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A highway overpass structure was built in Nova Scotia utilking hi&-performance 

concrete O C )  to @ove the durability of the deck and other cornponents and to reduce 

the cost of prestressed girden. The bridge was put into s e ~ c e  in December, 1997. An 

economic assessrnent carried out as part of this project, indicated that the maintenance 

costs of conventional structures are currendy in the order of 20% of initial construction 

costs. The use of HPC is expected to reduce maintenance costs sharply . Construction 

costs are also considered to be less than for a conventional design. The overall life-cycle 

cost of this structure may be reduced by as much as 2045% through the use of HPC. 

The introduction of a new technology involved carefid planning by a project team to 

develop interest and support f?om aII involved groups, and to develop a strong 

understanding of the relationships between quality, price and risk. Various design 

options were studied fÎom wtrich the conventional design and two alternative KPC 

concepts were presented for discussion. The final selection was then made with a view fo 

balancing the advance in technology with the niccess and economy of the project These 

design options and related construction and maintenance costs are described, together 

with the process of structural design, materials selection, tendering and construction. The 

testing program to develop the concrete mixture design is described in detail. 



INTRODUCTION 

What skills can engineers offer in responding to community needs for transportaiion? 

Are significant advances in quality and econorny still possible. or is the technology 

nibstantiaily mature? How do we compare alternative systems and design options? 

The reduction in government structure and various changes in the way public services are 

delivered in the 1990's provides enpineers with an opportunity to reassess how to Iead in 

tackling broad issues in which technology contributes to the solutions. Or engineers may 

just provide technical support as required to assist other groups in the development of 

systerns, and risk failing to gain the recognition for innovation that is needed to promote 

research and development 

Highway bridges are a significant component of Nova Scotia's hfkstructure. The 

majority of these bridges are mail or medium spans and a common perception is that the 

related technology is mature and does not offer much opportunity for major innovation. 

However, research into concrete materials over the past two decades has led to a 

signincant advance in design and construction methods and the potential to reduce the 

capital and life-cycle costs of bridges, while maintahing or improving performance to the 

user. 

Recent advances through conmete research include 

- a greater understanding of the microstructure, chernical composition and mechanical 

behaviour of cernent pastes and concrete, 

- the rheology, setting and curing processes of concrete, 



- the influence of silica h e ,  fly ash and other pozzolans, and 

- the development of admixtures which change flow characteristics, setting times, air 

entrainment, adhesion and permeability . 

The effect of these advances, particularly in the use of pomlans, is to enable hydraulic 

concretes to be produced reliably which are an order of magnitude greater in strength, or 

durability, or workability, than was the case twenty years ago. Research and 

development in the areas of materials and structural mechanics are to the point that design 

and construction with high performance concretes are being codified for general use by 

the engineering community. Various hi&-rise buildings, bridges and other structures 

have been built ahead of these codes. 

A number of short-span bridges using high-performance concrete @PC) have k e n  built 

in North America since 1994 [eg. Fed. Highway Admin., 19971: the improved 

mechanical properties are used to reduce the quantity of prestressed concrete and to 

reduce permeability, thereby improving durability. 

A high performance concrete bndge project was initiated in Nova Scotia in 1996 with a 

view to reducing maintenance costs and addressing long-term quaiity issues. 

This thesis describes the results of research and development of HPC materials and its use 

in the construction ind- to date. The materials design, economics and project 

development of a prototype bndge are described in detail. 



2. PROTOTYPE H.P.C. BRIDGE PROfECT DEVELOPMENT 

A general nimmary of the project is included in [Fletcher, 19971. 

in 19% the Nova Scotia Department of Transportation and Public Works (NSDoT) 

initiated a study into the potentiaI application of HPC in highway structures. It was 

recognized early that introducing a new technology involves careful piammg to 

develop the interest and support fkom ail involved groups, and to develop a strong 

understanding by aii the stakeholders of the relationships between Quality , fuiancial 

price and risk. 

A multi-disciplined approach was necessary for the project's developmenr. A steering 

comminee was formed to guide the project through bridge selection, conceptual design, 

final design and construction specincation. ïnitially, members included: 

- Ray Snair, now retired, who initiated the project within NSDoT, 

- Bill Dooley, the Canadian Portlaned Cernent Association's (CPCA's) regional director 

for Atlantic Canada, who chaired the cornmittee, 

- Gary Pyke, NSDoT's concrete materials specialist, 

- John SaIah, design engineer with NSDoT, 

- Jean-Francois Trottier of DalTech, who led the materials design, 

- Wib Langley, consultant in concrete materials design, 

- and myseK 



The bridge's construction was the result of strong coilaboration on structurai and 

materials research and design, maintenance engineering, economics, construction issues 

and contract management. 

Meetings were held in the surnrner and fd of 1996 in which the literature on completed 

projects and current technology was reviewed. Potential objectives for the study were 

identified and the construction of a prototype bridge was proposed to evaluate various 

aspects of the technology, including: 

- durability of concrete structural elements and wearing d a c e s  under local conditions of 

salting and fkeezelthaw cycles, 

- construction rnethods, structural and materials design, and 

- price and quality assurance issues. 

The prototype bridge was selected fkom various bridges that were scheduled to be built in 

1997. The West River East Side Bridge was chosen because it has more than one span, 

the spans are reasonably long for precast concrete construction, it is reasonably close to 

the Halifax area and it is in a part of the Province in which the aggregates used by ready- 

mix concrete suppliers is predictable and suitable. 

The commiaee was expanded to include Bnan Russell, construction engineer with 

NSDoT in November, 1996. A meeting was held on Nov. 28, 1996 at which a 

presentation was made by Denis Mitchell on behalf of Concrete Canada on structurai 

design and materials developments. Contributions were also made through phone 

discussion and idonnal meetings by Jim Francis, a bridge engineer with NSDoT, Peter 



Adams, NSDoT's bridge maintenance manager, and Gordon Leaman of Jacques 

Whitford, involved in m a t d s  design. 

At that point in time it was clear there was a potentid to reduce the cost of the precast 

bridge girders by using hi&-strength concrete, either by reducing the size of the girden 

or by eIiminating one of the four girders in each span. The concrete strength required to 

have only three girders, 60-70 MPa, was also considered to be suitable for improving 

durability. 

Two alternatives were considered in the design of the deck for the HPC bridge: 

a] use traditional components and compare the durability of the W C  deck to a 'normal 

strength concrete' (NSC) deck, or 

b] maximize the exposure of the HPC deck through elimination of the waterproofing 

membrane ami asphah wearing surface. 

In both cases the design objective was that HPC elements are not to require repair 

during the structure's design Me. 

Conceptual structural designs and proposed concrete design parameters were developed. 

Capital costs were estimated for the conventional design and the two HPC options: 

actuai costs of recent conventional designs were reviewed and the relative complexity and 

leaming required to use W C  were considered. Maintenance costs were projected for 

both options fiom which the life cycle cost estimates were prepared in the form of net 



present worth. Finally, the design was selected with a view to balancing the advance in 

technology with a need for demonstrable success of the project, in ternis of both quality 

and economy. The exposed concrete deck (Option [b] above) was recornmended 

because of its economic potential and because the exposed deck can be more easily 

assessed for deterioration. Aiso, micro-surfacing is possible in the event of 

deterioration of the exposed deck. 

The project was authorized on Febnüiry 17th, 1997 following a presentation to NSDoT 

of the expected reductions in both initial and fife-cycle costs and the limited risk of any 

compromise in quaiity. A concrete materials testing and design program was 

authorized shortly thereafter. Design parameters for the concrete mixture were 

confirmecl on Feb. 25th, 1997. The project schedules (proposed and acnial) are 

included in Appendix A. The structural design and specification of the bridge was 

completed in Apd, 1997, as was the prelimtnary design of the concrete mixture. 

A single mixture design was developed for both the prewt bridge girders and the cast- 

in-place concrete elements. Three phases of testing were proposed to develop the 

concrete mixture design: 

1) pre1Mna.q tests (compressive strength, air void and rapid chloride permeability 

tests and evaiuation of plastic properties) with six mixture designs in which the ratio of 

water-to-cementitiou materials were varied, 

2) advanced testing on a selected mixture, including salt scaling, flexural fatigue 

endurance, creep and diffusivity tests in addition to a repeat of the preliminary tests, 

and 



3) confirmation tests, simiiar in scope to the preliminary tests, for a trial mixture which 

was to be prepared and pumped by the contractor. 

Concrete materiais specifications were developed by NSDoT with support fiom DalTech, 

Jacques Whitford and Associates, CPCA and Concrete Canada. Information meetings 

were also held with the local ready-mix concrete and roadbuilders associations. 

The bridge was tendered in July , 1997 as part of a larger contract for highway 

construction. A haif-day workshop was held during the tender period to htroduce the 

technology to potential bidders: contractos were able to hear what expenence exists in 

Canada and elsewhere, what NSDoT's objectives were for the project and what items 

in the specifications were dinerent from more familiar projects. 



FIGURE 2.1 : HPC bridge connibuters attending the conmctors' workshop, July 1997. 

Lm: John Bickley, Gordon Leaman, Mark Pernis, Gary Pyke, John Salah, .Al Gibson 
(Atl. Prov. Ready-Mix Concr. Assoc.), Jim Francis, Bill Dooley. J-F Trottier and myself. 
Missing are: Ray Snair. Peter Adams, Wib Langley, Brian Russell and Denis Mitchell. 



3. BRIDGE DESIGN CONSIDERATIONS 

3.1 General parameters 

The prototype bridge is a two-lane secondary road over a new section of divided 

highway. It is part of a realignment and widening of a section of the TransCanada 

Highway in Pictou County, Nova Scotia, and is cailed the West River East Side Road 

Bridge. The bridge is in two spans with a total length of 70.7 m and width of 8.85 m. 

Supports are skewed by 25.5 degrees fiom the perpendicular axis. Design Loading is 

CS600 (CSA S6-88). 

FIGURE 3.1: West River East Side Bridge under construction, Nov. 1997. 



32 Structural design 

Bridges in Nova Scotia are commonly built nom precast concrete or steel girders and 

concrete decks with epoxy-coated reinforcing, about 50 mm of concrete cover, 

watexproofing membranes and asphalt concrete wearing surfaces. The bridges are 

expected to have a usefbl Iife of 80-100 years, though changing aaffic patterns and 

design loads tend to reduce the life for which the original designs are valid to7 Say, 50 

Y-. 

3.2.1 Girder design 

The West River East Side Bridge is a two-span structure using free-bearing end 

supports and continuity at the central support for live loading. 

With prestressed components, the bending strength is a function of prestressing force, 

concrete compressive capacity and lever a m .  Increasing the compressive strength of 

concrete and the prestress load enables longer spans and shallower, lighter &or 

fewer sections. The advantage to increasing concrete strength may ultimately be 

limited by the abiiity to locate and stress the tendons, or quality assurance in design 

and materiah, or the cost of concrete and turn-around time in the precasting shop. 

For this project, four AASHTO bulb T sections are required for the bridge cross- 

section if standard concrete design strengths are used (30 MPa at release and 35 MPa at 
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28 days). The most effective result of increasing the concrete strength was found to be 

the use of three AASHTO bulb T's instead of four, with concrete design strengths of 

54 MPa at release and 65 MPa at 28 days.  

A total of 42 strands of 16 mm tendons are required for each girder, compareci with 48 

sfrands of 13 mm tendons for the reference design [Salah, 1997. 

3.2.2 Deck design 

The principal design objectives for the HPC concrete deck were to control the rate of 

diffusion of chloride ions fkom the surface of the deck to the deck reinforcement, to lunit 

the potential size of any corrosion ceII at the reinforcement and to limit the amount of 

Wear at the surface. The HPC specifications were designed to limit corrosion over the 

design life of the bridge without the use of epoxy coating for reinforcement or a 

waterproofing membrane. The concrete cover over the top reinforcing of the deck was 

specified to be a minimum of 65 mm, which dlowed 15 mm for the sinface profile and 

construction tolerances. Other specifications included: 

- rapid chloride permeability, per ASTM C1202: less than 600 coulombs at 9 1 days 

- air-void spacing factor: 0.26 mm maximum; 0.23 mm average, and 

- special provisions to control shrinkage cracking. 

With these specincations it was considered possible that the deck reinforcement would be 



adequately pmtected to minimim corrosion without the use of epoxy coating of the 

reinforcement or a waterproofhg coat of the deck. Mechanid Wear of the concrete 

surface was not considered to be an issue for the trafnc loading expected for the bridge. 

As detailed below, there is a signifïcant potential for saving life-cycle costs by 

eliminating the waterproofing and asphalt. The effectiveness of the HPC will be 

determined as the protype bridge is exposed over tirne. The epoxy-coating for reinforcing 

was eIiminated for the prototype bridge which will enable chloride peneaation to be 

detected more readily, but the cos saving is mùumal and epoxy-coated reinforcing is 

recommended for general construction with HPC mtil there are successful data ftom this 

and other prototype stnictures. 

The reference design included a deck thickness of 200 mm with a minimum cover of 

50 mm to epoxy-coated reinforcing, a waterprookg membrane and an asphalt concrete 

wearing suface with an initiai thickness of 50 mm. The de& was designed to span 2.4 m 

between girders. It was found thai, using HPC and additional reinforcement the standard 

depth to reinforcing could be maintained for the span of 3.0 m between girders. Deletion 

of the waterproofing and asphalt also reduced the applied dead weighf enabling less 

reinforcement to be used. However, an additional thickness of 15 mm was used for the 

exposed concrete design to provide for the finished profile of the deck and tolerances in 

the placement of reinforcing steel. 



3 .2.3 Snbstructure and piers 

The same concrete mixture was specified for the substnicture and piers as for the deck: 

this enabled everyone involved in the project to gain ex m e n c e  with the materid before 

the more critical components were built. Also, durability is an issue for ail exposed 

conmete surfaces, particularly the abutments and bûams, and HPC is recommended for 

the columas for its improved compressive strength characteristics. 



4. BRIDGE MAINTENANCE ISSUES 

The maintenance of bridges is considered to be a significant issue to NSDoT. Ongoing 

improvements to design details, matends and quaiity controi during construction are 

helping to mitigate ftiture maintenance costs, but it is expected that bridge maintenance 

will continue to be a signincant part of NSDoT's budget. 

A review of existing maintenance records [Adams, 19961 found that asphalt concrete 

wearing surfaces, waterproofkg and joint mers fiequently need to be replaced d e r  8-12 

years of service; expansion joints may be replaced afier 10-30 years and concrete deck 

delaminations may be repaired after 15-30 years. AU deck repairs include the 

replacement of waterproofing and asphalt and related traffic control; concrete 

rehabilitation rnay include the repair of delaminated concrete in the deck, girders, beams, 

columns a d o r  abutments, plus the replacement of expansion joints, waterproofing and 

asphalt and related tratnc control. 

The impact of maintenance on Me-cycle costs was assessed using a schedule of deck 

repair every twelve years and rehabilitation every thirty-five years, which accounts for 

ongoing improvements in design details and construction quality. As detailed in the 

economic d y s i s  below and Appendix F, the equivdent present value of maintainhg a 

conventional bridge is in the order of 20% of the initial construction cost, or 16% of the 

total He-cycle cost, and at least 75% of this cost relates to maintenance of the concrete 

deck and wearing surface. 



Many of the causes of bridge deterioration and repair relate to the materials 

speci fications for concrete and asphalt. Bridge decks which use a waterproof membrane 

and asphalt wearing surface are susceptible to loss of protection for the concrete due to 

Wear or failure of the asphalt layer. 

FIGURE 1.1: Highway 102 Bridge. July, 1997 

If repair or replacement is not carried out when required. the concrete may be exposrd to 

severe chloride attack in combination with fieezing and thawüig and variation in moisme 

content. Decks are particdarly susceptible to attack at expansion joints (Fig. 4.2)' where 

salt-water intrusion may darnage the precast girders and supporthg beams below. 

