 80% of
the acid soluble for hardened concrete; however the water soluble chloride
content is not a constant proportion of the acid soluble chloride content and
its measurement and reliability is still the subject of research. 

Threshold levels are a guideline only and must be viewed together with the
other tests. It is possible that high chloride levels can be found  with no
corrosion if moisture is not present. Corrosion will not take place without
moisture and oxygen being present. 

Chloride ion testing can provide other useful information such as: 

1. The performance of membranes and sealers. Samples can be taken
prior to the application of a protection system and again several years
after installation and the results compared. Also sampling can be
conducted on an annual bases to monitor the protection system. 

2. Coring of the samples can confirm delamination, membrane thickness,
membrane bond, reinforcing depths, density, aggregate gradation,
shape and distribution.
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6.6.2 Compression Test

Depending on the area of the garage slab surface a limited number of cylinders
should be cored from each level to check compressive strength of the in-situ
concrete to the specified design strength. One core per level is probably
enough unless there are serious doubts as to the strength of the concrete.
Relevant data which can be obtained from compressive strength tests are:

1. Density which is related to permeability.

2. Additional cores should be considered if there are severe areas of
deterioration compared to others related to different concrete pours
or different levels.

3. Assist in determining concrete removal techniques and associated
costs since the unit price is high for high strength concrete.

6.6.3 Air Void Content

Air void content tests should be considered in open garages exposed to
freeze/thaw cycles. Excessive areas of surface scaling could be an indication
of lack of air entrainment or poor pore size or pore distribution in the
concrete. This test is carried out as described in CSA A23.2-17C which is
based on ASTM 457. Total % of entrained air does not in itself guarantee a
satisfactory air-void system. A satisfactory air-void system is one in which the
air voids of proper size and spacing are present in the paste fraction of the
concrete. In accordance with clause 14.3.4 of CAN/CSA-A23.1-M90, the
concrete is considered to have a satisfactory air-void system when:

1. the average of all tests shows a spacing factor not exceeding 230um
with no single test greater than 260um.

2. Total air void content should be in the range of 5 to 7% for concrete
to have adequate freeze-thaw resistance.
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6.6.4 Petrographic Examination

Petrographic examination as outlined in ASTM C856 is a microscopic
examination of cores which can provide information on: 

1. Density of the cement paste 

2. Depth of carbonation 

3. Air content 

4. Presence of contaminates 

5. Occurrence of bleeding.

6. Depth of freeze/thaw damage

A new technique has recently been introduced by the Institute for Research
in Construction on petrographic evaluation of concrete. The procedure
involves using a stereobinocular microscope to count defects in polished
concrete samples. The number of each type of defect is multiplied by a factor
that reflects the significance of each defect. For example, discoloured grains
have little bearing on the stability of the concrete, however an open crack is
very significant. The results provide a Damage Rating Index which can be
illustrated on a cumulative bar chart. Damage found in different concrete
cores can then be compared easily.

6.6.5 Tensile Bond Test

This test can be used to evaluate the bond of existing toppings, overlays or
previously patched areas. A bond  capacity should exceed the tensile strength
of the parent concrete. CAN/CSA A23.2-6B describes the procedure for
carrying out this test. Normally if a topping, overlay or patch has debonded
it will be detected by the chain drag delamination survey, however this test
can be useful for verifying results. Some toppings contribute to the structural
capacity of the slab and debonding can seriously affect the structural integrity
of the slab.   This test will detect four possible combinations of failure:

1. The failure plane occurs in the original concrete which means that the
bond interface is adequate.

2. The failure occurs within the topping or patch material which again
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indicates that the bond is sufficient.

3. The bonding material fails and adequacy depends on the specified
value required.

4. Failure of the adhesive bond between the testing apparatus and the
concrete surface.

6.6.6 Concrete Permeability Test

The concrete permeability test utilizes 100mm diameter cores. There is a slow
test which takes 90 days. A 3% sodium solution is applied to the surface of
the concrete and samples are taken over this period of time to measure the
chloride content. The Portland Cement Association  developed a quick test
which takes 100mm x 50mm long cores and subjects them to an electrical
charge and monitors the charge which passes through the specimen. The
sample is immersed on one side in a sodium chloride solution which forces the
chloride ions to migrate through the concrete. The lower the total electrical
charge which passes through the sample the more impermeable the concrete
is to chloride ions. This test takes approximately six hours to complete. Table
6.1 provides typical reading for various types of concrete which was taken
from a CMHC report "Deterioration of Parking Structures: Extent, Causes
and Repair Considerations".

The Institute for Research in Construction have now developed a faster and
less expensive method for measuring chloride permeability. They monitored
temperature, AC impedance, DC current, charge passed and chloride ion
profiles while voltages were applied. The results showed that simple
measurement of DC current or AC impedance at the outset of the rapid
chloride penetration test correlated well with the results from standard testing.
Measuring resistivity or DC current for only a few minutes produces
measurements similar to those obtained in the rapid chloride penetration test.

It has to be kept in mind that all these tests measure properties that are at best
only related to permeability and may not reflect permeability of the concrete
in field setting.
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6.7 SPECIALIZED MEASUREMENT TECHNIQUES

The tests outlined in this section are generally more expensive than the
previously described tests, however the engineer may require their use due to
specific circumstances or information which the test is best suited. Contractors
specializing in this type of work must be engaged to do the following testing.

Interpretation of Results

Chloride Permeability Charge Passed (coulombs) Type of Concrete

High 4000 High water-cement ratios (0.6)

Moderate 2000 to 4000 Moderate water-cement ratio       
(0.4 to 0.5) 

Low 1000 to 2000 Low water-cement ratios "Iowa
dense concrete

Very low 100 to 1000 Latex modified concrete            
Internally sealed concrete 

Negligible 100 Polymer impregnated concrete    
Polymer concrete

Table 6.1

6.7.1 Pulse-Velocity Test

This test measures the time of travel of an ultrasonic pulse passing through the
concrete. ASTM C597 describes the test apparatus. This test can be used to:

1. Establish the uniformity of the concrete

2. Establishing an acceptable concrete quality; high pulse velocity
readings indicate good quality concrete

3. Verifying concrete strengths by comparison to cylinder test results
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4. Measuring and detecting cracks

5. Inspection of reinforced concrete members

6.7.2 X-Ray Examination

X-ray examination is very expensive and is not often used in parking garage
surveys. However it can be effective in the following applications.

1. Locating reinforcing steel in very thick members where covermeters
are ineffective. In parking garage structures large transfer beams are
often used to carry loads from the building tower above to the
columns when layout does not permit the tower column to extend
down to the foundation level. These beams are heavily reinforced and
in this case x-ray examination could provide useful information.

2. Locating post-tensioned tendons, end zone reinforcement, anchorage
locations and stem reinforcement in precast tee beams.

 
6.7.3 Radar Examination

This type of testing is expensive but can be cost effective when large areas of
floor slab are to be surveyed. In radar profiling echoes from a pulsed
electromagnetic wave are received by an antenna. The penetration and
resolution of the signal are a function of the frequency of the electromagnetic
pulse. A high frequency signal provides high resolution  but has shallow
penetration. Lower frequency signals have greater penetration but poorer
resolution.  Radar examination can be used: 

1. To locate embedded reinforcing.

2. May indicate deterioration caused by cracking.

3. Provides a graphic representation of the survey.

4. Chemical deterioration of the concrete and changes in the dielectric
constant may be detected if radar is used in conjunction with other test
methods such as electrical resistivity.
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6.8 STEEL STRUCTURES

Concrete slabs supported by structural steel framing must be inspected for
cracks, leakage, staining, leaching and spalling. In addition  the structural steel
framing must be visually inspected for:

1. cracks

2. excessive deflection

3. distortion or buckling of steel members, beam flanges or beam webs

4. damage to the corrosion protection (paint or galvanizing)

5. cracked connection welds  

6. distress to rivets or bolts

6.9 PRECAST CONCRETE STRUCTURES

The Prestressed Concrete Institute recommends that a condition audit be
carried out once every three years by an experienced restoration engineer.
They will see potential problems that will not be apparent to the inexperienced
or untrained person. 

Deterioration problems with precast concrete structures tend to be more
concentrated at connections and bearing points rather than slab corrosion.
Areas to inspect in addition to the previously mentioned include:
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1. Deterioration of  the elastomeric bearing pads, sealants and grouts at
joints should be inspected for deterioration which would result in signs
of leakage, staining and possibly concrete cracking and spalling.

2. Connections and bearing areas should be inspected for direct physical
distress such as cracking and spalling of the concrete and the
deterioration of bearing pads. 

3. Parapets and guardrail connections and the surrounding concrete
should be inspected for impact damage by cars or maintenance vehicle
damage.
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6.10 Summary of Information on Drawings and Specifications For Parking Structures

General Information

1. Name and address of the building: ________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________

2. Date of last revision on plans: 
_____________________________________________________________

3. Parking spaces:  Roof  __________          Underground  __________
4. Type of structure: (flat plate, flat slab with drops/column capitals,one-way slab, prestressed concrete

(pretensioned, post-tensioned), structural steel
_____________________________________________________________________________________

5. Above or below ground:  __________
Enclosed or open:  __________

6. Heated or unheated:  __________
7. Separate structure or part of the building:  __________
8. Number of levels, excluding roof:  __________
9. Presence of landscaping:  __________

Design Data

1. Secure details of: expansion joints and locations
typical bay layouts
floor drain details
typical sections through the structure
membrane or topping details at drains and expansion joints

2. Concrete:

Class of exposure specified (circle one): A B C D (refer to Table 7 in CSA Standard CAN3-A23.1-M77),
or C1 C2 C3 C4 (refer to Table 8 in CSA Standard CAN3-A23.1-M90).

Air entrainment:  __________%.
Minimum cement content:  __________ kg/m3

28-day strength:  __________ MPa

3. Specified cover:  _________ mm
4. Waterproofing/sealer specified at time of construction________________________________

Type: 
_____________________________________________________________________

5. Epoxy coated bars?  _________________________________
6. Slope to drains:  ______________%.
7. Spacing between drains:  __________ meters      Average drainage area per drain _________ m2.
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Checklist For Expert Walkthrough of Parking Structures

General Information

1. Name and address of building:
________________________________________________________________________
________________________________________________________________________

                                                                                                              
2. Building manager's name and telephone: 

________________________________________________________________________

3. Type of Construction:
________________________________________________________________________
________________________________________________________________________

4. Repair History:
_____________________________________________________________________________________
_ ______________________________________________________________________________

______________________________________________________________________________
________________

5. Inspected by:  _____________________        Date:  __________

                                  

Condition Survey of Slabs

1. Type of  Slab: slab on grade concrete deck on steel pan
(circle one) flat plate ramps

flat slab roof slab
one - way slabs on beams waffle slab
two - way slabs on beams precast tees

2. Level:  _______

3. Top surface
a) Protection:

________  membrane
________  sealer
________  topping
________  none

b) Membrane:
Type:  _____________________

Condition:  ______  worn in high traffic areas
    ______  debonded from concrete
    ______  torn or cracked
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c) Sealer:
Evidence of re-sealing?  _______________

If water is poured on the concrete, does it form droplets?  _____
Does it soak in?  ______

d) Patches and Potholes
________  none
________  some
________  many
________  numerous

e) Cracks in the surface:
i) Number of cracks ii) Crack widths

_____  none _____ barely visible
_____  few (1m long per 20m2) _____ easily visible
_____  many (1-5m long per 20m2) _____  0.5mm or less
_____  numerous (> 5m long per 20m2) _____  > 0.5mm 

f) concrete delamination:
_____  % of area (estimated by random chain drag)

g) Maintenance:
Are floors swept clean?  _____
Any signs of salt deposits? _____        

h) General condition of top surface:
_____  very good
_____  good
_____  fair
_____  poor
_____  very poor