C 



FIGURE 4.2: Highway 102 Exit 9 Overpass, July, 1997 

Exposed concrete decks were used in Nova Scotia until the 1 9701s, but went out of favour 

because delaminations in the concrete decks were causing an unacceptable level of 

maintenance (Figs. 4.3 and 4.4). The condition was aggrevated by relatively porous 

concrete mixtures, fieezing and thawing cycles and, in many cases, alkali-aggregate 

reaction. 



FIGURE 4.3: Highway 102 Exit 8 Overpass, July, 1997 (a) 

- showing effects of chloride diffusion and corrosion of reinforcing on exposed concrete 

deck and along the curb 



FIGURE 4.4: Highway 102 Exit 8 Overpass, July, 1997 (b) 

- showing many of the typical ingredients of deterioration: 
- surface abrasion, 
- diffusion, 
- corrosion, 
- mechanical Wear, probably by snow-plows, and 
- alkali-aggregate attack 



Southern and central Nova Scotia is notorious for alkali-aggregate reactivity: Fig. 4.5 

describes the condition of a bridge abutment that is typical for many older structures 

which are now in need of replacement. Fig. 4.6 is an abutment on the Centennial 

Highway in Halifax; it is about 30 years old and was being patched at the tirne of the 

photograph, as were the curbs and large portions of the deck the end-walls. The 

deterioration is the combined effect of aikali-aggregate reaction, chloride attack, fieezing 

and thawing cycles and possibly other factors. 

FIGURE 4.5: Railway bridge, Halifax, NS, July, 1997 



FIGURE 4.6: Bridge abutment, Centennial Hi&way. Halifax. NS. July. 1997 



5. CEMENT AND CONCRETE CONSIDERATIONS 

Some aspects of the chemistry and mechanical properties of hydraulic cernent and 

concrete are detailed in Appendix a The appendix describes the influence of aggregate 

strength and gradation, type and quantity of cementitious material and water content on 

the strength and m e s s  of concrete; also the effect of pozzolans (silica fume and fly 

ash) on both durability and strength. 

The success factors for concrete in the construction industry include convenience, 

economy, adaptability, strength, and durability. The raw materials have to be commonly 

availabie and economically manufactured. Practical, reproducible methods are required 

for mixing, placing and curing. Dimensional stability, compressive strength and 

durability are required of the final concrete product, and these qualities m u t  be 

consistent. AI1 these factors are intenelated and frequently an optimum result is the 

balance of codicting objectives. 

5.1 Dimensional stability 

Dimensional stability relates to shrinkage, elastic stifniess and creep: 

a] Shnnkage creates deformations and stresses in finished concrete that are signifkant 

fiom a design and performance viewpoint. Types of shrinkage include peville, 19871: 
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- plastic shrinkage during setiing of the plastic mix (1 000x1 O4 to 2500x104, 

increasing with increased cernent content), 

- autogenous shrinkage due to hydration (50x 1 Od to 1 00x 1 04), 

- drying shnnkage: 0-800x104, due to drying out of capillary pores. Drymg 

shrinkage includes a reversible portion in the order of 4O-7O% of the total drying 

shrinkage, 

- carbonation shnnkage: 0-800x 1 04, due to reaction between carbon dioxide 

gas and the hydrated cernent, and 

- wetting expansion: the reversible portion of drying shrinkage. 

b] Initiai deflection under load is approximately linear at low levels of loadkg but 

increases non-linearly with the size and duration of loading. A secant modulus is used to 

represent initiai defiection under nistained design stresses (typically 20-30 GPa for 

traditional concretes), resulting in mains in the order of 500x104 at 50% of t;'. The 

secant modulus of concrete is greater than that for cernent paste and less than that for 

aggregates. Both the deformation under load and the Poison Ratio of concrete increase 

dramaticdy with loading to greater than 0.3%' because of the growth of bond cracks at 

the interface of cernent and aggregate particles. 

c]  Creep, the inaease in strajn under nistained constant stress, is typicdy 1-3 times 



greater than the initial defonnation under load. Creep is a long-term process: 

characteristically, it takes 14 days for the first 25%, 3 months for 50% and a year for 75% 

of the full long-term creep to deveiop meville, 1987. 

The extent of creep deformaiion depends on the degree of hydration before and d e r  

application of the load: the long-term creep of concrete loaded at 28 &ys after mixing 

may be in the order of double that for concrete loaded one year after mixing. The 

ambient humidity and shape of specimen are aiso signincant, with long-term creep in 

submerged conditions (1 00% relative humidity) characterisûcally one-third that for 50% 

humidity. Creep is also dependent on the magnitude of load, with Iarger creep values 

experienced when the stress exceeds 50% of c. Removal of loading r e d t s  in some 

instantaneous recovery, some creep recovery and some residuai deformation. 

Long-term deflection is fiequently a limiting criteria in the design of bearns and slabs. It 

dso infiuences the buckling behaviour of eccentrically loaded columns and causes loss of 

prestress in prestressed reinforcement. 

5.2 Compressive strength 

The compressive strength of concrete is usually less than that of the pane or the 

aggregate. Where latefally unrestrained, strains and hctures dong disconhuities in the 

matrix cause lateral tende  stresses which ultimately cause b m g  of the concrete 

section. Lateral restraint of the concrete results in much higher compressive load 

resistance, with failme due to crushing. 



The compressive strength of concrete is the major determinant of the strength of columns, 

arches, prestressed structures and 0 t h  elements subjected to compression: it has a lesser 

influence on the strength of members subjected to bending. 

Durability is the resistance of concrete components to environmentai idluences that over 

the ,  damage the conmete. 

Physicai influences on durability include fiost action, mechanical Wear. temperature 

changes, changes in volume of the concrete constituents and variations in loading. 

Chernical influences include attack by de-king and/or sea-water salts, attack by 

nilphates, chlorides, organic acids and carbon dioxide, leaching, long-term changes in 

composition of the cernent gel and alkali-aggregate reation. 

The durability issues focussed on for the development of W C  included: 

a] Freezing and thawing of concrete in a sanirated condition, which r e d t s  in pore water 

and vapour migration and fieezing and thawing of water in the cement/pore ma& and 

aggregate particles. Expansion and contraction of concrete occurs whkh may disnipt the 

microstructure of the the paste, cause localized cracking of the paste and aggregate &or 

damage of concrete structures at their restraints. Pore water soluîionç are also altered 

and solute migration occurs. 



Materials design for resistance to fieezelthaw attack includes: 

- maintriining very low permeability of the cernent paste for the life of the structure. 

which requires a mixture design that has few, s m d  pores, prevents leaching and is 

dimensionally stable, 

- suitable aggregate selection and drying to prevent damage when fkozen, and 

- a well-distributed system of air-voids, with particular attention to air-void spacing. 

b] Resistance to abrasion is of concem in the event that concrete bridge decks are exposed 

to tmffic. Abrasive resistance is strongly correlated to concrete strength, low 

pexmeability and resistance to fieeze/thaw attack. Methods of placing, finishing and 

curing concrete and of designing the physical details of the concrete elements also have a 

strong influence on the success of maintaining a resistive d a c e .  

cl Sulphate attack is a potential form of chemical attack in which nilphates in acids or 

sodium d o r  potassium solutions react with components of the cernent gel and fiee 

calcium hydroxide. Calcium sulphate and sulphoaluminate deposits are fonned and are 

characterized by cracking (due to an increase in volume) and white formations. 

Magnesium suiphate also reacts with the gel very slowly if the pH rem& above 10.5: 

however, if lûaching reduces the pH then a non-binding deposit of magnesium silicate is 

formed which M e r  reduces the strength of concrete [Lea, 19701. 

dl Chlorides: gypsum and etrringite (calcium sulphate and calcium sulphoaluminate) are 

more soluble in the presence of chloride ions than nilphate ions: calcium formations tend 

to leach out of concrete in the presence of chlonde solutions, eg. road salt, resulting in an 



increase in porosity and a potential for galvanic pitting of reinforcement. 

Other forms of chemical attack are detailed in Appendix B. In al1 cases. the concrete's 

permeability. its chemical composition and air entrainment are critical to the rate of 

deterioration. 



6. HIGH-PERFORMANCE CONCRETE 

uiitially, the development of hi&-performance concretes was generally to improve 

compressive strength. However, the use of superplasticizers, low water content and low 

permeability have led to advanced placement techniques and greatly improved durability 

features. 

"High strength concrete" is a type of WC. The Portland Cernent Association [Famy. 

19941 describe high strength concrete as having a strength in excess of 50 MPa and 

considers the ultimate limit for 90-day strength to be in the order of 200 MPa (29 Ksi). 

Concrete strengths in the range of 70-1 50 MPa have been developed and used in: 

a] large ofEhore structures and bridges in Europe and Canada, 

b] high-rise buildings in North America, 

C] g e n d  prefabncaton (hi& eariy strength), and 

dl shoa and medium span bridges in North Arnenca [eg. Famy, 19941. 

Strengths above 150 MPa have also been used in prefabricated stnits. eg. in reticulated 3- 

D structures in Europe and at Sherbrooke, Quebec [Aitcin, 19971. 

The mixing and placing of HPC may be sWar  to ordinary-strength concrete, with 

plasticizers added at the batching plant a d o r  in increments at the site. The use of HPC 

requires close cooperation between the engineer, the concrete producer, the construction 



contractor and the testing agency @?arny, 1994, Ryell, 19931. 

6.1 Mixture design issries 

Characteristic mixture proportions include: 

a] a cementitious content of 360600 kg/m3 (600-1000 lb/yd), 

b] a water/cementitious ratio of 0.22-0.35, 

c] the use of pozzolans (fly ash, blast-furnace slag andior silica fume), and 

d] as much as 10 L/m3 of superplasticizer. 

The cernent in HPC f o m  an amorphou microstructure with less porosity than 

traditional concrete, pdcuiariy at the aggregatefpaste interface. This results in more 

a e s s  being transferred through the aggregate and pater  durability and strength. The 

reduced porosity of the cernent paste is achieved through controlling the particle size 

distribution of the cernent and admixnires to maximize the composite density, and by 

limiting the water and suiphte contents. 

Pozzolans, including fiy ash, silica fume and ground blast-fumace slag, are recommended 

as a mineral admixture for hi& strength concrete, and silica fume is recommended for 

strengths above 100 MPa [Famy, 19941. Fly ash and blast-fumace slag may be 

considered as supplementaq ingredients in W C  and are used primarily to reduce the 

superplasticizer dosage and possibly eliminate the need for retarders; fly ash also 

contributes to the long-term strength of concrete without increasing the peak heat of 
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hydration signinmtly. Siiica finne, with an average particle size of 0.1 um, reduces the 

porosity of the cernent paste and also reacts with lime to contribute to gel *mgth. 

Research in Japan [vtica, 19911 indicaies that a "classified fly ash" can also be used to 

improve workability and reduce the cos of 70 MPa concrete. Also, 60 M P a  concrete has 

k e n  developed for building constniction without fly ash, silica fume or blast-fumace slag 

by using a waterkement ratio of 0.285 and superplasticizers [Tachibana, 19941. 

Coarse and fine aggregates may be optimized in relation to the strength of the paste and 

the cementlaggregate bond. The perfect aggregate would be aushed, cl- cubical in 

shape and conditioned to a "sa~nated, d a c e  dryn condition. The bond is more critical 

for coarse aggregates, while the shape and grading are more sig&cant for fine 

aggregates. For example, in some Norwegian offshore construction, the sand is class5ed 

into eight fiactions *ch are then blended for concrete manufacture [Collins, 19933- 

Entrained air reduces the density and strength of the cernent paste: a strength reduction 

of 5% was observed in this project for an inc~ase in air content of 1 %. However, at 

strengths above 150 MPa, the need for entrabed air may be eIiminated by the reduced 

significance of pores capable of retaining fieezable water. 

6.2 Examples of applications - gened  

In Canada, HPC has been used in the Codederation Bridge [eg. Dunaszegi, 19961, the 

Hibemia offshore structure [eg. Collins, 19931 and high-rise buildings pamy, 19941. In 



offshore construction, the benefits of HPC include: 

a] durability (low pemeabilîty), 

b] structural - reduced cross-sections for prestressed elements, platfom cells and arches, 

which are principally in compression, and 

c] constructibility - high slump concrete with good cohesion is required where 

reinforcernent is congested. 

In the Toronto area, 70-85 MPa concrete has been used in Scotia Plaza, BCE Place and 

the Adelaide Centre, using cementitious blast-fimace slag and silica fume in conjunction 

with Type 10 Portland Cernent ByeU, 19931. In Halifax, HPC has been used in the Park 

Lane and Purdy's Wharf II developments [Langley, 19891. The advantage in using HPC 

is economic, with savings in concrete mass and volume, in construction fomwork, and in 

retail space lost to structure. Examples in the United States include high-rise structures 

utilizing large-diameter steel-encased 'super-columns' and conventional rigid-frame 

structures [eg. Moreno, 19901; however, the economics of using HPC in r i g i d - h e  high- 

rise structures are considered to be not attractive at present. 

6 3  Examples of applications - short and medium span bridges 

HPC has been used for precast and for in-situ concrete girders and for exposed bridge 

decks in Quebec [eg. Mitchell, 19931 and Ontario (Fig. 3.1); [Bickley, 19961. In the 

United States, the Strategic Highway Research Program (SHRP) has assisted in the 

development of a number of HPC bridges and related products utilizing HPC in Texas, 



Alabama, Georgia, North Carolina, Colorado, Nebraska, Ohio, Virginia, Washington and 

New Hampshire [Federal Highway Administration, 1997; Ralls, 1994. 1996; Roller. 

19951. Advantages in using HPC include: 

a] durability - resistance to fieeze-thaw attack, chloride attack and scaling because of low 

porosity and pemeability and higher cracking loads. 

b] structural - increased flexural and compressive strength; reduced elastic shortening 

and creep under prestress; reduced nurnber and/or size of girders, and 

c] constructibility - reduced time in prestress beds; reduced transfer Iength and "harping" 

of prestress tendons. 

FIGURE 6.1: W C  bridge, Highway 407, Ontario, Oct. 2nd, 1997 



7.0 METlDU3 DESIGN AND TESTING PROGRAM 

7.1 Scope 

The Technical University of  Nova Scotia (now DdTech) was commissioned to provide 

the concrete mixture design for the HPC bridge construction specification. Temis of 

reference included: 

- aggregate sampling, 

- initial trial mixture testing, 

- advanced testing and 

- ready-mDr trials. 

The initial trial mixhne testing included the design, production and prelimtn;try tesring of 

six mixtures in the laboratory fiom which a concrete mixture was selected for detailed 

investigation. Advanced testing was carried out on the selected design mixture to 

confïrm its mechanical properties and to evaluate durablity characteristics. While the 

ready-mix trials described in the terms of reference were not carried out, construction 

methods and materials testing resdts were reviewed dining construction and are included 

in construction notes below. 

The testing program was carried out in Jacques m o r d ' s  laboratories, Dartmouth, NS, 

with the exception of salt scaling and f l e d  fatigue endurance tests which were carried 

out at DalTech. 



72 Structural and material design objectives 

It was determined that the design loading could be carried by three bulb-T sections in 

each span and that locally-available prestressed beds were capable of providing the 

required prestress force. A concrete compression strength, f c, of 65 MPa was required 

for the precast concrete at 28 days. 

Concrete that was to be cast in place was designed primarily for durability; a nomid  

compression strength of 60 MPa at 28 days was selected for design. nie concrete deck is 

the most critical component fiom a durability viewpoint: it was designed to be exposed 

without repair for 80 years. The matenais design objectives for durability of the HPC 

mixture included a rapid chloride permeability of less than 600 Coulombs at 91 days and 

air-void spacing factors of 0.26 mm (max.) and 0.23 mm (average). 

A single mixture was designed to meet the critena of both the precast and the deck 

elements. The mixture was also used for al1 other concrete work at the site, which 

enabled the contractor to become familiar with the matenal before placing the deck. 

The concrete mixture design was to be specified as the base option for contractors; 

alternative concrete mixtures could be accepted on review of appropriate test data by the 

contractor. 