4. Underside (soffits)

a) Cracks associated with leached deposits and rust stains:
_____  none
_____  few (1m long per 20m2)
_____  many (1 - 5 m long per 20m2)
_____  numerous (more than 5 m long per 20m2)

b) Amount of concrete spalling:
_____  none
_____  few (1% of total area)
_____  moderate ( 1 - 2% of total area)
_____  numerous (more than 2% of total area)
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c) Exposed reinforcing bars
i) Number of exposed bars ii) Condition of bars

_____  none _____  unrusted
_____  few _____  slightly rusted
_____  many _____  moderately
_____  numerous _____  severely

d) Wet spots:
_____  none
_____  few
_____  many
_____  numerous
Do these spots correspond to locations of ponded water on the top surface? 
__________________________________________________________________

e) General condition of Underside:
_____  very good
_____  good
_____  fair
_____  poor
_____  very poor

Other Components
( use terms: none/few/some/many/numerous )

1. Floor and roof expansion joints

Leakage  __________
Cracking/separation from concrete  __________
Rust staining  __________
Adjacent spalling  __________
Adjacent exposed bars  __________
Expansion joint movement accommodated?  yes _____  no  _____

2. Column and wall expansion joints

Leakage  __________
Cracking/separation from concrete  __________
Rust staining  __________
Adjacent spalling  __________
Adjacent exposed bars  __________
Expansion joint movement accommodated?  yes _____  no  _____

3. Columns/Beams

Cracking  __________
Spalling    __________
Exposed bars  __________
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4. Walls

Type: Block  __________
Poured Concrete  __________
Water staining  __________
Spalling  __________
Exposed bars  __________

5. Drains
clean  __________  clogged  __________
Areas of ponded water without drains  ____________________
Leakage around drains?  ____________________
Leakage through headers? ____________________
Adjacent concrete deterioration? ____________________
Are drain pipes still effective?  ____________________

6. Electrical:
Are electrical conduits badly rusted?  __________
Are junction boxes badly rusted?  __________

Summary of Ratings
( use terms:  very poor/poor/fair/good/very good )

Topside Underside Overall
Visual Visual Visual

Roof slab ________ ________ ________
Interior slabs ________ ________ ________
Ramps ________ ________ ________
Expansion joints ________ ________ ________
Walls, columns ________ ________ ________
Drains ________ ________ ________
Other  _______________________________________________________________________________________

Overall parking structure rating:   ______________
Comments regarding serious structural defects: 
____________________________________________________________________________________________
____________________________________________________________________________________________
__
____________________________________________________________________________________________
____________________________________________________________________________________________
__
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CONDITION SURVEY OF POST-TENSIONED PARKING STRUCTURES       

7.1 GENERAL

There was a boom in the construction of parking structures in the 60's and
70's.  At the same time, use of prestressed concrete in parking structures
became very common, both as pre-tensioned precast concrete and cast-in-
place post-tensioned concrete.  Engineers believed that since the use of
prestressed concrete reduces cracking that this will also eliminate the
ingress of water and salt into the concrete.  Another reason for the
popularity of pre-stressed concrete was that long spans could be obtained
at a fairly economical cost.  Too much reliance was placed in prestressing
to making the concrete waterproof; the fact that concrete is inherently
permeable was overlooked.  As the boom in building construction and
parking structures took place, the use of deicing salts on roads also
increased.  In 1950, in the U.S. less than one million tons of road salt was
used.  By 1970 this figure had gone up to 9 million tons.

By mid or early seventies it became a recognized fact that parking
structures and bridges were undergoing rapid deterioration due to ingress
of salt laden water to post-tensioning and reinforcing steel.  It should be
noted that for unbonded post-tensioned construction, presence of chlorides
is not necessary to induce corrosion.  This is due to the fact that there is no
concrete in direct contact with the steel and no passive layer to inhibit
corrosion.

Many of the early post-tensioned parking structures were built using
greased paper wrapped greased wire strands.  Later versions were greased
wires stuffed through plastic sheath.  The push through sheath has a loose
fit to thread through the strand.  Also the lap welds sometimes were poorly
executed and would open.  Tendons with discontinuous grease coating,
paper wrapping or damaged sheathing and no anchorage protection have
suffered instances of strand corrosion and failures.  A loose sheath that
becomes a reservoir for water or a discontinuous or damaged sheath that
permits entry of water leads to corrosion of post-tensioning steel.
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Generally speaking, parking structures with unbonded tendons were
designed utilizing one way post-tensioned slabs spanning on to post-
tensioned or normally reinforced beams.  Most of the post-tensioned slabs
were provided with very little or no bonded normal reinforcement as there
was no code requirement for it in the older codes.  The lack of normal
bonded steel in these slabs had both good and bad consequences.  The
good consequences have been that with little conventional reinforcement in
the slabs, corrosion induced spalling or delamination of slab surface and
soffits has been minimal.  The bad consequences have been that with no
back up bonded reinforcement, any significant damage to a large number of
tendons in any one area of structure has a severe impact on the load
carrying capacity of the system.  Since the tendons are unbonded, it only
requires a single failure location along the length of a tendon or failure of
one of the anchorages to render the whole tendon ineffective.  This is not
so in the case of bonded tendons.  If there is one break in the length,
prestressing force between the breaks is still present and provides some
structural integrity.  In addition to this, the strand still acts as normal
reinforcing steel between the breaks.

When the structural system is post-tensioned slabs spanning on to long
spans beams, the post-tensioning system in the beams is usually a bonded
system.  Even if an unbonded system is employed the beam prestressing
steel is relatively further away from the surface of the slab, and the
incidence of corrosion of beam steel is relatively less common.  However, if
the water gets into the duct during construction then due to the drape it
will collect at the bottom of the draped tendon duct and cause corrosion.

7.1.1 Commonly Found Problems

Water Ingress
Ingress of moisture and chlorides is the major problem in deteriorating
post-tensioned structures.  Investigations of existing structures have
confirmed that moisture can get into unbonded tendons due to the
following means:

! Directly through concrete into cuts or perforation in tendon 
sheathing even when no visible cracks are present.

! Ground water through anchorage zones.
! Through anchorage zones during construction.
! Through anchorage zones during service due to the absence of

sheathing near anchorage zones.
! Ungrouted or poorly grouted end anchorages
! Through break in sheathing away from the anchorage zones. 
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Instances of breakage and water have been found even in dry
service conditions.

! At locations of delaminations in concrete due to rebar corrosion,
water finds access into sheathing.

! Water does not always stay at low points in tendon profile.  By
capillary action water has been found at different locations.

! At expansion joints and construction joints
! At points of no cover to sheathing.  Sheathing wears down under

traffic.
! Ungrouted or poorly grouted end anchorages
! At expansion joints and construction joints

Eruption of Strands
When a strand breaks and if in that vicinity there is low concrete cover,
cases of broken strands erupting from the concrete surface have been
found.  Only a small percentage of strands have been found to erupt from
concrete surfaces.  Eruptions can be from a few millimetres to several
meters in length.  Strands can also erupt through end anchorages.

Corrosion
Breakage of strands in deteriorating prestressed structures is generally
caused by a phenomenon known as "stress corrosion cracking".  There is
very little loss of cross-section in this case but rather a small pit develops
due to corrosion and the crack in the steel develops from this pit.  This
form of failure is a brittle fracture.  The cause of it is not exactly known but
depends on the following factors:

! Electrochemical
! Mechanical
! Metallurgical

There is some indication that hydrogen embrittlement encourages crack
growth.  Hydrogen is a by-product of corrosion.  It migrates to grain
boundaries where it restricts deformations, thereby reducing ductility. 
Susceptibility to hydrogen embrittlement increases with the strength of
steel and varies with different manufacturing processes.

It should be noted that ingress of pure water or high relative humidity, even
in the absence of chlorides is sufficient to cause corrosion of tendons that
are not in direct contact with alkaline concrete. However, chlorides will
accelerate the process.
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Usually, there is little, or no evidence of corrosion of tendons on the
external surface. The absence of tendon eruption does not necessarily
indicate the absence of corrosion.  A cursory visual examination of an
extracted strand may not always reveal signs of corrosion that might cause
stress corrosion failure.  Electronic means or thorough cleaning of
individual wires and careful examination is required to see signs of pitting.

Anchorages are especially susceptible to corrosion because due to the
presence of different qualities of steel, different electrical potentials exist. 
If moisture in sufficient quantity is present a corrosion current will be
established.  At a typical anchorage as many as four different types of steel
are in contact with each other.  Prestressing wire, bearing plate,
conventional reinforcing, and steel shims.  The anchorage, including live
end, intermediate and dead end, are the primary sites at which severe
corrosion of the post-tensioning system occurs.  Corrosion at intermediate
locations is found to be present at crack and construction joint locations in
concrete, at delaminations, at high points where concrete cover is at a
minimum and at low points where water can collect.

A thorough condition survey of an existing parking structure will require
the following steps:

7.2 INITIAL WALKTHROUGH

When an owner or a property manager suspects that there is a problem, or
just want to evaluate the condition of the structure he contacts the
engineer.  The first step is for the engineer to have an initial walkthrough of
the facility.  At this time the following information should be obtained:

1. Type of structural system
2. Construction drawings, inspection and testing reports during

original construction, previous survey reports and documentation of
previous repairs.

3. General condition of the structure should be noted.  If any parts of
the structure are in a structurally dangerous condition these should
be pointed out.  For example, if soffit delaminations are present and
pieces of concrete are about to fall, then the owner should be
informed about the removal of the loose concrete.

4. After the walkthrough a brief report should be prepared and
recommendations made for further detailed survey if the conditions
so warrant.
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7.3 DOCUMENT REVIEW

The first step in preparing for a detailed field survey is to obtain and review
the plans and specifications used for the construction of the building.  For
post-tensioned structures attempt to identify the post-tensioning
subcontractor and obtain shop drawings of post-tensioning hardware.  Also
obtain concrete mix design, testing and inspection reports and maintenance
and repair records, or any other repair and restoration work performed
earlier.

The documents of existing construction will be necessary to:
! Become familiar with the details of the structural system.
! Identify size and spacing of post-tensioning tendons.
! Determine whether bonded or unbonded tendons were used.
! Determine the type of sheathing.
! Determine type of construction joints and intermediate stressing

details.
! Determine the type and location of end anchorages.
! Determine if any non-prestress bonded steel is present.
! Size and thickness of concrete slab and size of beams.
! Obtain details of concrete materials and any admixtures.
! Determine design loads.

If details of structural design are available, a structural analysis of typical
elements should be carried out to get a "feel" of the structural capacity. 
Capacity should be determined based on serviceability criteria and strength
criteria.  The older codes used higher factors of safety and therefore, it may
be possible that the existing structure may be adequate in accordance with
present codes even after allowance for deterioration is made.

If design and construction drawings are not available for review, the basic
structural design of the structure has to be visually confirmed by means of
exploratory openings at typical locations and at locations where
deterioration is most likely to occur.

Non-destructive test methods like x-ray, radar, infrared thermography have
been tried but not found to be successful.
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7.4 FIELD SURVEY RECORD DRAWINGS

Refer to Chapter 6 for details.

7.5 EQUIPMENT

Avoid field delays by making sure that the following equipment and
manpower is available:

! Chain and hammer
! Covermeter
! Copper - Copper sulphate half-cell
! Experienced workmen from a contractor to make and repair

inspection recesses at selected locations to expose tendons.
! Concrete sampling equipment
! Camera 
! Scaffolds to reach high soffits if necessary

7.6 VISUAL EXAMINATION AND DOCUMENTATION

During this phase of the survey, record deterioration, cracks, leaks and any
other visual signs of corrosion or distress in the following elements of the
building:

! Top of slab, slab soffit and columns and walls.