7.3 Materials 

7.3.1 Coarse aggregate 

The testing program used a granitic naîurai Stone, commonly available to potential ready- 

mix concrete suppliers in the area The aggregate was fiom Wd-Kare's FOU y Lake 

quarry and was collected f?om Fundy Ready-Mur. A nominal aggregate size of 20 mm 

was used for the testing program, though construction included the specified 20 mm 

aggregate for cast-in-place concrete and 13 mm crushed aggregate in precast uaits. 

Testing was in accordance with CSA AX.2 (1 994): 

- average bulk specific gravity (saturated surface dry): 2.79; absorption 0.75% 
- petrographic number (NSDoT method): 1 O8 
- aggregate soundness - average loss (5 cycles, MgSO,): 1.87% 
- LA abrasion test - loss at 500 revolutions: 15.47% 

TABLE 7.1: Sieve Analysis - Coarse Aggregate 

percent passing 

- measared 

percent passing 

- specincation 



7.3.2 Fine aggregate 

Sand also fiom a Wi-Kare quarry and was obtained nom Fundy Ready-Mix. The sand 

had an average heness modulus of 2.78, with 2.3% passing the 80 um sieve. Again, 

teseing was in accordance with CSA A23.2 (1 994): 

- average bulk specific gravity (sat surface dry): 2.702; absorption 1.3 3% 

- aggregate sounduess - average loss (5 cycles, MgSO,): 5.6 1 % 

- aggregate soundness - average loss (micro-deval test): 7.8 1% 

TABLE 73: Sieve Analysis - Concrete Sand 

sieve opening 

(mm) 

percent passing 

- measured; 

sample (a) 

percent pessing 

- measured; 

sample @) 

percent passhg 

- specitication 



7.3.3 Cement/silica fume 

Type 10 low-aikali silica fume cernent was used for al1 mixtures. supplicd by Lafarge 

Canada. This blended cernent includes approximately 8% silica fume. 

7.3.4 Fiy ash 

Class F fly ash was used. supplied by Shaw Resources. Nova Scotia. A detailed analysis 

is included in Appendix B. 

7.3.5 Retardanvwater reducing admixture 

Grace Construction Products' "Daratard 17" was used for the testing program to simulate 

possible field conditions for delayed setting of the concrete. and as a water-reducing 

agent during the initial batching of the concrete. "WRDA-82" was also specified for 

water-reduction without delay in setting. (Retardants are typically sodium or calcium 

triethanolamine salts of hydrogenated adipic or gluconic acids.) 

7.3.6 Air-entraining admixture 

The air entraining agent was added with the initial batching to correspond to batching 

conditions for constmction. It was found that additions were required both before and 

after the addition of superplasticizer in some cases to obtain the required air content. 

Grace's "Darex II" was used for al1 preliminary mixtures and some advanced testing. 

MasterBuilder's "MicroAir*' was aiso used for advanced testing. 



Grace's "WRDAl9" was added as required to obtain a slump o f  approximately 200 mm. 

(Superplasticizers are deflocculaiion agents - see Appendix a) 

7.4 Labontory mkhg and testhg procedures 

Concrete was batched in the laboratory in an Einch 150 L counter-current mixer 

(Fig. 7.1). Actual batches ranged fiom 100 L to 140 L in size. The coarse and fine 

aggregates and water were cooled before batchhg as required to maintain a concrete 

temperature of 15 - 20 OC while mixing. The batching process included: 

- the dry ingredients were mixed; 

- water, water-reducing admixnne and air-entraining arim;xtirre were added; 

- the batch was mixed; 

- initial slump and air content were measured; 

- superplasticizer was added; 

- the batch was mixed; 

- slump and air content were rnearred; 

- a i r - e n m g  admixnne a d o r  was added as required; 

- rnixing, measurement and additions were repeated as required; 

- final slump, air content and temperature measurements were recorde4 and 

- test samples were mouided. 



Cylinders used for compressive çtrength testing were 100 mm in diameter, while 

cylinders used for testing modulus of elasticity had a diameter of 150 mm. The ends of 

al1 cyhders were ground before testing (Fig. 7.2). Testing included pairs of compressive 

sîrength measurements at 1,3,7,28 and 91 days (Fig. 7.3) and modulus of elasticity 

measurements at 7 and 28 days (Fig. 7.4). 

Rapid chlonde permeability testhg to ASTM C 1202 (Fig. 7.5) and hardened air content 

characteristics (Figs. 7.6 and 7.7) were also measured for ail  batches. 

Advanced testing included an analysis of salt scalîng (Fig. 7.8), creep (Fig. 7.9), flexural 

fatigue (Fig. 7.10) and adiabatic heat development Diffiisivity testing was also proposed 

(Fig. 7.1 1) to determine the rate of chlonde penetration into hardened concrete. 



FIGURE 7.1: Eirich 150 L counter-current mixer 



FIGURE 7.2: Hicut cylinder end-grhder 

- including cylinder clamp and moving grinder; covers remov 



FIGURE 7.3: Technotest compressive stress/strain testing sy stem 

- 100 mm dia., 7-day cylinder after loading; shield removed 



FIGURE 7.4: Fomey loading device 

- 150 mm dia. cylinder clamped for elastic rnodulus measurement 



FIGURE 7.5: Rapid chlonde test apparatus 



FIGURE 7.6: Hardened concrete air content: microscope and slide 



FIGURE 7.7: Hardened concrete air content: view of sample 



FIGURE 7.8: Salt scaling sample and removed surface fines 



FIGURE 7.9: Creep loading fiames and gauges 



FIGURE 7.10: Flexural fatigue loading h e s  and gauges 



FIGURE 7.1 1: Difhsivity testing grinder and sample 

(sample surfaces are exposed to a sait solution in controlled conditions before grinding) 

- sample at one side has been ground to a depth of approx. 15 mm 

- University of Toronto, Oct. 1997 



7.5 Preiiminary concrete mixture design 

Given the desired strength and durability of the final concrete mixture design, an estimate 

was made of an appropnate range of cementitious products and water contents. 

Reference was made to the literature and to previous experience with high-performance 

concretes. A total of six concrete mixtures were selected, including three 

water/cernentitious ratios (0.30,0.33 and 0.36) and two fly ash contents (O and 20%), to 

characterize the desired concrete mixture. 

In al1 cases, the concrete mixtures were proportioned to enable the materials to be 

thoroughly mixed with only a limited amount of water-reducing agent or retarder before 

the addition of superplasticizer. it was expected that the materials would be batched at a 

ready-mix plant and mixed in transit, and that only superplasticizer would be added at the 

site. Accorduigly, an initial slump of 20-25 mm was proposed, resulting in a minimum 

water quantity of 140 L/m3 and water-reducing or retarding agent applied at a rate of 

about 2.5 mL per kilogram of cementitious material. Cementitious material quantities 

were rounded off at 475,450 and 430 kg/m3 for the specified waterkementitious 

contents, and the water contents were calculated to be 142.5, 148.5 and 154.8 L/m3 

respectively. Superplasticizer was added as required to obtain a final slump with a value 

of approximately 200 mm 

Coarse and fine aggregates were selected to provide even gradmg with coarse aggregates 

increased where possible to maximize strength. 



The prelimhary design mixtures are presented in Table 7.3. Test results are described in 

Table 7.4 and Figures 1 and 2 below. "Equivalent strength results for 150 mm diameter 

cylinders" are tabled using 95% of the tested 100 mm cylinder strength: the factor 

reflects calibration tests in the literature but may not be relevant where testing equipment 

is capable of testing 150 mm cylinders to fdure without significant deformation of the 

loading platens. The sets of data (100 and 150 mm diameter cyhders) couid be 

considered as a probable range of resuit if 150 mm cylinders were to be tested. 



mixture 

no. 

LASF 

FA 

total 

water 

w/c 

sand 

stone 

Darex II 

as required 

TABLE 73: Preliminary conmete mixture designs 



TABLE 7.4: Prelirninary concrete mixture test results 

mixture no. 
siump: 
- initial 
- final 

densiîy 

air: 
- plastic 
- hardenec 
- spacing 
- SS 

conducîiviîy 
at 28 days 

cyI. stren,oth 
l O h  dia. 
- 1 day 
-3day 
- 7 day 
- 38 day 
- 91 day 

equiv. fc' of 
l 5 h m  dia 
- 1 &y 
- 3 day 
- 7 day 
- 28 day 
- 91 day 

rnodulus 
- 7 day 

-28- 

mm 
mm 

kg/m3 

Y0 
Y0 

mm 
mm-' 

Coul. 

MPa 
MPa 
MPa 
MPa 
MPa 

MPa 
MPa 
MPa 
MPa 
MPa 

GPa 
GPa 



FIGURE 7.12: Preliminary concrete mixtures - compressive strength 



FIGURE 7.13: Prelimhary concrete mixtures - elastic modulus 



The prehminary tests indicated that a workable mixture with the required strength and 

durabiiity characteristics could be developed using the descnbed procedure for mixture 

design. The results indicated that a water/cementitious ratio of close about 0.3 and the 

use of some fly ash would provide a workable, economic mixture. 

The design mixture selected for the advanced testhg program and subsequent 

specification is outlined in Table 7.5. 

TABLE 7.5: Design concrete mixture. 

( cernent. silica fume 1 450 kg/m3 1 Type lOSF @ow alkali) 1 
1 fly ash 1 3Okg/m3 1 

1 stone 1 1045 kglm3 ( max. size 20 mm I 

(as required) 1 
air-entraining agent 

water-reducing agent 

(as required) 

(as required) 



7.6 Advanced testing 

The concrete mimire selected for advanced testing, identifieci as Mixture #7, was 

batched on April, 1997. During batching, it was found to be difficut tto obtain the 

required air content; this resulted in what was wnsidered to be an excessive use of air- 

ennaining agent, and was reflected in poor results for hardened air-void characteristics 

and salt scaling. In subsequent tests (Mixnues #8 and #9) the amount of air-enaaining 

agent added at the start of batching was increased in an anempt to reduce the total 

amount required. Finally , an alternative air-entrainïng agent was used to provide the 

required air-void characteristics (Mixture #IO). 

However the onginal ahentrainment product was suitable for plant batching during 

construction. The difference between laboratory results and those in the field may be 

due to dmerences in the gradation of aggregates ancUor mixing rates. 

Mixture designs are included in Table 7.6. The tests Carried out for the preliminary 

mixtures were repeated in the advanced testing program: results are Summansed in 

Table 7.7. The results of the advanced tests are summarised in Table 7.8. 



TABLE 7.6: Advanced concrete testuig mixture designs 

mixture no. 

date batcbed 

LASF 
FA 
total 

water 

w/c 

sand 
Stone 

Darex EH 
Micro Air 

Daratard 17 
WRDA 19 



TABLE 7.7: Advanced concrete testing - test results (a) 

mixture no. 

initial slump 
final slump 

density 

air plastic 
air hardened: 
- spacing factor 
- SS 

conductivity 
(Coul*) 

cyl. mength 
- l0ûm.m dia 

- 1 day 

- 3 day 
- 7 day 
- 28 day 

- 150mm dia 
- 1 day 
- 3 day 
- 7 day 
- 28 day 

mm 
mm 

kg/m3 

Y0 
'Y0 

mm 
mm" 

28 day 
91 day 

MPa 
MPa 
MPa 
MPa 

MPa 
MPa 
MPa 
MPa 

GPa 

25 
- 

- 

6.00 

(discarded) 



TABLE 7.8: Advanceci concrete testuig - test results (b) 

- - -  

mixture no. 

salt xaling 
no. of cycles 

creep at 170 d 

flex. Mgue cap. 
no. of cycles 
description 

adiabatic heat 
developrnent: 
initial set m m :  

heat dev. 
finai set maturity: 

max. heat dev. 

heat dev. at: 

7 

0.7 

50 

52.6 

50% 
2,000,000 

normal 

(2) 

24.1 
25.9 
30.8 

82.3 
12.5 

3 16.2 

317.1 

- -- 

0.4 

20 "' 

at 170 days 

notes: (1) test not completed; failure of ponding edge dam 

(2) not completed; see discussion 



7.7 Test resnlts 

Tests were carried out in accordance with CSA A23 .MC. The advanced testing 

results indicate that the mixaire is capable of providing compressive strengths in the 

order of 65-70 MPa in the Iaboratory and 60 MPa at 28 days in the field. 

The prelimmary tests hdicate that a further saength gai .  of approximateIy 10 MPa 

may be expected between 28 and 91 days for concrete with th& combination of 

cementitiou and pozzolanic material. 

The advanced testing also demonstrates tbat the amount of air entraineci in the concrete 

has a major influence on the strength of the concrete. A single percentage increase in 

air content is reported to decrease the strength of high-pedormance concrete by an 

amount in the order of five to ten percent. Table 7.9 indicates an increase in hardened 

concrete air content of 2.5 % between mixtures #7 and #10 and a decrease in 

compressive strength of 21 X . 

The strenpth of the concrete is highly dependent on its final air content. Even though 

the cornete may be specified to have a narrow range of air content when plastic, its 

samgth is also a function of air-void stability during placement, sethg and hardening. 



TABLE 7.9: Compressive strength and air content 

Tests were carried out in accordance with CSA AZ.2. The r e d t s  of the prel;minarv 

and advanced tests indicate a strong correlation between strength and elasticity. 

Measured values for elasticity are compared with the design value for hi& strength 

concrete proposed by Collins (1993): 

Ec = 3320 (fcoS) + 6900, with MPa units throughout. 

Measured values for elasticiw were consistently within 10% of the design value. 

batch no. 

7 

10 

variance: 

TABLE 7.10: Elastic modulus and compressive strength 

strength at 28 

d a s s  W a )  

73-77 

59 

-21 -3 % 

measured Tc 

measured Ec 

design& 

variance 

hardeneci air 

content (%) 

3.61 

6.10 

+2,49% 

air content when 

plastic (%) 

6.0 

7.0 

(MPa) 

(GPa) 

(GPa) 

(%) 

74.6 

33.2 

35-6 

7.2 



Tests were carried out in accordance with ASTM C512. A plot of resuits is included in 

Appendix C: a value of 52.6 104/MPa was recorded der 170 days, which is consistent 

with data fkom other high-performance concrete t e s ~ g  programs. 

Creep results reporteci in the fiterature are consistentiy less than values for normal- 

strength concrete, resulting in less long-term deflection of structures under load. 

7.7.4 Flernral fatigue endurance 

Flexural endurance tests were carried out to determine the concrete's ability to absorb 

energy under fatigue loadings. Tests were carried out on 100x1 00x350 mm samples: 

specimens were loaded to failure in bending to determine the concrete's f l e d  strength, 

then similar specimens were loaded two million times at a various predetemiined 

percentages of  the concrete's flexurai strength. 

Samples fkom Mumire #7 were found to have a similar f l e d  fatigue endurance limit to 

that for normal-strength conmte (50% of flexural strength), indicating that the concrete 

mixtrne is no more susceptible to bnttle failure than normal-strength concrete [Balaguru 

& Shah]. 



7.7.5 Air Content 

Tests were camed out in accordance with CSA A23.2-4C for plastic concrete and ASTM 

C457 for hardened concrete. Mixtures #1 to #7 used the same air-entraining agent. Al1 

expxienced a loss in entrahed air of 2-2.5% kom the specified target while plastic. 

Resulting values for hardened air content ranged fiom 3.6 to 5.4% and spacing factors 

ranged h m  0.20 to 0.31. A target average value for spacing of 0.23 mm is 

recornmended for exposed concrete surfaces. 

An altemate air entraining admumire was used for Mixture # 10: the impact on results is 

notable - less air loss during placement, setting and curing; smaller spacing and greater 

specific surface; acceptable results using an order-of-magnitude less of addative. It is 

believed that field results may Vary as widely as those in the laboratory with changes in 

equipmen~ placing methods, temperatures, etc. The difficulties in stabili2ing air content 

with the ikst agent contradicts experience elsewhere in the construction of high- 

performance concrete products, and may be due to the very high mi>ang rate of the 

laboratory mixer (155 L Eirich). 

Acceptable field results were considered to be achievable with the design mixture. Also, 

an early review of hardened air characteristics is essential for acceptance of c o ~ c t i o n  

methods using WC. 



7.7.6 Salt scaling 

Tests were carried out in accordance with ASTM C672-9 1 a 

Mixtures #7 and #10 demonstrate the strong correlation between air-void characteristics 

and resistance to fieezing and hwing.  In both cases, sample surfaces were nibmerged in 

4% salt solution and exposed to fieezing and thawing conditions daiiy for over nfty 

cycles. The quantity of concrete released fkom the surface was measured every five 

cycles (Appendùr C), and totalled 0.7 kgh3 in the case of Mixture #7 and 0.15 kg/m3 for 

Mixhae #IO. (0.8 kg/m3 is considered an upper limit for contract cornpliance in 

Ontario .) 

Again, the results indicate that a acceptably low level of scaling may be achieved with the 

concrete mixture in the prototype bridge provided that the entrained air characteristics are 

controlled. 

7.7.7 Rapid chloride permeability and dinasivity 

The permeability and diffusivity tests are canied out as indicators of the rate of 

penetration of chloride ions through the concrete rnatrix. Corrosion of reinforcement is 

considered to occur when chloride ions concentrate in solution at the surface of the 

reinforcement, 
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Rapid chloride permeability tests were carried out in accordance with ASTM C 1202. 

With rapid chloride permeability testing an electrolytic ceil is established with a concrete 

sample forming a barrier between sides of the ce11 (Fig. 7.5). Conductivity is a function 

of chloride permeability through the sample. 

The diffusion of ions through the ma& to the reinforcement can be predicted using 

Fick's Second Law of Difhision, using a measured rate of d i h i o n  [eg. Dunaszegi, 

19961. The d i f i i o n  is measured by soaking the sample in a sdt solution for a known 

period, then shaving 1 mm layers off the d a c e  (Fig. 7.1 1) and measuring the chloride 

content by titration with silver nitrate. The profile of salt concentration with depth is then 

used to determine the constant in Fick's Law. Results fiom this procedure are 

complicated by an initial surface absorbtion process which, in tum, is highly dependent 

on initial moisture content. However, these absorbtion characteristics have also been 

used as a means of determining permeability, from which diffusion rates may be 

estimated wooton, 19971. 

Both the Rapid Chloride and the Dinusivity methods have limitations, both in the 

application of theory and in practice. A new technique is currently under development to 

replace the rapid chloride method in the United States, but the rapid chlonde method is 

most commonly used at present as a simple, practical test with reasonable correlation to 

chloride ion dif i ion.  Rapid chloride pemeability values have been specified for high- 

performance concrete bridges in the United States, with different values specified for the 

deck, the remaining superstructure and the foundations. 
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An objective of less than 600 Coulomb conductivity d e r  91 days was established for 

concrete testing? based on experience with conductivity and diffusivity tests by Jacques, 

Whitford; this objective was met in Iaboraty testing (Tables 7.4 and 7.7). 

7.7.8 Slump 

Tests were canied out in accordance with CSA A23.2-SC. The laboratory testing 

demomtrated that a well-blended, cohesive mixtiae could be produced having a s l m p  as 

low as 20 mm. Also, the cohesive quality of the concrete was maintained for slumps as 

high as 225 mm &er the addition of superplasticizer. The final s l m p  codd be regulated 

by controllhg the amount of superplasticizer. 

7.7.9 Adiabatic heat dwelopment 

Tests were carried out in accordance with ASTM standards. Resdts for Mixture $7 are 

plotted in Appendk C. 

The results are consistent with previous data for hi&-performance concretes: 

- there is no acceleration in initial setting tirne, 

- setting t h e  is readily controlled by retarding admixtiaes, and 

- the maximum heat development is consistent with the quantity of cernent and silica 

fiune used. 



The specifications for concrete materials and placement were developed to match the 

structural design and construction priorities for the bridge. The tested concrete mixture 

described above was offered for use by contractors, and the following performance 

specifïcation was also offered to contractors. The performance specification was based on 

cnteria that had been demonstrated to be practical by the testing program. The full 

specification of HPC materials, consauction, quality conaol and crack repair is included 

Cementing materials: 

Waterkementitious ratio: 

Coarse aggregate size : 

Slump before superplasticizer: 

Slump &er superplasticizer: 

Air content at truck discharge: 

Compressive strength at 28 &YS: 

Hardened air void spacing factor: 

minimiun 

maximum 

nominai 

maximum 

+/- 30 I I ~ L ~  

+/- 1% 

minimm 

maximum 

max. average 230 mm 

Rapid chloride permeability (9 1 d): maximum 600 Coulombs 

Delivered concxete temperame: maximum 25 deg. C 

Concrete temperature in situ: maximum 70deg.C 

Temperature gradient: maximum 20 deg. C/m 



The construction tender included the foilowing feaîures that were specific to this 

prototype bridge project: 

- a half-day workshop for bidders and others, 

- a specified concrete mixiure design with an alternative performance 

specifïcation, 

- concrete delivery at 3/4 of the ready-mix trucks' capacity to improve d g ,  

- a trial slab to prove placement, finishing and curing methods and air voids, 

- use of an 'evaporation reducer' between screeding and floating, 

- special curing requirements, 

- a crack n w e y  and repair &er curing to mitigate the reported probabiiity of 

transverse shnnkage mcking, and 

- e m  testing technicians on site to facilitate adjwtments to the superplasticizing 

of the deliviered concrete and to take additional tests of slump and air content 

after pumping . 



9. CONSTRUCTION QUALITY 

The hi&-performance concrete mixture was placed in al1 concrete work for the bridge. 

Both skips and pumpuig techniques were used in the footings, abutments and columns. 

Results fiom the routine testing of pumped concrete for the foundations was used to 

v e m  the mixture design before the critical deck placement without a separate pump test. 

Site visits were made by DaiTech representatives during initial on-site placement of 

concrete, before bacffilling around the initial wncrete work, on completion of 

foundations and columns, d e r  placement of precast girders and diaphragms, d 6 g  

placement of the trÏaI slab and during placement of the concrete deck. During these visits 

it was possible to compare the rheology of the commercially batched concrete with that 

produced in the laboratory and to compare the finished product with predicted resulîs 

(finish. segregation, cracking etc.). Quality control for concrete materials was carried out 

by Jacques Whitford and Associates. 

9.1 Footings, piers and abutments 

The fim batch of concrete as delivered to the site on August 28th 1 997. Slump values 

were 20 mm before the addition of superplasticizer and 220 mm after addition. Two 

testing technicians who were kept busy wÏth air and slurnp measurements as the 

superplasticizer was added. Concrete for the footings was placed by skip. The hi& 



slurnp was appreciated by the contractor because of tight reinforcement details at the 

column splice (Fig. 9.1). 

FIGURE 9.1: Concrete placement for footings, August 78th 1997 

Severe plastic shrinkage cracking occured in the footings: procedures for normal-seen=@ 

concrete had been used by the contractor which rely on fkee water from the concrete 

mixture to prevent surface drying; this water is not available in the W C  mixture and 

extemal methods are required to limit cracking (wetting, fogging, evaporation inhibitor, 

sealants andor cover). No îùrther plastic shrinkage cracking occured in the piers and 

abutments, and the ody  imperfection in the f i shed  concrete occured where bleeding of 

the superplasticized mixture 1eR a surface that adhered to the foms when stripping, or 



could be removed by light chipping. 

Concrete strength and plastic air content were found to Vary significantly during the 

initial phase of the project. Test data are included in Appendix E. It was found that there 

was a loss of entrained air of 1-2% of total concrete volume due to pumping. and that the 

air content rneasured by exarnining the hardened concrete was in the order of I % l a s  

than that of the plastic concrete as placed. 

FIGURE 9 3 :  Centre bridge pien and beam. Sept. 19. 1997 



9.2 Precast girders 

Girders were cast in an indoor casting bed in two senes of three girders using a single 

mold. Time to release varied between three and five days. The girders were delivered in 

36 m lengths to span between supports during construction; abutting girders were 

connected by grouting reinforcement dowels and sealing with a concrete diagphram (Fig. 

9.3). 

FIGURE 9.3: Precast girder connection at centre pier, Oct. 30, L 997 



9.3 Trial deck slab 

A trial slab was placed $0 demonstrate the materials. equipment and workmanship to be 

used for the exposed concrete deck. The slab was approximately 9 m by I O  m in size and 

was piaced using a Bidwell mobile screed (Fig. 9.4) with a trading platform to facilitate 

tyning, sealing and covering the finished surface (Fig. 9.5). 

FIGURE 9.4: Trial slab - Bidwell mobile screed. Oct. 30. 1997 



FIGURE 9.5: Triai slab - trailing platforni; applying sealant; Oct. 3 0, 1997 

Pumping methods used for the trial slab were similar to these used for the deck (Fig. 9.6). 

Air content, slurnp and strength testing was carried out on the concrete. It was found that 

the surface texture applied by the tymng rake was successful when the slump was in the 

range of 150-220 mm only (Fig. 9.7). Also, there was a loss of entrained air of 0.54 3% 

due to pumping. 



FIGURE 9.6: Trial slab - purnping arrangement; Oct. 30, 1997 

FIGURE 9.7: Trial slab - hardened concrete surface, Nov. 24, 1997 



9.4 Bridge deck slab 

The bridge deck was placed in a single pour on Nov. 24th, 1997, using the ready-mu< 

batcbg, pumping, screeding, fishing, curing and testing procedures describeci 

previously (Fig. 9.8 - 9.1 1). The deck was also fined with conductivity meters for 

corrosion meanirement (Fig. 9.12). Col4 damp weather reduced the risk of plastic 

shrinkage cracking and transverse shrinkage cracking: the bridge was found to be 

generaily fiee of cracks when inspected in mid-December. 

During placement some concrete was accepted with too high a slump, resulting in some 

segegation in a heavily reidorced area and poor finishing. A recommendation for future 

projects would be M e r  reduction in the slump as delivered, either through reduction in 

water content or reduction in water-reducing agenq and stncter conaol of the slump a f k  

applying the superplasticizer to ensure a slump of 150-200 mm at the pump nonle. 



FIGURE 9.8: Bridge deck slab - testing and superplasticizer addition 



FIGURE 9.9: Bridge deck slab - concrete discharge into pump 



FIGURE 9.10: Bridge deck slab - pump discharge and deck screeding arrangement 



FIGURE 9.1 1 : Bridge deck slab - deck screeding (excessive slump) 



FIGURE 9.12: Bridge deck slab - conductivity meters 



10. ECONOMIC EVALUATION 

10.1 Prellminary assessrnent 

As described previously, two HPC options were compared with a reference "normal- 

sûength concrete" design concept: 

TABLE 10.1: S- of normal-strength and HPC design concepts 

GIRDER DESIGN: 

no. of girders 

prestressed tendons 

release stress 

28day strength 

DECK DESIGN: 

asphait cover? 

main reinforcement 

epoxy coated? 

concrefe cover 

conc. thickness 

28-day strength 

HPC-A HPC-B 

3 

42- 16 mm 

54 MPa 

65 MPa 



Construction cost estimates were developed for the three options using a d  

construction *ces fiom previous NSDoT projects. Only the items that vary fiom option 

to option wme included in the analysis; excavations, embanlmient work etc. were not 

included. 

TABLE 10.2: Estimated capital costs of design options 

item - 
- -  

rootings 

3buûnents, piers, beam, abut. 

girders 

girder diaphrams 

deck concrete, haunches 

deck reinforcing 

parapet walls 

waterproohg 

80 mm as~halt toppinq 

TOTAL: 



Note that the girders are a large part of the variable cost. Also, the initial cost of 

reinforcing, waterproofing and asphalt are not highly signincant. Epoxytoating is not a 

major COS item either, as can demonstrateci by comparing the NSC and HPC-A designs. 

Maintenance requirements were estimated for al1 the options (appendix F). The present- 

d u e s  of aU the estimated construction and maintenance work was then estimated for 

each concept (Table 1 0.3). 

The equation for net present value for a govemment agency does not inciude taxes. and is 

simpl y: 

(- the present cost PC is escalated by rate 'e' for &n' years to an estimated cash amount at 

the time that the work is to be done; this future cash amount is brought back to the 

present value PV using the discount rate 'd' over 'n' years) 

The escallation rate is a reflection of the rate of price increase with time while the 

discount rate is determined by the rate at which money is borrowed to carry out the work. 

For example, in the case of the exposed conc~ete deck, Option B it is hoped that the only 

repair will be the replacement of expansion joints after 3 5 years and ody $1 0,000 would 

have to be invested today to pay for the work in 35 years, even though it would cost about 

$50,000 to carry out the work if it were done today. 



TABLE 103: Estimateci We-cycle costs of design options 

item 

construction: 

replace asphalt: 

rehab. / repairs: 

replace asphalt: 

total, net present value: 

NSC 
$ (Pm 

HPC-B 
$ (PV) 

Various conclusions can be drawn including that, if the construction estimates are 

reasonably accurate and the scope of mainteaance is correct then life-cycle costs for the 

high-performance options are consistently lower than for normal-strength concrete. 

A sensitivity analysis was also carriecl out (Appendix F) to determine which variables 



may be critical to the precision of the "bottom line" present values. The analysis was 

canied out for a range of discount rates, escalation rates and maintenance scheddes as 

these were believed to be less predictable than achial present costs. Each variable was 

examined independently with the base case value used for the other variables. Variation 

ranges included 5-9% for discount rate, 1-3% for escalation and acceleration or delay of 

maintenance by 50%. From these data the largest departmes fkom the tabuiated savings 

of S 124,000 for HPC Option ml, relative to the normal strength concrete design. were an 

imease in savings of 54% using a discount rate of 5%, and a decrease in savings of 32% 

using a delay of 50% for all maintenance work. 

A d  prices were received as part of a multi-million dollar contract for highway 

development. Prices included unit rates for supply and installation of precast concrete. 

cast-in-place concrete, reinforcement and vanous items related to earthwork and highway 

construction. 

It is usual for tendered prices for individuai unit rate items to fluctuate significantly fkom 

tender to tender and, where the total amount tendered is much greater than the items of 

interes it may be very misleadkg to attempt to use the tender data to infer any degree of 

precision in the prelhhary estimates. Also, the confidentiality of bids between bidder 

and NSDoT is essential to contractors. 



However, it may be concluded that: 

- the degree of variation among bidden in the price of HPC items was consistent with 

other tenders for normal-strength concrete products, 

- the variation in total price for the bridge stnichre was consistent with other tenders, 

- the variation in the price of HPC items between the bids and the initial estimate 

(Appendix F) was consistent with normal-strength concrete tenders, and 

- the total price for the bridge structure was rnarginaily less than the estimate included in 

Appendut F. 



11. SUMMARY AM) CONCLUSIONS 

Various points may be made in summary: 

A prototype bridge was constructed in 1997 using high-performance concrete. The 

bridge is in two spans with a total length of 70.7 m and width of 8 -85 m. 

The design objective was that HPC elemenfs are not to require repair during the 

structure's design H e  of 80 years. 

The muitidisciplined approach used in the projet's development was essential to the 

success of the project. 

Two approaches were considered in the design of the deck for the KPC bridge: 

a] use traditional components and compare the durab* of the HPC deck to a 'normal 

strength concrete' (NSC) deck, and 

b] rnaximize the exposure of the HPC deck through eIimiristion of the waterproohg 

membrane and asphait wearing surface. 

The exposed concrete deck option was built because of its economic potential and 

because the exposed deck can be more easily assessed for deterioration. 



A single mixture design was developed for the precast bridge girders and the cast-in- 

place concrete elements. Two phases of testing were carried out before specifying the 

mixture : 

1) p r e l i .  tests with SLX mixture designs in which the watedcementitious ratio and 

fly ash content were varied, and 

2) advanced testing on a selected mimure, including salt scaiing, flexural fatigue 

endurance and creep tests. 

The testhg program succeeded in identifjing a concrete mixture that was Nitable for use 

in hi&-performance concrete construction, and confirmed appropriate performance 

criteria for acceptance of other conmete mixture designs. 