! Plot cracks, location of construction joints, condition of
waterproofing membrane, any strand eruptions, signs of rust at end
anchorages or intermediate anchorages at construction joints,
leaking cracks versus dry cracks, crack widths, location of drains,
areas of ponding, scaling or spalling of concrete, excessive
deflection, signs of previous repairs, condition of previous repairs,
variation in extent of deterioration of various floors.

! Plot the top of slab data and soffit data on different sheets. Take
photographs as required.
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7.7 DELAMINATION SURVEY (TOP and SOFFIT)

When steel begins to corrode and before spalls are visible on the surface,
horizontal cracks or delaminations occur at or above the level of
reinforcing steel.  At locations of delaminations a high level of corrosion
activity is indicated.  In post-tensioned structures delaminations can occur
at prestressing steel, bonded reinforcing steel, anchorages and metallic
sheathing of bonded tendons.  Delaminations are located by sounding the
surface with a steel chain or hammer.  When delaminations are present, a
distinct hollow sound is heard.

Delaminated area at the top and soffit should be plotted on the drawings.

7.8 COVERMETER SURVEY

For general information about Covermeter Survey, please refer to Chapter
6.  Information specific to Post-Tensioning is given below. 

The number of readings and the location depends on the type and amount
of embedded prestressing and reinforcing steel.  Approximate lines of
prestressing tendons should be located on the slab.  Covermeter readings
should be taken at high points of the strands.  In areas where reinforcing
steel is known to be present, additional readings should be taken.  Some
readings should also be taken at the soffit of the slab.

7.9 CHLORIDE ION CONTENT

For general information about Chloride Ion Content, please refer to
Chapter 6.  Information specific to Post-tensioned Structures is provided
below.

In post-tensioned structures chloride powder samples should be taken by
means of a drill and not by coring.  No coring should be done in post-
tensioned structures to obtain concrete samples until or unless the location
of adjacent tendons is positively located by means of visual observation or
X-ray.  Cutting of a post-tensioning strand should not be permitted.   As a
minimum in post-tensioned slabs powder samples should be taken near the
level of top steel, at mid depth of slab and near the level of bottom steel.  In
the case of post-tensioned beams, powder samples should be taken where
there is evidence of water leakage onto beams.
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The threshold of water soluble chloride above which the likelihood of
corrosion increases in prestressed concrete is .008 percent of mass of
hardened concrete.  

7.10 AIR VOID CONTENT

Please refer to Chapter 6.

7.11 HALF CELL TESTING

For general information about Half Cell Testing, please refer to Chapter 6.

Note that in the case of post-tensioned structures half-cell testing may be of
limited value and is restricted to the use for the detection of corrosion
activity in anchorages. Half cell testing may not provide reliable
information for determining whether corrosion is occurring along the
length of the tendon since, if the grease or paper wrapping is still intact, the
half cell reading may, in fact, be a remote reading of other areas of the
reinforcing system which are in contact.  In case of bonded post-tensioned
structures, the metallic sheathing begins to corrode before the tendon starts
to corrode.  The half cell readings may be indicative of metallic sheathing
corrosion.  Therefore, the half cell readings in post-tensioned structures
should be interpreted with some judgement and care.  If spalling or
extensive delaminations are already present in the deck or the anchorage
areas, no new information will be available through half-cell testing in these
areas.  Instead, evidence of existing damage is already visible and the next
step is to determine the extent of the damage and the typical form and
location of corrosion damage to the post-tensioning system.
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7.12 EVALUATION OF POST-TENSIONING STEEL

7.12.1 General

The presence of delaminations, rust marks, tendon failure and eruptions
and high half cell readings all point to the fact that active corrosion is going
on within the slab.  A detailed visual examination of strands at a number of
locations is required to confirm the degree and type of deterioration.  This
is carried out by means of exploratory excavation into the slabs and
possibly the beams as well.  It is important to obtain as representative and
as extensive a sampling as the budget can handle.  This means not only
examining those areas suspected to contain the worst damage, but also
those areas which appear to be "average" and which appear to be in the
best condition.  The exploratory excavations should examine conditions at:

1. Live end anchorages
2. Intermediate anchorages
3. Dead end anchorages
4. High point of the strand
5. Low point of the strand
6. Leaking cracks, construction joints and expansion joints
7. Delaminations
8. Low points in beam profile if water penetration is suspected

It should be noted that the post-tensioning system is live and under tension;
extreme caution should be observed while removing concrete.  

7.12.2 Guidelines for Exploratory Openings

1. A detailed plan of action should be prepared.  Specifications should
be prepared which outlines safety precautions, concrete removal
procedures and patching procedures to put the structure back into
service while the evaluation is being done and a repair programme
is finally completed.

2. It is preferable to have the exploratory work performed by a
contractor who is experienced with post-tensioning systems.  If an
experienced contractor is not available, then the engineer should
brief the contractor in detail about the peculiarities of the post-
tensioning system.

3. Light concrete chipping hammers should be used.  The workers
should be instructed to work along side and parallel to the tendon
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and not above the tendon.  Plywood shields should be used to
protect against sudden eruptions of tendons.

4. Concrete removals at anchorages should be very limited and should
be carried out with an engineer present.  The concrete condition
behind the anchorage bearing plates should be carefully evaluated,
bearing stresses should be carefully evaluated in the area prior to
concrete removal.  Similar care should be taken at intermediate
anchorages.

5. A short piece of strand about 250 to 300 mm long should be
exposed at various locations.  Sheathing around the strand will 
need to be cut and removed to expose steel wires.

6. After the conditions at exploratory openings have been carefully
recorded, the openings should be closed in.  The openings at the
top of the slab should be filled in with suitable concrete patch.  The
grease should be placed over the strand and strand wrapped with
heavy gauge polyethylene tape before concrete is placed.

Openings at the slab soffit need not be closed using concrete.  The grease
coating and sheathing should be patched and a steel coverplate installed
using expansion bolts and the cover fireproofed using spray fireproof
insulation if required.

7.12.3 Strand Extraction and Testing

A certain number of strands should be fully removed to examine their
condition.  This is the only certain means of assessing the strand condition
from anchor to anchor.  To carry this out, detension the strand, disengage
the end anchors, make an opening in the middle of the strand length, cut it
into two at that location and pull it out one at a time using mechanical
means.  The pulled out strand should be kept fairly sterile and wrapped in
polyethylene sheet until a detailed inspection is carried out.  The area
should be shored while a new strand is inserted and restressed.  By laying
the extracted strand on the floor from which it was extracted, deterioration
in the strand can be correlated to the condition of the slab.

After a careful visual inspection and recording of the condition of the
extracted strand, samples of strand may be sent for metallurgical testing. 
The following tests may be performed:
! Visual Inspection - type, size and location of defects
! Analysis of Corrosion Products
! Analysis of Metal Composition
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! Examination of Stress Corrosion Cracks
! Examination of Fracture Surfaces

7.12.4 Data Collection at Exploratory Openings

The following guidelines should be used for collecting data at exploration
openings at various locations.

C At end anchorages

Water frequently gets in near the anchorages where the sheath over the
prestressing strands or tendons is discontinued near the end or is lapped
with a larger sheathing going over the anchorage system.  The lap joint is
not properly waterproofed.  Also grout protection at the exterior ends of
the anchorage should be removed and exposed hardware examined for
degree of corrosion.  In underground structures, water gets into the
anchorages from the outside.  

C Intermediate anchorages or stressing points

These locations are the most vulnerable due to the presence of a
construction joint which lets water in.  If at the time of original
construction, the construction joint was not properly sealed and if the
stressing hardware was not greased and sheathed properly, then corrosion
is generally present at these locations.  Corrosion is usually found to extend
600 to 900 mm beyond the location of the construction joints.

C Low and high point of strands

After a length of tendon has been exposed, observations should be
recorded about the degree of corrosion.  Any pitting in the wires or loss of
cross-section should be recorded.  The sheathing should be removed and
the condition of grease noted.  Any signs of emulsification of grease will
indicate presence of water.  A flat instrument like a screwdriver should be
used to penetrate the space between the wires of the strand with a hammer
to determine if individual wires are broken.  This becomes apparent if there
is lack of tension in the wires indicted by screwdriver penetration.  It
should be noted that the penetration test indicates the presence of a
problem but not the absence of the problem.
C At leaking cracks and construction joints

A crack or a construction joint which is showing signs of water leakage
should be selected for exploratory opening.  The presence of corrosion,
condition of grease, presence of water in the sheathing should be
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investigated.  The condition of the tendon at a crack may be considered
uniform at all tendons crossing that particular crack or tendon.

C Beams

Usual profile of prestressing steel in beams is parabolic.  In single span
beams the post-tensioning steel will usually be approximately one-third of
the beam depth away from the top of the slab at the supports.  Chances of
water from the slab getting into the beams is quite remote.  However, there
have been cases of severe beam deterioration.  In continuous beams the
prestressing steel passes over the top of the support and is, therefore, in a
situation similar to the slab steel.  The same investigation procedures
should be used as for slab steel at high points.

If there is evidence on site, of water leaking onto the beams, delaminations
on beam surface or deflection of beams, then exploratory openings in
beams should be carried out.

7.12.5 Sampling Procedures

In any investigation or survey 100% inspection is either impossible,
impractical, time consuming or uneconomical.  Consequently,
generalizations and inferences about populations are derived by observing
conditions of a relatively small number of population units called a sample.

Sample size determination is the most frequently asked question in any
investigation.  The following method provides a guideline for how many
anchors should be checked and how many tendons should be checked out
of a possible hundred or even thousands of locations where defects could
be found which can render an unbonded post-tensioning tendon completely
ineffective.  

When the characteristic under measurement is approximately normally
distributed, a simple formula for determining sample size as given is
follows:

n =      N      
1+ e2(N-1)  
    Z2(p)(1-p)

where n = sample size
N = lot size

Z = standard normal value for desired confidence level
(e.g. z = 1.96 for 95% confidence)
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e = error that the investigator is willing to tolerate
between estimated and the true value

p = estimated proportion of defective components

Note that the value of e is arbitrarily chosen by the investigator, the smaller
the e selected, the larger the sample size will be.  The value of p is obtained
from overall historical average of defects under investigation.  In the case
of post-tensioning tendon deterioration, it can vary from structure to
structure.  A value of p = 0.2 can be assumed and then modified as the
investigation proceeds.

An appreciation of the joint effect of the parameters e and p in the formula
for sample size determination can be realized in the following table.  The
table gives a respective value of n for selected value of N, p and e at a 95%
confidence level, i.e. when Z = 1.96.

It is suggested that once a sample size is selected the investigation of those
samples should be conducted in three or four stages.  This is done so that
information collected in the first stage can be used to refine the parameters
in the next stage and so on.

Effect of Parameters on Sample Size 

e .01 .10

p .01 .10 .20 .01 .10 .20

N

500 217 437 463 4 33 55

1,500 276 776 861 4 34 58

2,000 320 1268 1510 4 35 60

5,000 354 2045 2758 4 35 61

10,000 367 2570 3807 4 35 62

50,000 378 3234 5474 4 35 62
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7.13 NON-DESTRUCTIVE OR EXTERNAL TESTING METHODS

A number of non-destructive testing methods are in use for detection of
corrosion in post-tensioning strands.  Depending on the type of structure
and site conditions, these methods have been reported to be successful to
varying degrees.  The usefulness of these methods are not yet fully
established.

7.13.1 EMI (Electromagnetic Induction) Testing

This testing method was developed to inspect long lengths of cables of
elevators, mining hoists and ski lifts.  This method detects stress corrosion
and piting more readily than other methods.