It was demonstrated that, with increased control, an order-of-magnitude increase in 

design concrete strrngth is practical and, in some cases, economical for both cast-in-place 

and precast concrete. 

It was also confimied that the permeability of concrete can be reduced by several orders 

of magnitude without changing the entrained air quality of the concrete. The resulting 

improvement in concrete durability may enable concrete work to be exposed to harsher 

environments, including exposed concrete highway bridge decks. 



Further use of exposed concrete decks is recommended on the basis of: 

11 the initial economy and life-cycle cost reduction of the prototype structure, and 

21 the ability to repair, if necessary, by microsurfacing or milling. 

The scaling of exposed decks may be an issue and can be reviewed visually at the West 

River Eaçt Side Bridge. 

For production specincations, the concrete mixture selected for this bridge strucme is 

reproducible and will be economic for similar prestress leveIs and severity of exponire- 

Higher strengths may be appropriate for more siender stnictures. but attempts to fiather 

reduce the permeability of the mixture may increase the variabiIity of the mixture d e s s  

strhgent quaiity control is provided at the site during placement- 

The use of epoxy-coated reinforcement is recommended for the deck structure because of 

the additional protection provided at a relatively nominal cost 

The West River East Side Road Bridge may serve as a demonstration project for 

technological advance and reduction in the price of bridge stnictures in Nova Scotia AU 

the development objectives were met and the structure is now exposed to the test of time. 
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APPENDIX A 

PROTOTYPE BRIDGE PROJECT SCEIEDULES 

CONTENTS: 

a] proposed schedule, Feb. 17, 1997 

b] actuai schedule 



NSDoTIPW. HlGH PERFORMANCE BRIDGE PROJECT - SCHEDULE (1997) 
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NSDoTClrPW: HlGH PERFORMANCE BRIDGE PROJECT - SCHEDULE 

rask Name 

PROJECT ENGINEERING: 
preliminary designs 
design. specification 
tender 
construction 

MATERIALS ENG: 
preliminary design, spec. 
advanced testinn 
ready-mix trial testing 
materials design report 



- adapted nom a report forming part of 

snidies in cernent and concrete chemistry, 

directeci by J F Trottier, TUNS. April 1995. 

James Fletcher, Dec. 1997 

The manufacture and chemistry of Portland cement, ponolans and concrete are 

described as the basis for understanding the design of high-performance concretes. 
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INTRODUCTION 

Various texts on cernent chemistry and technology (1,2,3) introduce the subject with a 

description of the architecturai and engineering achievements of the Egyptian, Greek 

and Roman eras, where Ihe ,  then a mixture of Lime and, from the Bay of Naples, 

cmshed volcanïc tue fiom Pozzoli, were used to create cementitious materials. A 

saiking example of the technology of the times is the Roman Pantheon which includes 

a domed roof made of lightweight conmete fkom pumice, Pozzolanic fmes and lime. 

The structure spans 43 m and has swived almost two d e n n i a  

The technology of ponolanic action disappeared with the Roman Empire and the cernent 

technology that followed was lùnited to a crafi of buming lime (dehydrating and 

c a l c m g  chalk and other materials rich in calcium carbonate) in kilns for use as an 

active ingredient in mortar, and the use of partially hydrated calcium sdphate (gypsm) 

as plasters. These materials are, however, soluble in water. 

In the nineteenth century, hotter kilns and specific combinations of chalks and clays were 

found to create products that were stronger and more durable in the presence of water. In 

1824 Joseph Aspdin patented the process of bumhg lime and clay to produce a clinker 

which could be ground and hydrated to form a hard mortar looking much like rock 

formations found on the Portland Isles in the English Channel: Portland Stone. 

The technology of Portland cernent concrete has developed Iargely through empincd 

investigations, assisted by a graduai increase in understanding of some of the chemistry 

in action. Major advances have included the development of continuous processes to 



maaufachue cernent more economically and the use of embedded steel as reinforcement. 

then by the use of admixnires to entrain air for improved durability and de-flocculant 

admixhues to improve placement "workability". Most recently, significant 

improvements in the performance of concrete have k e n  reaiïzed through research that 

has focussed on applications and through advances in related sciences and technology. 

While most of the research and development of mateds  in the last century has related to 

Portland cernent, the ponolanic reaction reported by Vitruvius (4) has again become 

relevant through the use of various industrial by-products in Portland cernent concrete. 

Fly ash, ground or granulated blast-fumace slag and non-fernous slags, rice-husk ash and, 

more recently, silica fume are considered to have cementing quaiities when used in 

conjunction with Portland cernent (5). The potential for use of these by-products is 

driven by the economics oE 

a] the quality and price of the concrete product and 

b] the avoided costs of disposing of the by-product. 

Where locally available, fly ash has proved to be economic as a replacement for a major 

portion of the Portland cernent in concrete, as an additive to achieve certain performance 

criteria, and also as "flowable ~" (6,7). Other industrial by-products which are used as 

aggregates or fillers include pelletized fly ash (8), ash cinders, slags and crushed building 

debris. 

This review ~ufnmarizes reference material on the chemisîry of, and applications for, 

cementitious materials (ordinary Portland cernent, fly ash and other pozzolans). 



PORTLAND CEMENT BASICS 

The essential ingredients of Portland cernent concrete include cementitious powder, water 

and aggregates. Air may become entrapped during m k h g  and, by using admixtures, air 

may be entrained as bubbles in the order of 0.05- 1.25 mm in size. The mixture sets by 

creating a solid gel and interlocking crystal formations out of the cementitious material 

and water, a process of hydrolysis and hydration. 

As the concrete sets, its volume remaios appro>amately constant, about 3% greater than 

the original volume of the aggregates. However, the hydration process reduces the 

volume of the cernent and water that hydrates by 18.5% of the cernent volume (2). 

Water in the mix becomes: 

a] combined, through reaction with cementitious particles. A mass of water equal to 

about 23% of the cernent that hydrates is used up in this way; 

b] gel water, adsorbed or physically held in pores in the hydrating cernent gel. These 

pores are about 0.002 um in diameter. The water used this way amounts to about 19% of 

the mass of cernent that hydrates; and 

cl capillary water (whatever is not f!ked in the gel). 

Capillary pores fom in the gel. It is inferred nom discussions in the referenced texts that 

these capillaries enable the migration of mix water, curing water andor air as the 

hydration of cernent particles continues after the initial "set" of the gel. The water in the 

capillary pores may react with the cernent or be adsorbed into the cernent gel and, as the 



gel volume increases, the size of the capillary pores is reduced. Alternatively, the 

capillq water may eventually be removed by dryhg of the concrete m a s ,  or it may be 

recharged or contaminated by an extemai source, eg. sea-water immersion. The extent to 

which the capillary pores are interconnected is the main determinant of the concrete's 

permeability . 

Neville (2) describes unreinforced, normal-strength concrete as a two-phase medium of 

hydrated paste and aggregate, wîth an interface between the phases that has a major affect 

on compressive strength. A more complete mode1 would include capillary pores as 

probably the most d c a l  component to the mechanical behaviour of traditional concrete 

mixtures: strength and durability are largely functions of the concrete's density and 

impermeability (2). 

A relatively low-strength concrete is used for an example (2): Fig. 1 describes the 

volumetric proportions dining hydration of the concrete. The proportions are described at 

0% hydration (at time of mixing), 70% hydration (set) and 100% hydration (a theoretical 

l e t ) .  The mUr proportion is 1 :2:4 (cernent: fine aggregate: coarse aggregate), w/c ratio 

is 0.55,2.3% entrapped air is present and the concrete is c m d  in moist conditions. 

Points to note include: 

a] Porosity is the total volume of water and air in the gel, the capaaries and voids (in 

this case 15.8% at 70% hydration); permeability is a meanire of hydrauiic conductivity, 

primariiy through the capillaries. 

b] Capillary voids are reduced comiderably during the final stages of hydration, 

c] for this mixture, capillaries d e  up 6.0% of the total volume at 100% theoretical 



hydration. 

dl As hydration takes place, the reduction in volume of cernent and mix water causes the 

sample to imbibe 1.9% of its volume in curing water. The absence of curing water wouid 

have resulted in voids being a led with air. 

e] About a quarter of the original mix water is surplus to the hydration process in this 

example: it is shown as capillary water. Reducing the waterfcement ratio of this mixture 

to 42% (if practical) would result in alI the mix water king used to Wy hydrate the 

cernent, and would result in a capillary volume of about 2%. 

fj Theoretically, the capiuary volume would be eliminated by using a waiedcement ratio 

of 0.36 and by providing water during curuig to complete the hydration of the cernent 

particles. The use of any lower waterkement ratio would result in incomplete hydration 

because of lack of space to complete the hydration process. 

g] Water must be provided during curing for the capillaries to be totally Wed. However, 

the ability of water to migrate into the concrete becornes limited as the capillaries fil1 and 

permeability is reduced. Some residual capiliary pore volume is inevitable. 

ENGINEERING PROPERTIES OF PORTLAND CEMENT CONCRIETE; 

The success factors for concrete in the consüuction ind- include (3) convenience, 

economy, adaptability, strength, and durabilïty. 

The raw materials have to be commonly available and economically manufactured; 

practical, reproducible methods are required for xnkhg, placiog and curing; dependable 

levels of strength and durability are needed. These factors are interrelated and fkquently 



an optimum resuit is a balance between conflicting objectives. 

The most important qualities of cast-in-place structural concrete products are 

dimensional stability (related to shnnkage, elastic stiffhess and creep), compressive 

strength and durability. The reliability of all these qualities is also of major importance. 

a] Shrinkage creates deformations and stresses in finished concrete thar are significant 

from a design and performance viewpoint. Shrinkage includes: 

- plastic shrinkage during setting of the plastic mix (1 000x1 O4 to ZOOx 1 04, 

increasing with increased cernent content), 

- autogenous shrinkage due to hydration(50x 1 O4 to 100x 1 

- dryhg shrinkage: 0-800x104, due to drying out of capillary pores. Drying 

shrinkage includes a reversible portion in the order of 4O-70% of the total drying 

shrinkage, 

- carbonation shrinkage: 0-800x104, due to reaction b e ~ e e n  carbon dioxide 

gas and the hydrated cernent (2), and 

- wetting expansion: the reversible portion of drying shnnkage. 

b] Initial deflection under load is approximately linear at low levels of loadîng but 

increases non-linearly with the size and duration of loading. A secant modulus is used to 

represent initial deflection under sustained design stresses (typically 20-30 GPa for 

traditional concretes), resulthg in strains in the order of 500x104 at 50% of f,'. 

The secant modulus of concrete is pa te r  than that for cernent paste and less than that for 



aggregates. Both the defonnation under load and the Poison Ratio of concrete inmease 

dramatidy with loading to greater than 0.3f;' because of the growth of bond cracks at 

the cementhggregate interface. 

c] Creep, the inmease in strain under sustained constant stress, is typically 1-3 tirnes 

greater than the initial deformation under load. Creep is a long-term process: 

characteristically, it ta& 14 days for the f h t  25%, 3 months for 50% and a year for 75% 

of the full long-tem creep to develop (2). 

The extent of creep deformation depends on the degree of hydration before and after 

application of the load: the long-term creep of concrete loaded at 28 days after mWng 

may be in the order of double that for concrete ioaded one year after mixing (2). The 

ambient humidity and shape of specimen (shape influencing capillary pore vapour 

pressure) are also signifiant, with long-term creep in submerged conditions (100% 

relative humidity) characteristically one-third that for 50% humidity (2). Creep is ais0 

dependent on the magnitude of load, with larger creep values experienced when the stress 

exceeds 50% off;. Removal of ioading results in some instantaneous recovery, some 

creep recovery and some residual deformation. 

Long-term deflection is fkequently a limiting criteria in the design of beams and slabs. It 

ais0 influences the buckling behaviour of eccentricaily loaded columns and causes loss of 

prestress in prestressed reinforcement. 

dl The compressive strength of concrete is usually less than that of the paste or the 



aggregate. Where laterally unrestrained, strains and fractures dong discontinuities in the 

maaix cause laterai t ende  stresses which ultimately cause bwsting of the concrete 

section. Lateral restraint of the concrete r d t s  in much higher compressive load 

resistance, with failure due to crushïng. 

The compressive strength of concrete is the major determinant of the strength of columns. 

arches and other elements subjected to compression, and has a lesser influence on the 

strength of rnembers subjected to bending. 

el D h i l i t y  may be the most significant quality of al1 concrete components. It is the 

resistance of concrete components to environmentai innuences thaq over tirne, damage 

the concrete. 

Physical influences on durability include fiost action, mechanical Wear. temperature 

changes, changes in volume of the concrete coIlStituentç and variations in loading. 

Chernical influences include attack by de-icing and/or sea-water sdts, attack by 

suiphates, chlorides, organic acids and carbon dioxide, leaching, long-term changes in 

composition of the cernent gel and alkali-aggregate reaction. Some physicd influences 

may be addressed by air entrainment, hishes, design detailing, etc.. However. in d l  

cases? the concrete's permeability and its chernical composition are critical to the rate of 

deterioration. 



CIEMENT COMPOSITION 

Cernent is manufactured by grinding and burning certain types of limestone, ch& 

alumina and silica (found in shales and clays) with coal to about 1400°C in a rotary kiln. 

As the material heats up it &es; adsorbed water is driven out  carboo dioxide is driven 

out of the calcium carbonate and other carbonate minerais, and various chernical 

ûansformations take place as about 2040% of the matenal fiquifies. The material is then 

removed and cooled rapidly. 

The resuiting clinker has particles ranging in size fiom about 3 to 25 mm. It is ground to 

a powder with a particle size averaging about 15-20 m. Some gypsum is mixed in to 

improve resistance to vapour attack prior to use and to prevent a "flash set" on d g .  

The most typical coI1SIituents of the Portland cernent powder are (1): 

calcium oxide, Cao, 

silicon dioxide, SiOz 

aluminum oxide, -0; 

iron oxide, FcO, 

magnesium oxïde, M g 0  

sodium oxide, Na,O 

potassium oxide, K,O 

suiphate, S03  

abbreviated to : C 60-65% by weight 

S 30-25% 

A 5-1 0% 

F 0.5-10% 

M 0.1-5.5% 

N 0.5-1.3% 

K 0.5-1 -3% 

S - 1- 3% 

These condtuents are cornbined by the liquefacton and clinkering process into a 
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collection of alkali dts, defined by equations which approximate the percentage m a s  of 

the oxide, after Bogue (3): 

a] calcium aiuminof&te, C,AF is itseif an approxhaîiion which represents a series of 

solid solutions ranging fiom GF to C&F that crystallize between 1 38g°C and 1 33j°C. 

Bogue Number: C,AF = 3.04 x F 

b] tricalcium aluminate, C3A is formeci by solid phase r d o n  at high temperature in 

mixtures where the ratio A/(C+A) < 0.49. The aiiimina that is not used as C,AF is used 

up as C,A. Bogue Number: C,A = 2.65A - 1.69F 

c] dicalcium silicate, CZS exists in three distinct crystalline forrns at temperatures beiow 

1446OC, and is capable of dissolving smdi percentages of metal oxides at high 

temperature. Rapid cooling of the cernent clinker causes the higher-temperature 

monoclinic GS structure to p a i s  after cooling: this eventually causes " d h g "  as the 

conversion to the low-temperature orthorhombic stn~cture takes place spontaneously. 

shaîtering the structure. The orthorhombic structure has a specific gravity of 10% less 

than that of the monoclinic structure. Bogue Number: 

C2S = 2.878 - 0.754C3S 

d] üicalcium silicate, C3S is created by a solid-state reaction of calcium oxide and 

dicalcium silicate at temperatures above 1250°C, provided the ratio C/(C+S) > 65%. C,S 

is unstable below 1250°C ami, if annealed, will revert to C + GIS; however, it can exia 

indefinitely at temperatures below 7OO0C. In cernent manufacture, the tricalcium silicate 

crystals contain various oxides in solution, including A, F and M: these oxides stabilize 



the crystalline structure to roorn temperature and they also influence the cernent 

properties. Bogue Number: 

C3S = 4.07C - 7.60s - 6.72A - 1.43F -2.8580;. 