7.13.2 RIMT (Reflectrometric Impulse Measurement Techniques)

RIMT is a non-destructive measurement technique which is based on very
high frequency reflectometric impulse measurements.  The test method is
supposed to determine the location and the extent of an anomaly along a
prestressing tendon.  Anomalies include corrosion or partial fracture of a
tendon and grouting defects.  While the technique was developed initially
for the integrity testing of pilings and rock anchors, its use has since been
expanded to also include prestressing tendons which are generally difficult
to access and observe over their whole length.  Both bonded and unbonded
tendons can, in theory, be evaluated with the RIMT method.  This method
is still at the evaluation stage in Canada.

Typically, the RIMT evaluation of a prestressing tendon is carried out from
the live anchorage or a point very near it.  In existing structures, this would
generally require the exposure of the tendon anchorage for the initial
measurement.  Subsequent measurements or "finger prints" can be obtained
via an electrical lead which is permanently connected to the tendon
anchorage.  On new structures, permanent electrical leads can be readily
installed during construction for later monitoring access.

7.13.3 CPE Test (Post-tension Cable Testing)

The method consists of passing low pressure dry nitrogen gas through the
cable via nipples installed for this purpose and monitoring the relative
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humidity of the exiting gas.  Presence of high relative humidity indicates a
high probability of corrosion of the cable.  This method can only be used
for the paper wrapped tendon or tendons with push through sheathing.

7.14 INTERPRETATION OF DATA

As a part of the Condition Survey the following data is collected:
! Delaminations
! Cracks
! Cover Meter Survey
! Chloride Ion Concentration
! Half cell Readings
! Visual data on deteriorated anchors, construction and expansion

joints
! Corrosion damage to prestressing steel discovered as a result of

exploratory work or visual observation.

In addition to the observations made during a condition survey, a "risk
assessment" should be carried out.  An examination of the structure will
reveal locations where moisture or water can enter the tendons.  The more
locations of this type are present in this structure, the more chances there
are that water would have infiltrated and the higher the risk of strand
corrosion.

All of the above data needs to be evaluated by an experienced structural
engineer experienced in the design, construction and investigation of post-
tensioned structures.  There is no substitute for judgement and experience. 
Based on all the observations and tests a judgement will have to be made
by the structural engineer as to what percentage of strands are ineffective
or are likely to become ineffective in the future.

A structural analysis should be carried out to determine the serviceability
load carrying capacity and the load carrying capacity based on strength. 
This will be carried out assuming certain percentage of strands broken or
ineffective.

Based on the above information, a decision is made as to whether the
structure is safe for occupancy or whether rehabilitation measures are
required.
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TECHNICAL, PRACTICAL AND ECONOMIC CONSIDERATIONS FOR THE
DEVELOPMENT OF STRATEGIES FOR THE REPAIR OF DETERIORATED
GARAGES

8.1 GENERAL

After the condition survey is complete the next step is to explore and develop
strategies for a repair and restoration programme.  This involves the following
steps:

1. Determine causes of deterioration and contributing factors
2. Determine impact of deterioration
3. Determine repair approach and strategies
4. Determine repair methods and their life expectancy

8.2 CONVENTIONAL REINFORCED CONCRETE GARAGES

8.2.1 Determining Causes of Deterioration

Causes of deterioration and contributing factors  can be summarized as :

1. Poor quality concrete
2. Insufficient concrete cover
3. High chloride levels
4. Poor or no slopes
5. Lack of waterproofing membranes or sealer
6. No or inadequate air entrainment
7. Cracks in concrete
8. Corrosion of rebar
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The primary cause of deterioration may be reinforcement corrosion but the
contributing factors are poor quality concrete, low concrete cover, high
chlorides, and poor slopes.  If excessive cracking is the primary cause of
deterioration, factors that caused the cracks must be investigated and
understood.  Cracking may be due to deficient structural designs for loads or
excessive restraint provided by the various structural elements to volume
changes due to temperature, shrinkage, creep, etc.  The repair approach for
the above two contributing factors to cracking will be completely different.
Information collected during the condition survey should help in this step.

8.2.2 Determine Impact of Deterioration

The impact of deterioration on various elements of the structure can be
categorized as follows:

1. Immediate safety problem
2. Long or medium term structural safety concerns
3. Serviceability or durability related deterioration
4. Cosmetic

8.2.2.1 Immediate Safety Problems

If some soffit delamination or spalling is loose, this should be immediately
knocked off.  Related to the soffit delaminations, there may be areas where
mechanical or electrical services suspended from the slab are embedded in a
soffit delaminated area; this should be attended to immediately.  Any water
leaking onto electrical equipment like a transformer vault will fall in this
category.

8.2.2.2 Long Term or Medium Term Structural Safety Concerns

The load carrying capacity of the structural system should be determined after
taking into account loss of bond, shear and reinforcing cross-sectional area
due to observed deterioration.  Potential for future deterioration should also
be considered by analyzing the half-cell data.  If it is not possible to compute
the residual load carrying capacity by computation, then a load test may have
to be carried out.  A load test is carried out in accordance with CSA A23.3.
The load test will determine the load carrying capacity at the particular
location at that point in time.  The locations for load tests should be
selected so that they are representative of general deterioration.  While
selecting the size of the area to be loaded, consideration should be given to
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distribution of the load to adjacent areas of the structure, thereby reducing the
effect of the load on the area being tested.  In some cases, the area to be
loaded may have to be quite large to allow for distribution of load to other
areas and to load test the shear capacity at columns.  More than one load test
may have to be carried out if conditions warrant.  Approximate cost of a load
test varies between $25,000 to $35,000.  If the load carrying capacity is
determined to be less than the design loads, one of the following options are
considered.

1. Carry out repairs to restore the design structural capacity.
2. Limit the load by restricting the use to lesser number of cars, e.g.

closing down every alternate parking stall, etc.
3. Provide temporary shoring to be determined by a structural engineer.
4. Close the garage if the structure is considered unsafe for use.

8.2.3 Repair Approach and Strategies

The following factors should be considered in determining an approach and
forming strategies for repair:

1. Structural
2. Functional
3. Economic

8.2.3.1 Structural

The following types of reinforced concrete structural systems are commonly
found in parking garages:

1. Flat plate or Flat slab
2. Waffle slab
3. Beams and slabs

Approach to repair of the above three types of structural systems could be
different.  In a waffle slab where the top slab is usually 100 mm thick, the
repair of deterioration in that slab will be more effective by complete removal
and replacement of the top slab rather than try and repair delaminations.  In
a beam/slab system, if the slabs are badly deteriorated, it will be relatively
easier to remove the slab between the beams and cast a new slab.  The beams
usually are not found to be badly deteriorated.
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If a topping or a concrete overlay is to be added on top of the existing slab
then consideration should be given to the following factors:

1. Additional dead load on columns and footings
2. Additional earthquake forces
3. Steps or ramps required at stairs and elevators

If the existing structure does not have the structural capacity to support the
additional load, then this method of repair is ruled out.

8.2.3.2 Functional

The following functional considerations may determine the repair method:

1. Clear vertical clearance limits may determine whether a topping can
be added or supplementary framing can be added.

2. In some cases if the owner/operator must keep some part of the
garage functional at all costs, then the method of repair will have to
be selected accordingly.

3. The garage being isolated or below the building tower will also
determine the repair strategy.  For example, in a badly deteriorated
garage, if the garage is isolated, it may be cost-effective to demolish
and build a new structure.  However, if the garage is situated under a
building tower, many functional considerations may force the strategy
towards a repair alternative. 

8.2.3.3 Economic

Selection of repair method for a parking garage normally involves a
compromise between what is technically the best solution and what is
economically feasible.  Life cycle cost of the following repair strategies should
be determined to study the economics of the situation.  Based on economic
considerations, the following strategies should be considered.

1. Do nothing and use up the remaining useful life of the floor structure
and then build a new floor structure. 

2. Perform only band aid type of repairs to correct potentially unsafe
conditions prior to a major restoration or demolition and rebuilding.
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3. Perform repairs every five years or so.  This method of repair will
involve repairing only deteriorated concrete and applying a
waterproofing membrane.

4. Use a method of repair which will repair all deteriorated concrete and
also remove some contaminated concrete which has not yet
deteriorated.  Assuming that for this method, repairs will be required
every 10 years.

The following assumptions have been used in developing a life cycle analysis
for strategy 1 & 3 noted above:

- No. of cars 200
- Area of suspended slab 6000 m2

- Delaminations 30% of area
- Delamination Repair Cost $250/m2

- Waterproofing Membrane $30/m2

- Slab Replacement $400/m2

- Life of Garage 50 years
- Parking Cost $75/month

The effects of escalation and interest rates have not been taken into account
for the sake of simplicity; these factors will have negligible effect on the final
comparative costs.  Current costs have been used for repairs.

Strategy-1

Assume that the remaining useful life is one (1) year.

Replacement cost 6000 x 400 = $2,400,000
Loss of Parking Revenue for 6 months

6 x 75 x 200 =  90,000
TOTAL: $2,490,000

Strategy-2

Perform repairs @ 5, 10, 15, 20, 25, 30, 35, 40, 45
@ Year 5, 30% of delaminations are repaired and other
years 20% are repaired
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Repair at Year 5
6000 x 0.3 (250 + 30) = $  504,000

Repair at Year 10 to 45
6000 x .2 x (250 + 30) x 8 = 2,688,000

Loss of parking revenue for 4 months every
5 years 
9 x 200 x (75 x 4) =    540,000

TOTAL: $3,732,000

Strategy-1 is economically more attractive but it depends on whether the
owners can or want to commit $2.49 million for the repair of the garage.

8.2.4 Repair Methods and Life Expectancy

A normal reinforced concrete structure requires one or more of the following
repairs:

! Top delamination repairs
! Soffit delamination repairs
! Breakthrough repairs
! Column delamination repairs
! Wall delamination repairs
! Raft foundation repairs
! Crack repairs
! Complete slab removal and replacement
! Waterproofing or sealer application, additional drains

8.2.4.1 Guidelines for Selection of Repair Materials

The durability of a repair depends on some of the following material
properties:

! Dimensional Stability

Provision of good bond between the new material and the concrete substrate
is important for restoring monolithic character of the member being repaired.
Most cementitious materials shrink soon after they are cast and the substrate
is old and has already undergone shrinkage.  Therefore, repair material must
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possess very low shrinkage or be able to shrink without losing bond.
Therefore, concrete as a repair material should be of as low a water/cement
ratio as possible, between 0.3 and 0.4.  Use superplasticizer to increase
workability.

! Co-efficient of Thermal Expansion

When large and thick patches of repair materials are used, the co-efficient of
thermal expansion of the patch material and the substrate should be matched
as closely as possible.  Differences of volume change that arise in the
composite will give rise to large forces at the interface of the two materials
often causing bond failure at the interface or the weaker material.  If a
polymer or epoxy modified material is proposed to be used, this property
should be carefully investigated.

! Modulus of Elasticity

Materials with higher modulus of elasticity deform less than materials with
low modulus.  In a composite member made of two materials of widely
different moduli, internal strains developed by different moduli should be
investigated.  Use of materials of widely different moduli should be avoided.

! Permeability

Permeability is the capability of the material to transmit liquids or vapours.
If impermeable materials are used for large patches, coatings, overlays or
bonding of patch materials, moisture vapours that pass through the concrete
substrate can be trapped at the interface of the concrete and the surfacing.
Freeze-thaw action of the saturated materials can cause failure at the bond
line.  Large polymer modified concrete patches or patches using epoxy
bonding agents may cause this problem.

! Chemical Compatibility

Compatibility of patching material with reinforcing steel, concrete substrate
or the waterproofing membrane to be applied over the patch, should be
considered.  Patch materials with a ph lower than 10 should not be used as
these will not provide enough protection to steel.