Lea (1) notes that the acîuai C,S content in clinker is hard to measme, but is about 10% 

less than the Bogue value because of incomplete sintering and the rate of cooling. 

Fig. 2 shows the relationship between calcium, silicon and alumulum oxide products after 

sintering, and the area of interest for Portland cernent. Characteristic proportions (1) 

include 45% C3S, 25% GS and less than 30% (C,A + C,AF). 

EIYDRATlON PROCESSES (1) 

a] calcium silicates C3S and C-S:  

Thee compounds represent in the order of 70% of the cernent composition and are the 

primary source of long-term strength of ordinary Portland cernent concretes. Reactions 

may be approltimated as: 

Finely ground tricalcium silicate starts to hydrate quickly, with both lime and silica 

passing into solution. The concentration of lime in solution increases steadily while that 

of silica decreases, and the hydration redts in the formation of calcium hydroxide 
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crystals and a gelatinous or amorphous mass of hydrated calcium silicate. The gel forms 

around the cernent particles and is relativeiy irnpemious to water, making complete 

hydration extremely slow. 

Dicalcium silicate reactions cannot be detected microscopically d l  after many weeks. 

A hardened paste forms with varying C:S ratio and as much as 15% unhydrated &S has 

been found in the paste after four years. 

In C,S compounds in which some of the Lime has been replaced? eg.KC,,,S,,, the 

hydration process is observed within a day or so. 

The composition of the calcium-silicate-hydrate (C-S-H) gel changes during the reaction 

process, stabiliang as combination of: 

a] poorly crystallized foils or platelets with a C:S molar ratio of 0.8-1 5, which forms at 

relatively low concentrations of lime in solution, referred to as CSH (1), and 

b] a fibrous structure with a C:S ratio of 1.5-2.0, CSH (II), which fonns in hi& 

concentrations of dissolved lime. 

The C-S-H gel is stable while in contact with the saturated lime solution, but if it is 

placed in water some lime in the gel hydrolyses until an equiiibrium concentration is 

resîored or continued extraction removes al1 lime fiom the gel. This system is reversible: 

the C:S ratio may be increased by adding lime. The C-S-H gel, the crystallized calcium 

hydroxide and the solution rnust therefore be considered as interdependent. although 

changes in the solid formations are slow because of Iow solubility. 
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The presence of alkaiis N-O and K@ may also affect composition of the gel by drawing 

calcium silicates into solution as NGS, NCS, KGS and KCS. Also, Al? Fe3-. Mf and 

SO," and other ions may enter and react with the C-S-H gel. 

b] tricalcium aiimiinate C3A: 

Finely ground C,A reacts very rapidly with water, initially forming relatively soluble 

C,AH,, and/or &,AH, crystals and, later, less soluble C,-. 

Hydrated calcium aluminates are susceptible to attack by carbon dioxide, forming 

C3A.CaC03. 1 1 H20. 

Though less reactive than C3& hexagonal plate crystals of C,AH,, a d o r  C+W, form. 

together with hydraîed iron oxide. The C-A-H formation converts to the cubic C,A& 

form at temperatures above 1j0C. In the presence of excess lime, the reaction is less 

rapid and produces soluble compounds C,A.aq and C,F.aq which convert in temperatures 

above 15°C to crystalline C3A& and C,F&. 

Calcium sulphate dissolves readily in the alkaiine cernent m i m e .  The dphate ion can 

be combined by the C-S-H gel at early hydration ages, and released at later ages (9). It 

also can alter the C,A and, to a lesser extent, the C,AF reaction processes. 



e] calcium hydroxide Ca0 or Ca(OH),: 

A satmted solution of Ca0 has a pH of 12.45 and contains 1.14 g/L of water at 25°C; 

there is some variation with temperature. Solubifity is greatly reduced by the presence of 

alkali hydroxides, and crystallization occurs slowly in nipersaturated solutions. with 

relatively large crystds formed. 

fl other hydrates that may form in concrete include: 

- rnagnesium silicate, eg. M,SH,,, *ch may be formed in set cernent under attack by 

magnesiimi dphate. 

- magnesium aluminate, eg. M2Al&,. 

- calcium ferrites, eg. &FEI5. 

- hydrogarnet solid solutions of C,A.&, C ,FE&, CîASj and C,FS,. 

- calcium sulphoalinninaes, eg C3A.3CaSO4.3 1 H20 (high sulphate form. found in 

ettringite) 

- calcium sulphofemtes. 

- calcium carboaluminates, eg. C3A,Oj.3CaC0,.30&0, and carbofemtes. 

- calcium chloroaliuninates and chlorofemtes 

- magnesitqn hyclrox.de Mg(OH), 

- silica Si(O,.OH) 



HYDRATION OF PORTLAND CEMENT 

When water is mixed with ordinary Portland cernent the liquid phase becomes a solution 

of the hydroxides and dphates of calcium, sodium and potassium: 

Solid calcium hydroxide persists at al1 ages, while the gypsum is used up as increasing 

arnounts of calcium s u l p h o a l ~ t e  and C-S-H are formed. C-A-El, calcium 

sulphoduminate and C-S-H precipitate, and sorne of the A, F and S are taken up in the C- 

S-H. The hydration process is summarized in Fig. 3. 

The rate of hydration depends on the cernent composition, water content cernent fineness 

and temperatme. Hydration is generally in the sequence C 3 k  C,AF, C jSo then C,S, and 

this is also the sequence for contribution, on an individual unit m a s  basis. to heat of 

hydration over the first 28 days. C-S-H gel formed fiom C,S is responsible for the eariy 

strength of concrete; C2S naas to contribute more than C,S, on a unit mass basis. after 

about 3 months (3). 

Characteristic values for the average depth of hydration of cernent particles over time are 

(1): 

1 &y: 0.43 um 

7 &YS: 2.60 un 

28 days: 5.37 um 

5 months: 8.9 um 



The hydrating mass sets on partial hydration of the products of C,A, C,AF and C,S. The 

set occurs after I/2 h to 2 h as the colloicial dispersion of hydrating cernent particles stam 

to break down into disorderd couplings and forms a condensed crystailhtion network 

The reaction is accelemted by the breakup and removal of hydrated coatings on the 

cernent particles, possibly due to osmotic pressure. The unstable gel then fills with 

hydration compounds. 

The C-S-H gel includes sheet-like layers 3-4 molecules thick (30-40 A), with pores in the 

form of thin slits 15-30 A wide. The gel also contains calcium hydroxide crystais, 

residues of unhydrated cements, capillaries and entrapped/entrained air voids. (Fig. 4) 

Physical effects of hydration on the concrete mass include: 

a] surface tension due to thermal expansion stresses (caused by heat of hydration), 

b] shnnkage cracking of cooling concrete swfaces, 

c] surface compression due to cooling of the core of m a s  concrete. and 

dl tension and creep due to shnnkage during hydration. 

REACTIONS AFFECTING DURABILITY 

Leaching: Lime and some dumina are dissolved by water passing through concrete, 

resulting in gradual decomposition. Calcium carbonate and carboaluminate deposits may 

fom where the leachate is exposed to the atmosphere. The pH of capillary water is 

replenished by solution of hydroxide salt crystals until they are substantially used up; the 

pH then decreases with an accelerating effect on the breakdown of the C-S-H gel. 



Carbonation: carbon dioxide dissolves to fonn carbonic acid which reacts with calcium 

hydroxide in the capillary water. nie reactants form calcium bicarbonate in a neutrd pH 

range, which is relatively soluble, or carbonate depomts at high pH. Carbonation 

proceeds very slowly into the exposed concrete surface: the rate and extent of 

carbonation depend on the permeability of the concrete, capillary moisture content and 

ambient carbon dioxide levels. If the carbonation penetrates significantly, it neutralizes 

the alkaline environment which protects reinforcement However the reaction reduces the 

surEace permeability, possibly due to the release of water in the carbonation reaction (l), 

and there is considered to be a limiting depth of carbonation. Carbonation is also 

considered to contribute to overall volume shnnkage (2). Similar effects occur in the 

presence of other acid solutions. 

Sulphate attack: sulphates in acids or sodium and/or potassium solutions react with fkee 

calcium hydroxide and C-A-H, fonming calcium dphate and sulphoaluminate deposits 

which are chanicterized by cracking (due to an increase in volume) and white formations. 

Magnesium sulphate also reacts with C-S-H, fonning calcium sulphate, magnesium 

hydroxide and aqueous silica: this reaction proceeds very slowly because of the low 

solubility of magnesium hydroxide, provided the pH remains above 10.5; however, if 

leaching reduces the pH then a non-binding deposit of magnesium silicate is formed 

which M e r  reduces the strength of concrete. 

Chlorides: gypsum and emingite (calcium sulphate and sulphoaluminate) are more 

soluble in the presence of chloride ions than sulphate ions. The calcium formations tend 

to leach out of concrete in the presence of chlonde solutions, eg. road salf resulting in an 

increase in porosity and a potential for galvanic pitting of reinforcement. 



Seawater: both sulphates and chiorides are present Concrete tends to expand slowly in 

this environment due to both the formation and the leaching of gypsurn and ettringite and 

due to the formation of magnesium sulphate. Salts tend to crystallize above high water at 

a point of evaporation of pore water. The rate of deterioration is highly dependent on 

pemeability . 

Alkali-aggregate reactions: reactiom may occur at the aggregatelcement interface. 

Reactive silica aggregates, including opaline silica and flints, react with sodium or 

potassium hydroxide fkom the cernent and other sources, after the initial set and 

hydration. The reactants form an alkali-silicate gel, causing swelling at the aggregate/gel 

interface and eventual bursting of the concrete mas. In some cases, a soft gel is observed 

at the cracked surface, possibly a combination of allcali-silicates, gypsum a.d/or 

ettringite. 

The rate and extent of the reaction is influenced by: 

a] quality of silica and fineness of aggregate (size of reactive surface), 

b] availabili~ of water for reaction, which depends on saturation and pemeability, and 

c] availability of fiee allcali in the cernent. 

Alkali-carbonate reactions are rare and do not generate a gel: the reaction requires the 

presence of dolomitic lunestone and acid-insoluble clay, degraded quartz or mica, and 

water. 

Delayed ettringite formation: considerable research is currently taking place into the 



influence ettringite formation in concretes after they have set. While the extent to which 

delayed ethingite formation anects durability is unclear at present, it is known that there 

is a steady-state condition of ettringite presence to which concrete pastes will tend and 

that, the development of ettringite crystals king expansive, timing of the development of 

ettrhgite is critical. The formation of &@te has been correlated to the presence of 

sulphate ions (BI%) and magnesiimi oxide (>OS%), and to allcaliniîy and cernent 

heness. Ettringite develops druing the initial sethg of cement paste: C3A particles are 

typically surrounded by a layer of hydrated aluminum monosulphate which in tum is 

surrounded by ettringite crynals. However, above 803C the formation of ettringite is not 

as extensive as at lower temperatines; subsequent reduction in temperature results in the 

formation of ethingite in the hardened paste over t h e .  The literature includes reference 

to volumetric expansion of as much as 0.5% over 12 years, which may be observed as 

separation between aggregate and paste and cracks in the paste only between coarse 

aggregate particles. The voids left between the paste and aggregate particles may become 

fifled with ettringite or products of alkalis-aggregate reaction. 

TYPES OF CEMENT 

ASTM standards for Portland cernent include five basic chemistries to suit different 

objectives (10). Characteristic compositions are given in Table 1 (2). The cements 

include: 

Type 1 ordinary 

Type 2 modified 

- general, most widely used 

- similar strength gain to Type 1 ; moderate heat 



gain and sulphate resistance 

T y ~ e  3 rapid hardening - higher C,S, greater heat than Type 1 ; sirnilar 

setting time 

Type 4 Iow-heat - reduced C,S and CiA 

Type 5 sulphate resistant - low C,A and C,AF 

Portland-pozzolan cements are grouped by A S ï M  (1 1): 

Type IP Portland-pozzolan cernent for general consmiction: 1 M O %  pulverized 

fly ash (PFA) 

Type P Portland-pozzolan cernent for use where high saengths at early ages are 

not required ( 1 540% PFA) 

Type I(PM) Pomlan-modified Portland cernent for general construction 

(> 1 S%PFA) 

The properties and testhg of pozzolans are also specified by ASTM (12.13). 

Other types of cementitious material include: 

- hi&-aliimina cernent 

- cements with granulated blasduniace slag (GBS): 

- slag cernent (hydrated lune and GBS) 

- Portland blasthimace cernent (intergrouud Portland cernent and GBS) 

- supedphated cernent (GBS, Portland cernent or lime and CaSO,) 

- oil-well cements: coarse-ground, with retarders 



- masonry cements: eg. Portland cernent and lime; fine ground, with air entraining 

- gypsum plasters: 

- partially hydrated CaSO, 

- Plaster of Paris: CaSO,.O.SH,O + CaSO, + keratin 

- expansive cements, which make use of the expansive reaction to calcium 

sulphoaiuminate 

- white Portland cernent Oow in F) 

- coloured Portland cement (inciuding pigments) 

POZZOLANS 

Pozzolans are not cementitious in themselves, but combine with lime and water to form 

stable, insoluble cernent products. 

Natural ponolans are generally volcanic, including tuff fiom volcanic ash and dut. The 

tenn is aiso applied to certain clays, shdes and silicious rock, including opal, which have 

lost much of their basic oxides: generally, these have limited pozzolanic properties but 

may be improved by buming to remove adsorbed water and/or carbonates (1). Nanual 

pozolans comprise a mixture of g las  and crystdline silica, eg. leucite, KAS, 

(&0.AlzO3.4SiOJ. 

Artificial poaolans include bumt clays, shales and other sedimentary rocks, coal ash and 

bumt bauxite. The clays and shales are typically hydrated aliiminum silicates, eg. 

kaolinite (AS,H), though iron, magnesiurn, sodium and calcium silicates are also present. 



Examples of the use of burnt sedimentary rock include gaize and moler, which have been 

used with Portland cernent for several decades in France and Denmark, respectively, for 

marine concrete structures. 

The use of fly ash in concrete has been reported since 1 9 14 (1 4), but the fira 

comprehensive study of its pozzolanic properties was not reported until 1937 (1 5). Large 

amounts of fly ash were used in the Hungry Horse Dam in the United States (the fourth 

largest dam in the world when built in the late 1940's); the research before and during 

construction and reports on the performance of the dam ied to more extensive use of fly 

ash worldwide. The use of fly ash in concrete is considered to be beneficial to the 

environment as well as economic: in 1983, the US Environmentai Protection Agency 

required the procurement of "the highest percentage of recovered material practicable, 

given that reasonabie levels of cornpetition, cos& availabilîty and technical performance 

are maintained for federally h d e d  works, as part of its Resource Conservation and 

Recovery Acî, in line with its objectives of "protection of human health and the 

environment and conservation of valuable matenal and energy resources" (1 6). 

The characteristic composition of some artincial pozzolans is described in Table 2 and 

Fig. 5. The composition of fly ash varies considerably with source of coal and burner 

operation, but is approximately 40-50% silica, 20% alumina and 10% ferrous oxide. 

Lime is also significant in some types of ash. 



FLY ASH PRODUCTION ANID COMPOSITION 

The coai that fly ash cornes from is classified by: 

a] type: bright, semi-splint and splint (duil); banded, non-banded 

b] rank: degree of coalifaction (conversion fkom having a high oxygen and hydrogen 

content to a high carbon content). From lowest to highest, the ranks are lignite, brown 

coal, sub-bituminous, bituninous and anthracite, and 

c] grade: amount of organic matenal, which reduces with --of-mine coal mined away 

fkom the seam. 

In conventional boilers, the coal is pulverized into a powder and blown into a furnace 

where it bums at a high temperature in an upward flowing gas stream. For the 

bituninous coals bumed in Nova Scotia, the ash produced is typically between 8 and 

15% of the origuial coal mas.  About 85% of this ash leaves the boiler as fly ash and the 

remainder fds  and is discharged as bottom ash. The process of combustion and ash 

formation is described in Fig. 6. 