! Electrical Properties

Materials which are highly resistive or non-conductive should not be used.  If
there is a large chloride ion differential between the surrounding concrete and
the patched area, corrosion current becomes concentrated in a restricted area,
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accelerating the rate of corrosion.

! Service Conditions

The choice of the right repair materials also depends on the service conditions,
e.g.

! Amount of moisture in the substrate.  Some polymer materials may
not cure properly in the presence of moisture.

! Temperature of the substrate and the work area at the time of repair.
! Ventilation of working area.
! Location of repair section:  horizontal or vertical will determine the

type and composition of material.
! Turn around time:  If repairs are subject to early loading then high

early strength products are required.
! Exposure to heavy traffic:  Exposure to heavy traffic will require a

material with good abrasion.

8.2.4.2 Top Delamination Repairs

Figure 8.1 indicates a typical top delamination repair.

8.2.4.3 Soffit Delamination Repairs

Figure 8.2 indicates a typical soffit delamination repair.  A more durable
method of soffit repair is by the method of complete breakthrough and
recasting the whole slab in that area.

8.2.4.4 Breakthrough Repairs

This method of repair is shown in Figure 8.3.  This method of repair is
recommended where top delamination and soffit delaminations overlap.  This
has also been found to be an economical and durable method of repair for
soffit delaminations.  The cost of the soffit repair method shown in Figure 8.2
and this method is approximately the same.
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8.2.4.5 Column Delamination Repairs

Figures 8.4 and 8.4a indicate column delamination repairs.

8.2.4.6 Wall Delamination Repairs

Concrete walls in buildings are exterior basement walls, interior load bearing
walls or shear walls forming part of the lateral load resisting system.
Basement walls are usually lightly loaded and, therefore, the delaminations in
basement walls are not structurally as serious as in heavily loaded load bearing
walls or shear walls.

8.2.4.7 Raft Foundation Repairs

Raft foundations are required for some buildings due to soil conditions.  If
cars are parked on the concrete surface of the raft foundation, the top of the
raft begins to delaminate due to the corrosion of the top mat of rebar in the
raft.  Delaminations should be repaired following the method outlined in
Figure 8.1.  The top of the raft slab should then be protected from further
ingress of moisture and chlorides by means of a waterproofing membrane or
a low slump high density concrete (LSDC) overlay protected with a
penetrating sealer.  Method of protection will also be determined by the
availability of headroom for the concrete overlay.  Durability of a
waterproofing system is effected by migration of underground moisture to the
membrane concrete interface.  Any reinforcing steel in the concrete overlay
should be epoxy coated.  Based on the availability of headroom, slopes can be
incorporated for improved drainage.

8.2.4.8 Crack Repairs

In this section, we will discuss repair of cracks caused by restrained volume
changes such as shrinkage, temperature and creep.  Cracks caused by errors
in structural design and overloading are not within the scope of this document.
Generally, cracks in parking structures are caused by restraint to volume
changes like shrinkage, temperature and creep.  The cracks in the concrete
structure are considered a problem if they:

1. Are significant structurally
2. Affect the durability
3. Allow water or chloride ingress
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There are three categories of cracks:

1. Dormant cracks
2. Growing cracks
3. Active cracks

Dormant cracks remain constant in width and length and there is no vertical
movement across the crack.  Growing cracks keep increasing in width or
length indicating that the stresses causing the crack are still present.  These
stresses could be differential settlement, corrosion or freeze-thaw.  Active
cracks close and open when the structure is loaded and unloaded.

.1 Determining the Cause of Cracking

The following steps will assist in determining the causes of cracking:

1. Prepare a plot of the pattern of cracking.  Make a note of which
cracks are leaking.

2. Determine crack widths and depth.  Do the cracks extend the full
depth of the member?  Are they reflected on both faces of the slab at
the same location?

3. Determine when the cracks occurred.
4. Determine if the cracks are dormant, active or growing.  Some

monitoring will be required to determine this.
5. Carry out an examination of structural drawings to determine the

degree of restraint.  Determine if adequate rebar is present in
accordance with the code to safely support the loading.  This will
determine if the cracks are due to inadequate structural design or due
to restrained volume changes.

6. Cracks may be due to corrosion of rebar.

.2 Selecting a Crack Repair Method

1. Epoxy Resin Injection

This method is used to bond the two sides of the crack rigidly together.  In
doing so, the structural concrete strength of the member across the crack is
restored.   This method is suitable only for dormant cracks.  Epoxy or resin
can be injected into cracks as narrow as .05 mm.  Generally, this method is
not applicable if the cracks are actively leaking or cannot be dried out.  This
technique is highly specialized and should only be carried out by specialist
contractors.  Injection is carried out at pressures of 135 to 275 KPa (20 to 40
psi). 
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It should be noted that this method is not suitable if the crack is active or
growing.  If this method is used in such cracks, either new cracks may open
adjacent to existing cracks or the same cracks will reopen again.  

In practice, it has been found that in slabs this method does not completely fill
the cracks.  If there is no waterproofing membrane, the water can enter the
unfilled part of the crack with the epoxy in the filled part, acting as a dam.
This situation can make the condition of the structure in this vicinity even
worse than if the crack had not been injected. Epoxy injection of slab soffit
cracks is not recommended.

2. Gravity fed sealing

Low viscosity resins can be used to seal cracks by feeding the crack from the
top.  Epoxy resin finds its way into the top part of the crack and fills it.  This
is not a structural repair however, this type of repair will help in keeping the
water out of the crack.  If the crack is active, epoxy resins which remain
flexible should be selected.  This method can be used to seal active or growing
cracks.

3. Routing and Sealing

This method should only be used in slabs or areas of slabs which are of no
structural significance.  Routing consists of cutting a chase along the length
of the crack in the form of a square-groove and filling with a suitable sealant.
Width and depth varies between 10 mm to 12 mm.  The groove results in loss
of concrete depth and care should be taken to ensure that no rebar is cut.  In
structural slabs, in the regions where there is compression at the top, loss of
effective depth should be investigated.  It should also be noted that if and
when the sealant loses its bond to the sides, there is a larger area through
which water can enter.

4. Waterproofing Membrane

If a large number of randomly spaced, active or growing cracks are present,
a flexible waterproofing membrane is the most effective approach to sealing
the cracks.

8.2.4.9 Complete Slab Removal and Replacement

When delaminations exceed 25% of the slab and the whole slab is
contaminated with chlorides above the threshold level, complete slab removal
and replacement should be seriously considered.  This alternative has been
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successfully carried out for flat slab structures.  The columns and concrete
walls are left largely intact.  The procedure involves the following major steps
in a multi-storey underground garage:

1. Provide temporary support to columns at various structural levels to
make up for the lost support due to the removal of the floor slab.

2. Provide temporary lateral support to basement walls and other walls
to support the earth pressure.

3. Remove the existing slab by cutting into small pieces

4. Provide a seat or support for the new slab at existing columns or walls

5. Clean existing rebar projecting from walls and columns by
sandblasting to bare metal.  Apply epoxy coating.  To any bars with
an unacceptable loss of cross-section, splice new rebar by welding.

6. Erect formwork, place new rebar, place concrete.  Install a
waterproofing membrane.  The new structure should conform to all
the durability requirements outlined elsewhere in this manual.

8.2.4.10 Removal of Top Contaminated Layer of Concrete and Replacing with New
Concrete. 

This method is effective if chloride contamination is limited to the top 100 mm
or the top half of the slab and there is no chloride contamination near the level
of bottom steel.  Also, for this method to be cost effective, the top of the slab
should have high percentage of delamination e.g., 25% to 50% and there
should be virtually no soffit delaminations.  The whole of the top 100 mm or
so of the chloride contaminated slab containing all the top steel is removed by
hydrodemolition procedures.  New epoxy coated rebar is placed and new low
water/cement ratio (0.4 or less) concrete is placed to replace the removed
concrete.  If headroom permits, the new concrete can be thicker to create new
improved slopes.

It is very important that all rebar in the new concrete, whether old rebar or
new rebar, should be epoxy coated so that it is electrically isolated from the
surrounding concrete.  This is essential to prevent any electrochemical
corrosion activity between the steel in new concrete and steel in old existing
concrete.  If any chlorides above the threshold level are present in the old
concrete near the level of bottom steel, new corrosion cells will develop.  The
old rebars, which were previously acting as a cathode, will now become
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anodic at places giving rise to new soffit delaminations.

In this method, it should also be recognized that due to shrinkage of new
concrete relative to old concrete, high stresses are generated at the interface
trying to cause debonding of the old and the new concrete.  For the success
of this method, it is essential that the surface of the existing slab should be
rough, and should be water saturated with surface dry condition and a 1:1
cement/sand slurry should be properly applied.  In addition, (if required)
epoxy coated steel pins can be used to further enhance the horizontal shear
connection between the old and the new concrete.

8.3 Post-tensioned Concrete Garages

The majority of post-tensioned garages were built using unbonded tendons.
Repair strategies discussed herein will be limited to unbonded tendons.

8.3.1 Determine Causes of Deterioration and Contributing Factors

In addition to the general causes of deterioration and contributing factors
listed in 8.2.1, specific factors for post-tensioned garage structures can be
summarized as follows:

1. Corrosion of unprotected end anchorages
2. Corrosion of unprotected intermediate anchorages
3. Corrosion of unprotected length of strand adjacent to anchorages
4. Corrosion of strands at unprotected splices of sheathing
5. Excessive cracking

In unbonded post-tensioned garage structures with none or very little bonded
rebar, none or very little deterioration in the form of delaminations is usually
found .  Most of the deterioration is limited to corrosion of unprotected
strands and stressing hardware.  Contributing factors adding to this
deterioration are ingress of moisture due to a lack of protection to strands and
hardware. Cause of cracking in concrete structures is usually due to restraint
of volume changes such as temperature, shrinkages and creep. In post-
tensioned structures with unbonded tendons cracks are usually fewer and
extend through the width of the structure and are wider in width than a
structure with bonded reinforcing steel.  A check of the structural design
should be carried out to confirm that the cracks are really due to volume
changes and not deficient structural design.
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8.3.2. Determine Impact of Deterioration

The impact of deterioration on the structural load carrying capacity of the
structural system should be assessed.  Please also refer to 8.2.2.  As a result
of the condition survey an estimate should be made of the following factors:

1. What percentage of strands or anchorages are damaged by corrosion
and are or will become ineffective.

2. In the case of flat slab structure, determine the effect of       
corrosion of post-tensioning strands and other reinforcement on the
shear capacity of the slab at the columns.

3. Determine the impact of cracks on long-term durability due to leaks.
If the garage is subject to freeze/thaw and if the cracks are leaking
,eventually concrete at the cracks will be damaged.

Design of post-tensional elements is based on:

1. Limiting the stress in concrete to a pre-determined number.

2. Ultimate bending strength of the member to exceed the factored
bending moment.

Usually, the number of strands is governed by point no:1 above; point no:2 is
automatically satisfied.  Based on the percentage of strands (which are
determined to be ineffective), both the above conditions should be checked.
It is possible that with reduced number of strands ultimate strength may be
satisfactory but stress in concrete may exceed the prescribed limit due to
reduced prestress, or there may be a situation when concrete stress may be
within prescribed limits but ultimate strength may be below that required.  In
both cases the structure is considered unsatisfactory and then one of the
following measures have to be taken:

1. Carry out repairs and rehabilitation measures to restore the structural
capacity.

2. Either rationalize use of a lower live load when checking the structural
design, or restrict the loading on the garage slabs by closing down
some parking stalls.

3. Provide temporary shoring,to be determined by a structural Engineer.
4. Close the garage if the structure is considered unsafe for use.
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8.3.3 Repair Approach and Strategies

The following factors should be considered in determining an approach and
forming strategies for repair:

1. Structural
2. Functional (see 8.2.3.2)
3. Economical (see 8.2.3.3)

8.3.3.1 Structural

In forming a repair strategy from a structural point of view, the type of
structure and the degree of deterioration should be considered.  In general, the
engineer needs to attempt to identify which of the following categories the
given facility fits in.