During the process of burn-out, the charred particles hcture, typically to between three 

and five times the number of coal particles: these pieces include holiow spherical 

particles (cenospheres) which are believed to be formed fkom mal1 inclusions in the coal 

or fiom the fusion of a few nearby inclusions. Also, 

a] heavy metals in the coal boil or sublime to vapour, 

b] the W-meta l  saits in the char vaporize at about 1080°C and 

c] above 1630°C, silica volatilizes in the presence of carbon: 



As the fumace gases cool. the inorganic vapours coalesce to particles less than O. 1 um in 

six. or condense as a coating on the fly ash particles. which are 0.1-50 um in size. .4t 

lower temperatwes, some unbumed organic compounds are also absorbed ont0 the 

surfaces of the fly ash particles. 

Fly ash particies are collected h m  the flue gas meam using mechanical collectors. fabric 

filten, wet scrubbers and/or electrostatic precipitators. The collection efficiency of these 

systems for various particle sizes in given in Table 3. Electrostatic precipitators, which 

are most common in Nova Scotia, force the flue gas between chargeci plates to which the 

particles are attracted and then fa11 h m  the gas Stream into hoppers. Conditioning agents 

may be added to the flue gas to improve collection efficiency, resulting in a change in fly 

ash composition. 

Table 4 describes the mineral composition and particle size distribution of fly ash 

coilected by two methods (mechanically and by precipitator). Particle size distributions 

of three fly ashes are compared with Portland Cernent in Fig. 7, and the shape of the 

individuai particles is shown in Fig. 8. Spherical glass particles are by far the most 

abundant component in the ash: they are quartz and mullite with potassium, sodium, iron 

and nilphur coating the surface, and have a size distribution similar to cernent. The 

chemical composition of ash (Table 5) is dominated by silica and alumina and. in the case 

of lower-ranking coals, lime. 

As shown in tables 3 to 5, there is a wide range in the physical and chemical properties of 



fly ash; this range is related to the type of coal and the processes used to bum the cod 

and coilect the ash. Another major influence is the way in which the boiler is operated: 

the carbon content in the ash increases considerably when the rate of buming is adjusted 

to meet changing electricai loads. "Base loaded" plants operating under stable load 

conditions are able to optimize their heat rate through more complete combustion: they 

produce ash with a lower carbon content. 

POZZOLANIC =ACTION CHEMlSTRY 

Little or no research into the performance of fiy ash and lime is reported, possibly 

because of the construction industry's familiarity with the properties of Portland cernent 

or because Portland cernent is in the same price-range as Lime in most regions of North 

America Also, there may be shortcomings in attempting to have a lime/fly ash mixture 

replicate the process of construction using Portland cernent- 

However, there has been signincant research in the past decade into the chemistry and 

perfonaance of concrete containing a mixture of fly ash and Portland cernent. Scaaning 

electron microscopy has confkmed that glas  and metals on the fly a h  particle surface 

hydrolyse and react with the pore fluid, forming deposits on the glass d a c e  or in the C- 

S-H gel (6). Fig. 9 shows particles in a "High Volume Fly Ash" (HVFA) paste that are 

etched by the pore solution. The micrograph images also show deposition on the inner 

and outer surfaces of the cenoçpheres and the leaching away of the original particle. 

The duminosilicate g lass is a disordered three-dimensional -Si-O-Si- network (polymer) 
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with duminum and some iron substituting for approximately one-third of the silicon 

compounds in the network. in the presence of strong allcalis or acids, depolymerization 

occurs, forming siloxane groups ( 0,-Si-O-Si-O, ) and silaloxane groups (0,-Si-O-AI-0;) 

which hydrolyse to form silanols ( O,-Si-OH ) and alanols (O,-Al-OH ): 

>Si-O-Al< + M' OH- => >&OH + >N-O- + M+ 

or >ALOH + >Si-O- + M' 

( M represents Na or K) 

Most of the hydrolysed groups rernain aitached to the ma&, while the aluminate, silicate 

and aluninosilicate particles enter solution and eventually precipitate by combination 

with calcium hydroxide. 

The reaction rate is slow and is thought to be determined by the rate of diaision of ions 

through the hydrolysing glass d a c e  (17). Reaction products include the C-S-H, C-A-H 

and C-A-S-H formations as  for Portland cernent, and hydrolysed fly ash particle 

"pseudomorphs" (6). Calcium hydroxide is consumed in the reaction. 

It is inferred from the references that the pozzolanic reaction described for fly ash takes 

place when other glasses and silicates, eg. blast-fumace slag, silica fume and alkali-silica 

reactive aggregates, are combined with water and either lime or Portland cernent. 



HIGH VOLUME FLY ASH CONCRETE 

Fly ash is commonly used in conjunction with ordinary Portland cernent. Commercially, 

the fly ash is usually considered as a direct substitute for, or an additive to, Podand 

cernent. Direct "substitutions" in the range of 10-25% are ty-pical throughout the USA 

and in Canada where market conditions permit. 

As the proportion of fly ash in concrete is increased, the properties of the cementitious 

matenal and the concrete matrix start to differ significantly fkom ordinary Portland 

cernent and concrete, and the concepts of substitution and addition become less 

appropriate. High volume fly ash (HVFA) concrete is discussed here because of its 

growing significance in the concrete industry and also because it demonstrates the 

properties that are altered to a lesser extent by nominai substitutions of fly ash for 

Portland cernent. 

The fkst uses of HVFA concrete reported in Nova Scotia (18) were in the Park Lane 

shoppingloffice complex and foundation caissons for Purdy's Wharf Phase 2 office tower. 

The shopping/office complex design required relatively high concrete strength in the 

lower columns on completion of the project: this enabled the cross-sectional shape of the 

columns to be maintained over the height of the building while miniminng the loss of 

occupancy space. A 120-&y strength of 50 MPa was specified for the lower columns, 

beams and slabs. In the case of the pile foundation, a cohesive, workable mixture was 

required for placement. The design required a strength of 45 MPa at 28 days. Cost of 

concrete was a major consideration in both wes. 



The same concrete mixture was used for both projects, except that the maximum size of 

coarse qgregate was limited to 14 mm for the fotmdation design: 

Portland cernent: 180 kg/m3 

Fly ash (ASTM Class F): 220 kglm' 

Coarse Aggregate: 

Fuie Aggxegate: 

W ater: 

Superplasticizer: 

This mixture was developed through a tesMg program which examined a nurnber of 

mixtures using the 28-day sîrength as a benchmark for cornparison. 

As with ordinary Portland cernent concretes, reducing the water content increases the 

strength at 28 days, but this cornes at the cost of workability during piacement. However, 

the waterPortiand cernent ratio of HVFA is hi& about 61 % in the above mixture, and 

the reaction of C,A, C,S and C,AF in the cernent particles is not re-ed by lack of 

water. Initially, the HVFA concrete may be considered to be a low-cementitious, weil- 

hydrated Portland cernent concrete with very low porosity because of the presence of an 

ultra-fine aggregate (fly ash). It is inferrd that the ash particles may release allcali ions 

into solution initially, but the aluminosilicate glass in fly a h  does not react significafldy 

until after the concrete has set. 

The long-terni strength gain of conmtes with fly ash is, however, much greater than for 

ordinary Portland cernent concrete. The slow reaction of the duminosilicate glas in fly 
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ash ad& to the strength gains fIom reaction of the &S in PortIand cernent. Fig. IO 

indicates strength gains of about 40-70% for various mixtures of HVFA between 28 days 

and one year fiom placement. The gains and variability in strength in the Park Lane 

project are described in Fig. 1 1. 

Superplasticizers are typically used to achieve the required workability. Plasticizers and 

superplasticizers are water-reducing admixtirres which retard the flocculation of particles 

during hydration: cement particles become negatively charged and coated with an 

oriented layer of water molecules, causing dispersion. The superplasticizers are used to 

reduce the water content while rnaintainiug workability. 

At low ratios of fly ash replacement, however, the fly ash is considered to improve the 

workability and cohesiveness of the mixture. ktially, this improvement was considered 

to be due to the smooth spherical shape of the fly ash particles, but more recent snidies 

describe flowing cernent as a motion of flocs containing numerous fly ash particles. in 

which the particle shape is not particdarly signifiant- It is suggested (6) that the 

improved workabiliîy is the result of an adsorption and dispersion process similar to 

water-reducing admixhires: the d a c e  of fly ash particles are negatively charged, and it 

is suggested that very fine fly ash partides adhere to the positively charged calcium 

aluminate cernent particles, reducing or revershg their attraction to the negatively 

charged surfaces in the fluid. 

In developing suitable mixtures for Park Laue and Purdy's Wharf2, it was concluded 

ht, fÏom a commercial andor performance viewpoint, an optimum fly ash content may 

be in the order of j5-60%. Table 7 provides approximate values for the current coa of 



matenals to ready-mix concrete suppliers in the Halifax area, together with representative 

mixture designs and composite costs. HVFA concrete is more economicai to produce, 

but: 

a] use of fly ash typicaily requires investment in a fly ash silo at the concrete 

manufacturer's site, and 

b] trained supervision and inspection are required in the use of superplasticken. 

The performance of HVFA concrete is discussed below ("Durability"). The material is 

considered to perfomi at least as well as ordinas, Portland cernent except where high 

early strength is required or where there is musual d a c e  abrasion and a concern with 

dust or scaling. HVFA concrete has been used successfully in: 

a] road construction (20), which may be rofler-compacted, eIiminating the expense of 

plasticizers, 

b] mass concrete structures, including bridge piers, dams and mat foundations, in which 

the lower heat of hydration and drymg shrinkage are important; again, rouer-compaction 

eliminates the need for plasticizen, and 

cl general structural applications (fomdations, buildings, containers etc.). 

EnGH PERFORMANCE CONCRETE WC) 

These concretes are generally specified for their high compressive mength, aithough their 

low water content, use of superplasticizers and low porosity leads to their having 



improved placement and durability characteristics. 

Concrete strengths in the range of 70-1 00 MPa have been developed and used in: 

a] large offshore structures and bridges, particularly in Europe, 

b] hi&-rise buildings in North Amerka, 

cl general prefabrication @gh early strength), and 

dl prefabncated stnits, eg. in reticulated 3-D structures. 

Fly ash and blast-fumace slag may be considered as supplementary ingredients in HPC 

and are used primarily to reduce the superplasticizer dosage and possibly eliminate the 

need for retarders (2 1 ). 

"High strength concrete" is a type of WC. The Portland Cernent Association describe 

hi& strength concrete as having a strength in excess of 50 MPa and considers the 

ultimate limit for 90-day strength to be in the order of 200 MPa (29 Ksi). Fly ash is 

recommended as a mineral admixture for high strength concrete and silica fume is 

recommended for strengths above 100 MPa (22). 

The mix proportions of some commerciaily available hi& *en& concretes are given in 

Table 7. Characteristic properties include: 

a] a cementitiou content o f  3 60-600 kg/m3 (600- 1000 Ib/yd), 

b] a waterkementitious ratio of 0.22-0.35, and 

cl as much as 10 L/m3 of superplasticizer. 



The cernent in HPCfs forms an amorphous microsûucture with less porosity than 

traditional concrete, particdarly at the aggregatdpaste interface. This results in more 

mess being transferred through the aggregate and greater durability and strength. The 

reduced porosity of the cernent is achieved through controllhg the particle size 

distribution of the cernent and admùmrres to maxMize the composite density, and by 

limiting the water and sdphate contents. Silica fime, with an average particle size of 

0.1 um, reduces the porosity of the mixture and also reacts with lime to contribute to gel 

strength. 

Coarse and fine aggregates may be optimized in relation to the strength of the paste, the 

aggregate and the cement/aggregaîe bond. The perfect aggregate would be crushed, 

clean, cubical in shape and conditioned to a "saturated, d a c e  dry" condition. The bond 

is more critical for coarse aggregates, while the shape and graduig are more significant 

for fine aggregates. For example, in some Norwegian offshore construction, the sand is 

classified into eight fiactions which are then blended for concrete manufacture (23). 

Entrained air reduces the density and strength of the cement paste: a strength reduction 

of 5% is referenced for every 1% increase in air content (22). However, at strengths 

above 150 MPa, the need for entrained air is eliminated by the absence of pores capable 

of retaining fkeezable water (21). 

The mixing and placing of W C  is similar to ordinary-strength concrete, with plasticizer 

added at the batching plant a d o r  in incrernents at the site. As with HVFA concrete, the 

use of HPC requires close cooperation between the engineer, the concrete producer, the 

construction contractor and the testing agency (22,24). 
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In Canada, HPC has been used in bridges in Quebec (25), in the Hibernia offshore 

structure (23) and hi&-rise buildings (24). The advantages found in bridge construction 

inchded: 

a] durability - resistance to fieeze-thaw attack, chlonde attack and scaling, because of 

low porosity and pemeability; higher cracking loads, 

b] structural - increased flexural and compressive strength; reduced elastic shortening 

and creep under prestress, and 

cl constructibility - reduced t h e  in prestress beds; reduced transfer length and "harping" 

of prestress tendons. 

in offshore construction, the benefits of high strength concrete again include: 

a] durability (low penneability), 

b] structural - reduced cross-sections for platforni cells and arches, which are principally 

in compression, and 

cl coll~t~ctibility - high slump concrete is required as reinforcement quantities of up to 

1 O00 k g h 3  cause severe congestion (Fig. 12). 

In the Toronto axa, 70-85 MPa concrete has k e n  used in Scotia Pl- BCE Place and 

the Adelaide Centre, using cementitious blast-fumace slag and süica fume in conjunchon 

with Type 10 Portland Cernent (24). 

Research in Japan (26) indicates that a "classified fly ash" cm be used to improve the 

workability and reduce the cost of 70 MPa concrete: the ash was graded to have a 



maximum size of 5 um, partly to reduce impinities in the ash. 60 MPa concrete has been 

developed for building construction without fly ash, siIica fume or blast-fumace slag by 

using a waterkement ratio of 0.285 and hi&-range water reducing agents (27). 

DUIIABILïIY EFFECTS OF FLY ASH USE 

The permeability of Portland cernent concrete depends on the waterkement ratio, the 

chernical composition of the reactants, the rate and extent of hydration, curing time and 

fineness and quantity of cernent. When popolans are added, al1 of these factors are 

changed. 

Most importantly, much of the leachable calcium hydroxide produced in ordinary 

Portland cernent hydration is combined with the relatively insoluble C-S-H gel 

(Fig. 13): this leads to long-term gains in watertightness and resistance to aggressive 

environments as well as strength. Fig. 14 shows the results of 30% replacement of cernent 

by fly ash (14). The reduction in permeability results in increased resistance to leaching, 

carbonation, chemicai attack and chloride penetration. However, the curing of the 

concrete surfaces is more critical for HVFA concretes than for ordinary Portland cernent 

concretes. 

Leaching: reduced with reduced permeability and reduced lime available to enter 

solution. 

Carbonation: reduced, provided the surface is moist-cured for extended periods. 



However, air drymg &er 7 days has been found to cause increased shnnkage cracking 

and permeability at the d a c e  of fly ash concretes (1 4). 

Sulphate attack: (sulphates react with fke calcium hydroxide and C-A-H; magnesium 

nilphate ais0 reacts with C-S-H): Pflughoeft-Hassett (30) comments on "conflicting and 

misrepresented information" in currpnt literature on the effects of fly ash on nilphate 

attack She concluded that low-calcium (Class F) fly ash improves Types 1 and 2 

Portland cernent at 2545% replacement rates, consistent with Tikaiski and CarrasquiUo 

(3 1) and Dunstan (32); also that further research is needed on the subject. It is suggested 

(3 1) that the reaction of C-A-H is "dil~ted'~ in the presence of fly ash, and that the 

po~olanic reaction reduces pemeability by removing lime and precipitating C-S-H gel. 

It is also suggested (33) that fly ashes that are nch in calcium oxide cm produce sulphate- 

resistant concretes at 2570% cernent replacement if additional gypsum is included in the 

mixture: the additional sulphate ions present on mixing are thought to fom expansive 

ettringîte while the concrete is st i l l  in its plastic state, thereby remowig the risk of 

expansion on setting. 