Category 1: Severe but localized damage on relativity few tendons.

Category 2: Severe damage along the length of the tendon or at several
locations along the tendon, but a relatively few tendons
effected in this manner.

Category 3: Severe but localized damage on many or most tendons.

Category 4: Severe damage at many locations on many or most tendons.

It should be noted that the condition of the system is often worse than
concluded by visual inspection on opening a few exploration openings.

In post-tensioned parking garages the following types of structural systems
are usually found:

Type 1: Post-tensioned beams spanning approximately 20 meters at
about 7 meters O.C. with a post-tensioned slab spanning
between the beams.  Beams have bonded tendons and the
slabs have unbonded tendons.

Type 2: Flat slabs on columns with unbonded tendons - little or no
bonded rebar.

To illustrate the principal on which repair strategies are based, the following
scenarios will be discussed.
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Scenario 1 - Structure Type 1 - Deterioration Category 1

In this scenario, 10% to 15% of tendons are found to be undergoing
corrosion.  Usually, an analysis indicates that by ignoring the contribution of
the tendons with corrosion, the slab is still safe provided the corroded tendons
are fairly well distributed and not concentrated in one or a few areas of the
structure.  Beams with bonded tendons are usually not found to have any
corrosion.  In this case, the repair strategy is to preserve the status quo.  This
can be achieved by applying a waterproofing membrane to prevent further
ingress of water and thereby drying out the slab.  Recently a method has been
developed wherein corrosion inhibiting grease is injected in the sheathing to
enhance the corrosion protection of the prestressing steel.  Prior to grease
injection, nitrogen gas was injected to dry out the space between the wires
and wires and the sheathing.

Scenario 2 - Structure Type 1 - Deterioration Category 4 (in slab only)

It should first be determined if the deterioration is in the strand or at end
anchorages or at intermediate anchorages.  If the deterioration is in the strand
then under this category strands will have to be abandoned and one of the
following repair procedures can be followed:

1. Replace existing strands with new strands.  This may or may not be
feasible depending on the size and condition of the duct.

2. If replacement of the strands is not feasible or possible or an alternate
method is required, then the following can be used; Remove existing
slabs between and over the beams and place new reinforced concrete
or post-tensioned slabs.  Existing beam design should be checked for
the effect of off-loading the dead load of the slab from the post-
tensioned beams.  Post-tensioned beams will have to be tied down or
jacked up to beams above.

3. As an alternative to above procedure supplementary framing can be
provided between beams to support the slab between the beams.

If the deterioration of the strands is limited to end anchorages or intermediate
stressing points the following procedure can be followed:

1. Destress the tendon.  

2. Remove concrete around the anchorage and around the tendon up to
the point where corrosion can be seen.  The tendons are usually found
to be corroded up to about 1 metre from the anchorage.  

3. Cut the corroded part of the strands and splice new strands.  
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4. Clean or replace the stressing hardware with new epoxy coated
hardware and restress.  

This procedure should be followed one tendon at a time or in a sequential
manner leaving enough distance between the strands being repaired.  Place a
waterproofing membrane.

Scenario 3 - Structure Type 2 - Deterioration Category 4

Let us assume that the tendons are damaged beyond repair.

Repair alternative 1

. It is assumed that headroom is available for a topping.

. Shore one slab and destress the tendons.

. Remove any delaminations. Clean steel by sand blasting and      apply
epoxy coating.

. Clean the top surface by shot blasting, remove any grease, gasoline
and other deleterious materials.  Roughen up existing surface.

. The structural concept behind this repair procedure is to transform a
post-tensioned flat slab to a flat slab with normal bonded reinforcing
steel. New top rebar, where required, is placed in a new bonded
topping.  Reinforcing steel required at the bottom is applied in the
form of steel plates bolted to the underside of the slab.

. Place epoxy coated steel dowels into the existing slab to provide
additional shear resistance between the topping and the base slab.  A
grid of 450 x 450 mm is recommended.

. Place new topping and a apply a waterproofing membrane.

. Fireproof the steel plates by applying spray fireproofing.

. It is essential to ensure that existing columns and foundations   can
support the additional dead load.  In earthquake regions, earthquake
resistance of the system should be checked for the  additional dead
load.

Repair Alternative 2

! Replace post-tensioning internally

In case the existing post-tensioning system consists of mono strands with
plastic sheathing, the replacement procedure is more or less straight forward.
The new tendons can be threaded back through the old duct, which is
generally of a regular cross section and can accommodate either the same size
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strand or a strand of slightly reduced diameter and with an epoxy coating. The
process of rethreading may not be possible or straightforward if the existing
system is a paper wrapped wire post-tensioning system.  The duct cross-
section is usually not regular and the paper wrapping acts as an obstruction.

! Replace Post-Tensioning externally

This method depends on the availability of additional headroom.  This method
is only useful for replacing existing post-tensioning at a few locations and not
on the whole slab.  The use of this method is generally considered when
adding additional tendons to the beams.  The concept for this method for
beams is shown in Fig. 8.9.

Repair Alternative 3

This method requires availability of ample headroom.  Place a supplementary
structural steel frame framing system below the existing slab.  Apply
fireproofing to the steel structure.

This method also requires the presence of some minimum bonded non
prestress steel in the slab.  The slab is assumed to span between the structural
steel members using the non-prestress rebar.  Any delamination in the existing
slab is repaired.  Apply a waterproofing membrane.

8.4 PRECAST, PRESTRESSED CONCRETE PARKING STRUCTURES

Out of all the structural systems used for parking garages, precast, prestressed
structures have performed the best.  This can be attributed to the following
factors:

1. High quality concrete, produced and placed under controlled
conditions in the plant.

2. The prestressing steel in the double tees is at a large distance from the
source of salt and water.

3. Concrete topping on the top of the precast concrete structure system
acts as a barrier to salt and water penetration except at cracks and
control joints.

The following types of deterioration is generally found in precast prestressed
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concrete parking structures.

1. Scaling of the concrete topping due to poor quality concrete.

2. Water leaking at the control joints in the topping.

3. Water leaking on to the beam ledges and corroding the rebar and
causing spalling and delamination of the edges of the beam ledge and
destroying the bearing of the double tee.

4. Deterioration of the double tee stem and the beam ledge due to the
lack of bearing pads.

5. Deterioration of the double tee stem and the beam ledge due to the
bottom of the double tee stems welded to the beam ledge.

6. Bearing pads "walking off" the support due to thermal expansion and
contraction.

7. Deterioration of beam ledges due to the tee stem sitting too close to
the edge.

8. Rusting of drains and electrical equipment due to leaks at the cracks
in the topping at junction of double tee flanges.

9. Cracking of spandrel beams due to torsion.

8.4.1 Repairs

8.4.1.1 Repair to Beam Ledges

Alternatives 1

Repair procedure is the same as for delamination repairs or breakthrough
repairs described earlier.  A temporary shoring will have to be installed to
support the ends of the tees till the ledge repair is complete.  If deterioration
is extensive, the ledge may have to be completely recast.

Alternatives 2

Add a secondary support system adjacent to the existing beam . See fig. 8.8
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8.4.1.2 Replacing Bearing Pads

Place a temporary support at the ends where bearing pad is to be replaced.
Remove existing bearing pad, add new bearing pad.

8.4.1.3 Waterproofing Control Joints

If the leaking is confined to control joints and cracks at the junction of flanges
of the tees, one of the following methods is recommended:

! Rout the existing crack or joint and fill with a suitable sealant.

! Place localized strips of thin waterproofing membrane.

! If the cracks in the topping are very extensive, then a waterproofing
membrane should be considered.

8.5 ADVANCED COMPOSITE MATERIALS

Until now the methods of repair that have been discussed are conventional
repairs using materials that have been used by industry for many years. Most
repairs show a marked decrease in the rate of corrosion however corrosion is
never totally arrested.

Research and field testing is underway worldwide using products classified as
Advanced Composite Materials (ACM). These products are rust and
corrosion free and highly salt resistant. Some of the products now being tested
and have been applied in the field include:

High strength continuous fibres such as glass, carbon and aramid impregnated
with resin and formed into a mesh. Applications in parking structures
encompass slab on grade, wall repairs and curved surfaces such as circular
columns.

Unidirectional carbon fibre composite cable (CFCC) that is light, strong and
corrosion resistant. Applications of this product can be the external
reinforcement of beams and replacement of unbonded post-tensioned tendons.
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Other products presently being tested are fibre reinforced plastic bars and fibre
reinforced concrete. 

Many of these products have been used in building applications in Europe and
Japan but have not been tested by Canadian Authorities. The development of
standards that industry can use and improving the economic viability is
required. 

Engineers involved in the design and repair of parking structures should keep
current with the continuing development of these products which in many
cases are tailored to repairs in severe environments such as parking garages.
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SEALERS AND WATERPROOFING MEMBRANES

9.1 GENERAL

Waterproofing is generally applied to parking structure slabs to prevent
moisture and road salt from being absorbed into the concrete slab and to
prevent water leakage into the space below through cracks or joints .  

For a waterproofing system to be effective it must perform these functions
when subjected to the in-service loads and chemicals.  It must provide a
safe surface in both wet and dry conditions.

9.2 PERFORMANCE CRITERIA

9.2.1 Waterproofing Membranes

1. Impermeability

An effective membrane must prevent water from being absorbed into the
slab.  

2. Breathability

The benefits or effectiveness of membrane breathability is not well tested or
documented. The applicator should test for a level of moisture (2% by
weight method or 14% electrolytic method) prior to applying the
membrane. There is a danger that breathable membranes may permit the
ingress of water under the pressure exerted by car tires.

On slabs that are contaminated with chlorides it is possible for corrosion of
the reinforcing steel to take place even after a membrane is applied if
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sufficient moisture is present. Membranes that breath and allow the
concrete to dry out could be more suited to chloride contaminated slabs. If
the soffit of the slab is exposed to a low humidity drying environment there
may not be a problem.

3. Crack Bridging

Membrane systems must remain waterproof over cracks that occur in the
slabs.  Most waterproofing membrane manufactures require additional
detailing of the membrane to provide reinforcement over cracks. Detailing
varies to suit  the type and size of crack and the type of membrane being
used.  This crack bridging ability must be maintained through the
temperature range the membrane will experience. Ideally the waterproofing
membrane should not be applied until shrinkage cracking has occurred in
the slab.  

4. Adhesion

The bond of the membrane to the slab must be sufficient to resist shear
forces from service loads and tensile forces from vapour pressures.  Failure
of bond generally results in membrane failure.  

5. Physical Impact

A waterproofing membrane system should be designed to withstand
vehicular traffic including snowploughs in exterior applications.  

6. Chemical Resistance

Membranes are exposed to many chemicals on parking slab and to remain
effective must be unaffected upon exposure.  

7. Ultra-Violet Rays

The properties of membranes used in exterior applications must remain
unchanged when exposed to ultra-violet rays.  

8. Low Temperatures Flexibility

Membranes must remain flexible at low temperatures to maintain their
effectiveness at cracks and to withstand physical impact during service. 
Current standards such as ASTM 957 has not given consistent results and
materials that have passed the test have failed in-situ.

 Therefore membranes must be assessed by both testing of conformance to

227



Durability Guidelines for Parking Garages
Sealers and Waterproofing Membranes

188

standards as well as comparison to similar project performance.
Standard test methods used in the assessment of waterproofing membrane
performance criteria include:
C ASTM E96 - Water Vapour Transmission
C ASTM C957 - Crack Bridging
C ASTM C957 and ASTM D4541 - Adhesion to Concrete
C ASTM 471-79 - Resistance to Aggressive Liquids
C ASTM C957 - Weather Resistance of Membranes
C ASTM C957 - Low Temperature Flexibility
C Walker Abrasion Test - Physical Abrasion of Membranes
C CAN/CGSB - 37.50 - Hot Applied Rubberized Asphalt for Roofing

and Waterproofing 
C CAN/CGSB - 37.51 - Application for Hot Applied Rubberized

Asphalt for Roofing and Waterproofing 
C CAN/CGSB - 37.65 - Mastic Asphalt for Flooring
C CAN/CGSB - 37.68 - Mastic Asphalt for Waterproofing

9.2.2 Sealers

1. Waterproofing

A sealer must reduce the amount of liquid water and chlorides which
penetrate the concrete compared to unsealed concrete.

2. Breathability

Breathability allows water vapour within the concrete to escape, and
causes the concrete to dry out.  This drying increases resistivity and inhibits
corrosion.

3. Chemical Resistance

Sealers should withstand the oils and fluids spilled by cars on a parking
deck and still perform their intended function.  To date, no well
documented research has been carried out to determine the effect of these
various chemicals on sealer performance.

4. Ultra-Violet Rays

Information regarding the performance of sealers exposed to ultra-violet
radiation comes mostly from observations of field performance.  Sealers
which penetrate are protected from ultra-violet rays by the concrete.
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5. Penetration

Penetration into the concrete is important to ensure not only ultra violet
resistance, but also to withstand abrasion of the surface of the concrete.
Laboratory tests have shown that excessive penetration causes sealers to be
too diffuse so that complete hydrophobic layers are not formed.

6. Finish

Some sealers leave a splotchy or glossy finish which may or may not be
acceptable.  Others leave a tacky finish which picks up dirt.

7. Skid Resistance

Sealers should not significantly reduce the skid resistance of the surface if
used on the traffic deck or pedestrian walkways.

8. Toxicity

Some sealers and carriers are hazardous materials.  Material Safety Data
Sheets (MSDS) should be consulted during installation.

9. Volatility

Some of the active ingredients in the sealer can be lost if the sealer is too
volatile. Conditions during installation should be monitored to minimize the
loss of active ingredients. Sealers must adhere to the volatility requirements
dictated by the fire marshalls specifications.

10. Freeze Thaw/Salt Scaling Resistance

Generally, sealers of breathing or non-breathing type may reduce the
freeze-thaw and salt scaling resistance of concrete. Concrete with marginal
freeze-thaw resistance should not be treated with a sealer.

Some standardized tests have been modified to be used to test sealers for
the above properties with some success in the laboratory.  These tests
include:

C Reduction in Water Absorption - ASTM C642
C Freeze thaw/salt Scaling - ASTM C672
C 90 Day Salt Ponding Tests - AASHTO T259 and T260
C Pavement Surface Friction - ASTM E303
C Rapid Determination of the Chloride Permeability of Concrete -
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AASHTO T227

In particular, Alberta Transportation and Utilities has developed a set of
waterproofing, breathability and abrasion resistance tests which they have
used extensively.  They have tried to simulate real world conditions and
have had success relating laboratory performance with field performance. 
They have developed a set of criteria for the acceptance of sealers for
particular applications.  Many manufacturers have had their products tested
by AT&U and will state the results on their literature.  AT&U warns that
these results are applicable to new, good quality concrete, and that to be
sure that a sealer will perform on older (and possibly carbonated) garages,
these tests should be run on sealed samples of concrete cores pulled from
the site.  This is a relatively expensive exercise.

Two field tests have been developed by the Strategic Highway Research
Program to assess in situ the effectiveness of sealers.  The first test is an
electrical resistivity test which involves painting strips of conductive paint
on the concrete surface and measuring the change in resistivity of the
concrete after being wet and allowed to dry.  The field tests performed to
date show some promise for this test.  The second test is a water uptake
test where a tube is sealed to the concrete and filled with water. The
amount of water absorbed in a given time should give the relative
performance of sealers.  The field testing performed to date has not found
good correlation between laboratory findings and findings on site.  The seal
between the apparatus is difficult to obtain in warm or cold weather.  The
Ontario Ministry of Transportation is presently evaluating the electrical
resistivity test.  

Until these tests have evolved into reliable methods, there is no certain way
of field testing the performance of sealers. Correlations cannot necessarily
be drawn between findings in the laboratory and field performance due to
the variability and complex chemistry of concrete.

9.3 MATERIALS

9.3.1 Types of Waterproofing Membranes

Waterproofing membrane systems generally consist of a membrane and or
traffic topping.  These systems can generally be broken down into two
major categories:

C Thin Traffic Toppings
C Thick Traffic Toppings
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The membranes are either liquid applied (hot and cold) or sheet applied     (
adhesive or torch applied).  Close examination of a system performance in
field applications should be made before a system is selected. The following
table generally classifies most of the available systems:

Waterproofing Membranes

Membrane
System
Classification

THIN THICK

General
membrane
composition

CUrethane
CUrethane/
 epoxy
CNeoprene

CBituminous CBituminous
CUrethane

Membrane
application

CCold liquid CHot
liquid

CHot liquid
CCold sheet
CTorch sheet

CCold liquid
CHot liquid
CTorch sheet

CCold liquid
CHot liquid
CTorch sheet

Traffic
toppings

CEpoxy
CUrethane

Bonded
mastic

Bonded
concrete
asphalt

Unbonded concrete
asphalt

Unbonded concrete
topping

Membrane
thickness

1 to 2 mm 2 to 3
mm

1.5 to 3 mm 1.6 mm cold applied
3 mm torch sheet
5 mm hot liquid

1.6 mm cold applied
3 mm torch sheet
5 mm hot liquid

Traffic topping
thickness

1 to 2 mm 15 to 20
mm

25 to 40 mm 75 mm (min) 75 mm (min)

TABLE 9.1

1. Thin Traffic Toppings

Thin traffic toppings are generally cold applied in liquid form with a total
system thickness of about 3 mm.  Thin systems generally consist of a
waterproofing membrane and a wearing surface.  The wearing surfaces
available vary from a semirigid epoxy to a flexible urethane.  

The disadvantages of the thin systems are as follows:

C Not suited in areas of snowplough use
C Requires separate expansion joint treatment
C Reflect surface irregularities
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C Wearing surface wears off in areas of excessive use
C Hard to clean depending upon coarseness of grit.

Wearing course and membrane known to be affected by UV.

The advantages of thin systems are as follows:

C Slab surface deterioration can be easily detected 
C No significant load is added to the slab
C No significant change in head room
C Generally very resistant to chemical attack 
C Good traction for tires 
C Different colours available could be used to enhance lighting levels

or reduce solar gain
Ability to apply membrane to various shapes and geometrics.

2. Thick Toppings

Thick topping systems generally have bituminous based membranes.  These
may be either liquid applied or sheet applied.  The  wearing surface is
generally asphaltic but could also be concrete.  These topping systems are
generally greater than 15 mm thick. 

The various combination of membranes and thick traffic toppings can be
found in Table 9.1.

The disadvantages of the asphalt toppings are as follows:

C Blister formation due to outgassing of the slab or the presence of
moisture.  This is generally found with the single coat liquid applied
membrane systems were the membrane thickness is less than 2 mm.

C Poor resistance to chemical attack.
C Asphalt shifting occurs under wheel loading. This is generally a

function of the asphalt stability and thickness of the membrane. 
C Debonding of membrane where vapour pressures exceed bond

strength.  This is a particular problem with sheet applied adhesive
membranes where vapour gets trapped. 

C Due to the thickness of the system, concrete delaminations on the
surface of the slab are not evident at an early date.

C Mastic type wearing surfaces are not suited to exterior applications.
C On exterior applications black surface increases temperature of

slab, increasing slab thermal movement and cracking.
C Additional load to the structure.
C Need to consider impact on head room.
C Generally unstable on steep sloped applications.
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The advantages of the thick system are as follows:

C Conducive to applications where snowploughs are used
C Forgiving to surface imperfections
C Inexpensive durable joint treatment 
C Good traction for tires

9.3.2 Types of Sealers

There are two basic types of concrete surface sealing products used to treat
parking structures under the general heading of concrete "sealers". These
are penetrating sealers and coatings.  These products should be referred to
as "penetrating sealers" and "coatings". However, some literature refers to
penetrating sealers as "sealants", or coatings as "sealers".  For these
reasons, care must be taken when reading literature to be sure which type
of product is being discussed.

Penetrating sealers are products which absorbed into the surface of the
concrete and react with the concrete to form a hydrophobic (or water
repelling) surface.  No film is formed, and pores in the concrete are not
blocked.  Cracks are not bridged, but narrow cracks can be waterproofed if
the hydrophobic properties are strong enough. Wider cracks must be
caulked with a flexible sealant. 

Coatings are products which bond to the surface of the concrete and form
a film.  The waterproofing properties of the coating are generally
independent of the concrete properties, although the coating must remain
adhered to the concrete for the coating to function. Generally products
which penetrate less than two millimetres are considered to be coatings.

The goal of penetrating sealers and coatings when used on concrete in
parking garages is to prevent chlorides from being absorbed by the
concrete in sufficient quantities to cause corrosion of the reinforcing steel.  
For concrete parking decks, the most suitable materials are the silane and
siloxane sealers. These are available in several different carriers, including
water, alcohol and mineral spirits.  The toxicity of the carriers is of concern
during application, and proper protection must be used by the applicator.

The following is a list of the most commonly used generic types of
products available with a brief description of each product.
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1. Silanes (Penetrating Sealer)

Alkylalkoxy silanes are a family of monomeric molecules formulated from
different alkyl groups linked with a silicon atom.  

Silanes waterproof through a two stage chemical reaction after penetrating
the concrete.  First the silane reacts with water within the concrete forming
silanol groups.  This reaction only takes place in an alkaline (high pH)
environment.  Then, the silanol groups react with the silica (sand) in the
concrete, forming a hydrophobic layer over the surfaces of the pores within
the concrete.  

There are many different silanes available, with different alkyl groups linked
with the silicon atom. These different products do not all necessarily
perform the same. Some silane sealers have been shown to perform well in
laboratory testing. However, the hydrophobic layer formed by some other
silanes has been found to have poor resistance to the alkaline environment
of concrete, even though they require an alkaline environment for the first
stage of the reaction.  If some silane sealers come in contact with water on
the surface of the concrete during installation they can polymerize and will
not penetrate and react with the concrete. 

Silane molecules are very small and penetrate even dense concrete well. 
Additional coats of a silane sealer can be applied over concrete previously
sealed with silanes with a synergistic effect. 

Silanes are volatile, and some of the active ingredient can be lost during
application, particularly if applied during less than ideal conditions.

Recent developments in silane sealer technology include silane sealers with
100% solids content, and silane sealers in a water carrier which requires
less attention to safety during installation than the traditional alcohol
carriers.  

2. Siloxanes (Penetrating Sealer)

Oligomeric (alkylalkoxy) siloxanes are partially hydrolysed silanes (partially
reacted with water). Siloxanes react with silica in concrete to form a
hydrophobic layer. Siloxanes are often considered as part of the silane
family. Being oligomeric rather than monomeric, siloxane molecules are
larger than silane molecules, and therefore do not penetrate as deeply, and
may not be suitable for dense concrete.  Experimentation has indicated that
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there may be a problem resealing concrete with siloxane when a siloxane
sealer has been used previously.  The hydrophobic layer created by the
original sealing may actually repel subsequently applied siloxanes. 

Siloxanes are sometimes installed with a methylmethacrylate top coat.  This
coating is intended to provide additional water and chloride repelling
properties, and to form a barrier against atmospheric gases.  This type of
system can be used to prevent carbonation of the concrete, which is a
reaction between concrete and carbon dioxide which reduces the pH of the
concrete and allows the reinforcing steel to corrode.  As with other
coatings, this top coat is subject to wear.

Siloxanes are less volatile than silanes, and therefore there is less loss of
active ingredient during application. For this reason, siloxanes are usually
used with a lower percentage active ingredient than silanes.

3. Linseed Oil (Penetrating sealer)

Linseed oil penetrates concrete, but testing has shown that it has very little
waterproofing or chloride screening ability.  Linseed oil yellows surfaces,
and deteriorates under exposure to ultra-violet exposure.  Linseed oil may
be detrimental to the performance of silane based sealers if present in the
concrete to be sealed, as it coats the surfaces of some pores, preventing the
silane from reacting over the whole surface. Other sealers have been found
to perform better in the presence of linseed oil.

4. Epoxies (Penetrating Sealers and Coatings)

Some epoxies are penetrating sealers, others are coatings.  Epoxies are two
component products which must be mixed on site and cure chemically.  In
the various laboratory studies performed, epoxies showed the most
variability. Some, particularly pure epoxies, provided excellent
waterproofing, and others, particularly those incorporating polysuphides
provided next to no waterproofing. Epoxies tend to yellow and chalk,
generally leaving a glossy and sometimes splotchy finish which has been
found to reduce skid resistance.  The epoxies which form coatings which
lose effectiveness when subject to heavy wear by traffic.  In addition, the
coefficient of thermal expansion of epoxy is much higher than concrete,
which may result in cracking of the coating.
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5. Acrylics (Coating)

Acrylic resins are coatings which are ultra-violet and moisture resistant and
which bond well to dry surfaces.  As coatings, they should not be used on
surfaces subject to wear. In addition, acrylic coatings have been found to
reduce the skid resistance of the surface.

6. Urethanes (Coating)

Polyurethane coatings are available in either one or two component forms. 
They tend to leave a glossy finish, yellow with exposure and are subject to
peeling.  Toxicity of these products is a concern as they contain isocyanate
groups.

7. Silicates (Penetrating sealer)

Silicates were thought to penetrate concrete and react with free lime
forming insoluble salts which plug the pores in the concrete. However,
testing has shown that the waterproofing and chloride screening abilities
are poor.

8. Silicones (Coating)

Silicones are an inorganic silicone-oxygen based polymer coating also
referred to as polysiloxanes. The surface films formed are subject to ultra-
violet degradation, wear, and alkalinity breakdown, and are therefore not
appropriate for concrete. 

9. Alkyds (Coating)

Alkyds generally have poor alkali resistance, and yellow on exposure. They
are generally not suitable for use on concrete.

9.4 APPLICATION

9.4.1 Membranes

The poor installation of any product will result in poor performance.  It is
essential that the installation procedures for each membrane be strictly
adhered to.  Some of the more basic requirements are as follows:
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C Moisture content - membrane manufactures generally require a
minimum 14-28 day concrete cure before application of a
membrane.  Few manufacturers publish acceptable moisture content
levels.

C Surface preparation - the concrete surface must be structurally
sound and clean and free of all dust, oil, grease, curing agents,
release agents or other contaminants which may affect the adhesion
of the membrane.  This may be achieved by shotblast, high pressure
water blast, sandblast or mechanical grinding.  Generally shotblast
is the preferred method.

C Temperature - it is generally accepted that waterproofing should
not be carried out below 5EC.  Below this temperature the moisture
in or on the slab may be frozen and upon melting could affect the
adhesion of the membrane to the slab.  There are some membranes
that require precautions be taken during colder weather and in some
cases are not suited to cold weather works. Manufacturers advice
should be sought for cold weather application.

C Mixing procedures - with multi-component membranes complete
mixing of the materials is essential to produce a uniform system.

C Application procedures - membranes maybe applied by spray,
squeegee, roller or trowel.  Each membrane manufacturer has a
recommended list of guidelines for application that should be
adhered to.

C Thickness control - membrane thickness is generally controlled by
physical measurement.  Application rates are measured and
thicknesses are confirmed with wet film gauges during application. 
Most samples are measured by micrometer after cure.

C Crack treatment - crack treatment/detailing is generally specified by
the membrane manufacturer.  Cracks are generally reinforced with
additional membrane or fabric reinforcement.  As a minimum, the
criteria set by the membrane manufacturer should be satisfied.

C Detailing - treatment at terminations, walls, columns, downturns
and slab penetrations are all essential to the effectiveness of the
waterproofing membrane.  The treatments of these details are not
generally clearly specified by the membrane manufacturer and may
require additional detailing.
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9.4.2 Sealers

The installation of a sealer must be monitored closely:

C Surface preparation has been found to be critical in the performance
of a sealer.  Shot blast has been found to be the preferred method.
Oil, grease, curing agents and weak surfaces must be removed. 
Some researchers feel that shot blasting is not required in a
recoating application for a silane sealer, but that washing with
water to remove dust and debris is adequate.  This is because the
existing sealer will have caused the concrete to dry out so the new
sealer will penetrate more readily.

C Application during a wind may result in significant loss of active
material. This is particularly true of a silane sealer. Siloxane sealers
are less susceptible because they are less volatile.

C Application to a wet surface may result in reduced sealing. 
Siloxanes seem to be more susceptible than silanes.

C Quality control testing of solids content should be performed
periodically to ensure that the product being received on site meets
the manufacturer's specifications. Solids contents range from 6% to
100%.

C Coverage rates must be checked, and altered locally if the concrete
is more porous.

C Some researchers recommend that after the sealer has been applied
and been given time to penetrate, the surfaces sealed with silanes
should be misted with water to provide water for the hydrolysis of
the silanes. 

C With old concrete, there is a risk that the surface has carbonated,
reducing the pH to a point that the sealers will not react.  For old
concrete surfaces, some manufacturers recommend a catalyst,
generally a high pH hydroxide solution be added to the sealer
before application to locally raise the pH and allow the sealer to
react.

C Sealers supplied in large containers should be stirred periodically to
ensure that the active ingredients remain suspended.
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C Cracks must be caulked on a sealed concrete deck to prevent water
from flowing through the slab.  This caulking should be installed on
the top surface of the slab only.  Caulking applied to the underside
of the slab can trap salt water in the slab where it can cause the
reinforcing steel to corrode.

C The Contractor installing the sealer should be experienced in order
to recognize when conditions are not ideal for sealing, or when
additional material should be installed. 

9.5 WATERPROOFING SYSTEM SELECTION CRITERIA

Several factors must be considered in selecting a waterproofing system. 
On new structures the design should provide for the installation of a
waterproofing membrane as required by the National Building Code for
non-prestressed or post-tensioned structures.

On old structures the level of past chloride contamination, rate of ongoing
corrosion, exposure (interior vs exterior), load restrictions, head room
restrictions must all be considered when selecting the appropriate repair
and protection.

Older slabs that are highly contaminated with road salt generally will have
significant amounts of delamination and ongoing corrosion.  If the repair
selected is to repair all the delaminated concrete and actively corroding
steel, it would be prudent to protect this slab with a membrane so as to
prevent salt contamination of old and new concrete.

It has been our experience that sealers can have a drying effect on the slab
resulting in a reduction in the corrosion activity.  Where the slabs are
generally actively corroding but little delamination has occurred, the repair
approach could be only to repair the delaminated concrete, apply a sealer
and rout and seal leaking cracks.  The effectiveness of the sealer should be
monitored.  If it is found that the sealer's drying and salts screening effect is
being lost, reapplication would be required.  It is possible for the slab to
dry out sufficiently so as to stop the corrosion process.  If this occurs it
would be prudent at this point to protect the slab with a membrane.

In some cases, applying a membrane on a slab with high road salt
contamination and high corrosion activity may not always be the ideal
solution but the addition of a membrane usually improves the performance
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of the deck.  Further delaminations will normally take place.  Future repair
costs would then be higher since now the membrane must also be repaired. 
In some cases the membrane option may be more suitable if routing and
sealing cracks is not practical due to an excessive amount of cracking or
chloride contamination/corrosion activity is borderline.

In selecting the membrane type or sealer type, past performance should
first be considered.  The selected system should have a proven track
record.  The exposure, headroom and load restrictions, finish, appearance
and test results on performance characteristics must also be reviewed for
appropriateness.  

9.5.1 Membranes

The following guidelines provide the designer with a selection criteria for a
waterproofing membranes.  These should be viewed in conjunction with
similar project performance:

C Does membrane meet performance criteria outlined in section
9.2.1?

C Exposure - interior vs exterior.  Select system that is designed for
the exposure and expected loads.

C Loading and head room - in new construction the thick
waterproofing system can be designed into the structure.  With
restoration projects the structures must be checked for additional
load carrying capacity and head room constraints.

C Visual appearance and housekeeping - the appearance of the system
and the ability to keep clean should be considered in the selection of
a system.  With higher coloured systems lighting levels can be
enhanced but these systems will show dirt much sooner.

C Traction - the membrane system should provide good traction
under wet and dry conditions to both vehicular and pedestrian
traffic.

C Cost - the advantages and disadvantages vs installation and repair
should be considered in the selection of a waterproofing system. 
Also the treatment of expansion joints should be factored into the
cost considerations since the seal selected in some cases is
governed by the type of membrane selected.
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9.5.2 Sealers

Given the absence of proven relationships between laboratory or field
testing and long term performance, the following comments can only be
taken as general guidelines for a designer to use in the selection of a sealer
from amongst alternatives:

C Percent solids - generally, higher percent solids products perform
better with fewer coats.

C Coverage rates - determine how much material will be used.  Some
allowance must be made for variations in the properties of the
concrete to be sealed.

C Number of coats - will affect the labour costs.

C Type of concrete

1. Dense concrete - use low viscosity, small molecular size
material such as a silane sealer

2. Porous concrete - use a higher viscosity, large molecule
sealer such as a siloxane. A low viscosity material might
diffuse too much

C Remember that there are good and bad products available of the
same generic type.  Records of successful applications and
laboratory testing should be reviewed.

C Coatings (as opposed to sealers) can be used for vertical surfaces
which are not subject to abrasion, but should not be used for
wearing surfaces.

9.6 EXPANSION JOINT SEALS

Expansion joints are provided in the structure to allow for movement
within the structure without causing any distress to the structure.  The
waterproofing system must include treatment of the expansion joints to
provide a watertight system under all conditions.

There are many seals available that are used to provide a watertight
expansion joints.  These seals vary in cost significantly.  Liquid applied
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caulking (hot or cold) generally have the lowest initial cost.  Preformed
seals include extruded neoprene gaskets embedded in either metal or
epoxy/polymer nosing.  Inexpensive seals generally require regular
maintenance (yearly), while the expensive seals generally require
significantly less maintenance but must also be monitored and repaired in a
timely fashion.  Due to the thickness of the seals and traffic toppings, not
all seals are compatible with all waterproofing membranes.  A seal must
then be chosen to match the membrane selected.  This is particularly true in
restoration projects where nosing for seals must be provided. In new
construction these maybe formed into the slab allowing the systems to be
more compatible. The attached figures 9.6.1 to 9.6.8 are some typical
expansion joint seals with slab protective coatings.

Expansion joints seals must have the same performance criteria as the
selected protective coating.  For example, if the system is in an exterior
application the joint seal must be able to withstand snowploughs,
environmental conditions and chemical attack while remaining watertight.

Sizing of the expansion joint seal and the installation procedure are critical
for the successful performance of the expansion joint seal.  The installation
temperature and joint size should be monitored at installation and the seal
installed at the appropriate size as to accommodate movement for the full
range of expected temperature.

We recommend that during the installation of the expansion joint seal the
manufacture of the seal visit the site to confirm the joint seal is being
installed to their specifications.
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