Shrinkage and shrinkage cracking: reduced by the presence of fiy ash (32), but the 

presence of calcium in the ash reduces this effect. 

Chloride attack: reduced with reduced permeability and reduced leachable lime. 

Seawater attack: reduced with reduced permeability and reduced leachable lime. 

AUrali-aggregate reactions: alkali-silica reactions are reduced significantly by the 



removal of lime in reaction with fly ash, which reduces the pH of the pore fhid and the 

capacity for increases in pH caused by the aggregate. Figure 15 describes ciramatic 

reductions in the eEects of alkaIi-silica reactions through the use of 20% fly ash in one 

case. The beneficial effect of fly ash is, however, highiy dependent on the composition 

and fineness of the aggregates. the cernent and the pozzolan, and on moisture conditions 

and permeability. For fly ashes wirh more than 1.5% alkali content, it has been found 

that smaii replacements of ash for cernent in the mixture result in increased reactivity, 

while larger replacements have a beneficial effect (34). 

Aggregates found throughout most of mainland Nova Scotia tend to be very reactive, and 

their use without fly ash has resulted in major detenoration in structures in as Iittie as 

meen years. 

Freezethaw attack: the expansion of fieezing pore water can severely weaken concrete, 

and agents are typically used to entrain air which to absorb the expansion. The size of the 

air bubbles depends on the air-entraining agent, typically 

0.05- 1 2 5  mm ui diameter, with an average sepadon of 0.25 mm (2). The demand for 

air entrainhg admùmire increases with fly ash content and, as s h o w  in Fig. 16, there is 

no appreciable increase in air content mtil a threshold admixhire content is reached. The 

threshold is a fùnction of carbon content ("Loss On Ignition") and possibly heness and 

pH, and may Vary considerably. 

However, air entrainers are not signincant to the cost of concrete (Table 6). A simple 

"foam indexrt procedure is used to predict air entrainment requirements at the site. Fly 

ash concretes are aiso more prone to air loss with prolonged mixing. 



ScaLing: the resistance of HVFA concrete d a c e s  to scahg fiom de-icer sais is less 

than that for ordinary Portland cernent concrete (1 7): it is infêrred that the preparation 

and curing of the d a c e  are critical to the penetration depth of de-icers, as for 

carbonation and surface shrinkage. However, the resistance to de-icer scaling is better 

with lower rates of fiy ash than with no replacement (20). 

RELIABILITY AND QUALITY CONTROL 

The components in fly ash which cause the greatest variability in the performance are 

calcium oxide (lime) and carbon. ASTM standards limit the carbon content at 6%, with 

an exception to ailow up to 12% carbon if approved by the user. Limits are placed on the 

lime content by requKing minimum contents of the combination (S+A+F); reevised 

criteria which would classi@ fly ash by Lime content have been proposed by several 

sources (1 4). 

Two classes of fiy ash are defined by ASTM Standard Cd 18 (Table 8): 

- Class F fly ash is normdly produced fiom burning anthracite or bihiminous coal. 

It has a relatively low proportion of lime; (S+A+F) > 70%; ponolanic only; and 

- Class C fly ash is n o d y  produced fiom buming lignite or sub-bitimiinous 

coal. It has a relatively hi& proportion of lime; (S+A+F) > 50%; poaolanic 

and cementitious. 



Methods for samphg and testhg fly ash are contained in ASTM C3 1 1-85 (1  3) and 

blended hydraulic cements are specified in ASTM C595 (1 1). 

Areas that are seen to require research include the development of rapid test methods that 

can be used to predict long-tenn performance, and mathematical modeliing to spece  

materials appropriate for individual projects (1 4). 
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NOTATION (17) 

Cement diemist's shortfiand notation will be used throughout this teport to desaibe the principk cement 
o d e s  (Si@ = S; Ca0 = C; M203 = A; Fe@, = F; SOI = S; H20 = H) and reiated phasa.. 

C3S (alite) 
C S  WW 
C A  
w 
c f i  
CH 
C-SH 
C-A-SH 
Cs 

AFm 
AFt 
C&-&H~ 
c+CSH~ 

CizA~4Hl6 

tricalcium siücate (-0-Si03 
dicrilaum milirnte @Cao-Si&) 
tricalcium aluminate (-0-Al@,) 
calcium duminokmte (4CaO-AI@pFe&) 
gehlaiite (2CaO-Alfi-SiQ) 
d a u m  hyddde  @ortlandite) (Ca(Ow 
amorphous or semi-aystalline calcium silicate hydrates 
amurphous or semïuystalline calaum aluminosilicate hydrates 
anhydrite (Cao-SOS) 
sypsum (W-S4.2HP) 
d i u m  sulphate hemihydrate (CaO-W+sHzO) 
rnonodpfiate aluminoferrite, rnondphoaluminate 
ûisuiphate aluptinofezrite (etûingite) 
ettringite (-0- A120j-3CaS04-31X@) (also 32&0) 
mondphdumihate (3CaO~Alt4-CaS04- 13H@) 
gehlemite hydrate, stratlingite (2CaO-Ai203mSiOy8H20) 
hydrogarrttt (12CaO-3A.l&~F~~.4siOp16HzO) 

Abbreviations 
AAS 
ASTM 
BEI 
M G  
EDXA 
HVFA 
MPa 
psi 
QXRD 
SEI 
SEM 
TGA 
w/c 
w/s 
XRD 

atomic absorption spectroscopy 
American Society for Testing and Materials 
baciirscattered electron image (mode) 
derivative thennogravimetric analysis 
energy dispersive X-ray analysis 
high-volume fly ash 
m e g a p d  
pounds F square - 
quantitative X-ray diffraction 
secondary electmn image (mode) 
ScannPigetectronmiaPscopy 
thennogravimetric anaIysis 
water to cernent ratio 
water to soiid ratio 
X-ray diffraction 



III 65-6 
63 -3 

I 

t Correctcd for fht Cao. 

Table 1 Composition of some Podand Cements (1) 

Burnt clay 
Burnt ciay 
Spent oil shale 
Raw gaize 
Burnt gaize 
Raw rnoler 
Burnt rnoler 
Raw diatomite (USA.) 
Burnt diatomite (U.S.A.) 
Fly-ash (US A) 
Fly-ash ( U S A )  
Fly-ash (British) 
Fly-ash (British) 

3-3 3.9 3.9 1.1 1-6 
2-7 2-5 4-2 2-5 1-3 
4-3 1-1 3-6 2-1 3.2 
2-4 1-0 - 0.9 5.9 
1-2 0-8 - Trace - 
2-2 2-1 - 1-4 5-6 
2-3 2-2 - 1-5 - 

Trace 0-6 0.4 - 5.3 
1-5 2-2 3-2 - 0.4 
7.0 1.1 3.95 2.8 1-2 
11-6 1-1 3-14 2-0 7-5 
2-1 2-0 5-7 1-8 0-9 
3-6 2.5 4-2 0.9 4.1 

Table 2 

-- 

Indudes carboa in case of spenc oii shale and fly-a&. 

Percentage Composition of some Artificial Pozzolans (1) 



Table 3 

Qeneral class 

Mechanical 
collectors 

Fabrlc 
fllters 

Electrostatlc 
precipltators 

Specific type 

Baffle 

Conventional 
cyclone 
High-efiiclency 
cyclones 

Automallc 

lmplngament 
baffle 
Packed lower 

Dry, slngle- 
fleld 
Wet (charged- 
drop scrubber) 

Typlcei capaclty 

1000.3500 It1/rnin per 
ftl of intet area 

2500-3500 ft '/min per 
ft' of iniet area 

1-6 ft'/min per ft' of 
iabrlc area 

400.600 ItB/min per ft' 
of baffle area 
500-700 ft'/rnin per f i '  
of bed cross-sectional area 
600030,000 I t  '/min per 
11' ot throat area 

2-8 ft'tmin per 11' of 
electrode coilectlon area 
5-15 ft1/m1n per ft' of 
electrode cotlectlon area 

Overall 
3 f f  lciency 
(W 

Source: Adapted lrom K. Wsrk and C. F .  Warner. Air Pollullon, II$ Orlgln and Conlrol, 
New York: IEP/A Oun-Donnelley Publlsher, 1976. 

Operating Characteristics of Particle Collecton (14) 

Fractional efflclency in 
percent for 

varlous size ranges In m 
0.5 510 1020 20.4 >44 



Electrostaticallv ~reci~itated 

Table 4 

Constituent 

Glas 
Magnetite-hematite 
Carbon 
Anisotropic material 
Aggrega- 

Totals 

Whole 
sample. %" 

% ïetained on sieves' 
74 44 37 25 
~m r m  cim r m  
No. No. No. No. 
200 325 400 500 

32 49 52 56 
2 14 13 14 

3 3 8 9 5  
27 23 18 15 
6 7 8 1 0  

% 
~assing 

No. 
500 

87 
5 
1  
3 
4 

'Percentage is based on count of more Umn 300 partides in each sieve fraction. 
"Percentage is based on gradation of as-received sample and on distribution of 

eonstituents of wet sieved fractions. 

Mechanically collected 

Mimralogical Compositions of Particle Size Fractions of Two Fly 

, 
Constituent 

Giass 
Magnstite-hematite 
Carbon 
Anisotropic material 
Agg regates 

Totals 

Ashes (14) 

Component 

S i 4  
AI201 
Fe201 
Cao 
Free Ca0 
Mg0 
- 2 0  

Ka0 
soi 
C 
LOI 

M o l e  
sample, 96" 

58 
16 
13 
4 
9 

100 

% retained on-sieves' 
74 44 37 25 
PF r m  rm r m  
No. No. S .  M 
200 325 400 500 

35 55 61 58 
8 5 20 26 

47 29 7 8 
3 3 3 3 
7 8 9 5  

100 100 100 100 

Abdun-Nur 
1961 

% 
passing 
No. 
SSf 

63 
16 
5 
5 

11 

100 

Jarrige- 
1971 

1 Bituminous 
coal 

7 

Lignite Lignite 

1  B2S 
12-15 
&8 

43-49 
1825  

} *: 
5-9 
1-3 

1 

Table 5 Chernical Composition of Various Fly Ashes ( 14) 



kmE This cornparison is based only on the material msts to the ready mix producer 
for the material required to produce the various concrete mixtures 

UNIT PRICES 

cernent $120.00 per tonne 
fiyash $60.00 per tonne 
sand $9.00 per tonne 
stone $1 0.00 per tonne 
air entrainment $1 -05 per litre 
wrda82 $1 -40 per lire 
wrda 1 9 $3.00 per litre 

! PRlCE SUMMARY SAVINGS :p7d--] 20% FA $60.58 $2.74 

55Oh FA $58.1 5 $5.17 

cernent 355 kg. $42.60 
flyash O kg. $0.00 
sand 778 kg. $7.00 
stone 1040 kg. $1 0.40 
air 230 ml $0.24 
wrda82 2200 ml $3.08 

TOTAL: S3.32 per cubic metre 

cernent 296 kg. $35.52 
fiyash 74 kg. 94.44 
sand 750 kg. $6.75 
stone 1040 kg. $1 0.40 
air 240 ml $0.25 
wrda82 2300 ml $3.22 

Total 1 $60.58 per cubic metre 1 

MIX C 
37.5 MPa High volume flyash syste 
I 

cernent 150 kg. $1 8.00 
fiyash 190 kg. $1 1.40 
sand 750 kg. $6.75 
stone 1100 kg. $1 1 .O0 
air 190 ml $0.20 
wrda19 3600 ml $1 0-80 

Total $58.1 5 per cubic metre 1 

Table 6: Concrete Mix Cost Cornpanson (19) 





A. Chernical requirements 

(Si03 + A120) + FerO,). min..% 
SOI, max.. % 
Moisture content. rnax.. % 
Loss on ignition. max., % 

Optional chernical requirements 

Available alkalies. as Na20. max.. % 

8.' Physical requirements 
-- - - -  

Fineness: 
Amount retained when wet-sieved on No. 325 (45 p m )  

sieve, max.. % 
Poaolanic activity index: 

With portland cernent. at 28 d. min,, % of control 
With lime. at 7 d, min.. psi (kPa) 

Water requirement. rnax.. % of control 
Soundness: 

Autoclave expansion or contraction. m a . .  % 

Unifomity: 
Specific gravity. max. variation from average. %" 
Percent retained on No. 325 (45 pm) sieve. rnax. 

variation, percentage points from average" 

Optional physical requirements 

Multiple factor. product of LOI. %. and fineness. %. max. 
lncrease of dryina shrir,l.2~= c! ;r.z?=ï bars at 

2S d. ma..  Z 
Uniformity requirements: 

When air-entraining concrete is specified. quantity 
of AE agent required to produce air content of 18.0 
vol % shall not Vary from the average of previous 10 
by more than. % 

Reactivity with cernent alkalies: 
Mortar expansion at 14 d. max.. % 

Class F Class C 

'Reduced from 120% in 1984. with the provision that Class F pouolan containing up to 12.046 105s On 
ignition may be approved by the user if either acceptable performance recordsor labofatory test reSult5 
are made available. 

"Average established by the ten preceding tests. or by al1 the preceding tests if the number is l e s  
than ten. 

Table 8 Chernical and Physical Requirements Defined in ASTM C618-85 for 

Fly Ashes for Use in Portland Cernent (14) 



Composition by volume (%): 
air 
mix or capiliary water 
imbibed water in pores 
gel water 
solid product of hydration 
unhydratecl cernent 
fine aggregate 
-= wgregde  
TOTAL: 

Water content (% of concrete volume): 
combined water 
gel water 
mix or capiilary water 
TOTAL: 

Poroçity (% of conwete volume): 1 9.4 15.8 14.2 - 
120 t 

figure 1 

Mix proportions 1 :2:4 (cement:fine aggregate:wane aggregate. by mass) 
watericernent ratio 0.55 
entrapped air 2.3% 
water added during cunng 
no air entrainment 

: volumetric proportions of cwcrete during- hydration. 



PORTLAND CEMWf 
COMPOSlTlONS 

Figure 2 Equilibriurn Diagram. S y stem Cao-Al&SiO, (1 ) 



I 
Ca(OH), + calcium silicate hydrate gel (ClS about 1-5) 

inmrporating some &O3, Fe203 and S 0 3  

IIIa I 
f 

CIlaum silicate hydrate gel (GIS 1-5-1 -8) contaihg A1203 
lIIb 1 

C 
More crystalline pmdud (?) 

3CaO .A1203+CaS04 . W , O  Kao. AI,03. Fe203 + CaS04. 

I 2H20 + Ca(OH)* 
IV Imrncdiatc IVa 1 Qui& 

4 e 
Needles of 3CaO. A1,0, .3CaS04. aq Needles of solid solution 3CaO. 

(A1203, Fe O ).3CaSO,.aq 

v I 1 
4 + 

Hexagonal-plate d i d  solution Hexagonal-phte solid solutions 
3CaO .fi203. Ca(SO,, (OH),) .aq 3Ca0 .(&03, Fe,03). CaSO, .aq 

andlor 3Ca0(A1203, Fe203). 
Ca(SO4, (OH),) - aq 

I kf 

Hexagonal-plate solid solution 3CaO. (A1203, Fê203). Ca(SO,, (OH), 
SiO,) . aq and possible formation of 4CaO. (A1203, Fê203). aq 

Hydrogarmt phase containing alumina, f&c oxide and silica 

Figure 3 Hydration of Ponland Cernent (1) 



Figure 4 Scanning Electron Micrograph of CSH and Ca0 Crystals in Set 

Conczte (1) 



Figure 5 Cornparison of Composition of Nine Fly Ashes with Blast Furnace 

Slags and Portland Cements. System Cao-Ai,O,-SiOz (14) 





Weight, % undersize 

Equivalent sp herical dianeter, p m  

Figure 7 Particle Size Distributions of Three Fly Ashes & Type 1 Portland 

Cernent (14) 





Figure 9(a): SEM of hc tu re  surfaces in HVFA pastes (1 7) 



Figure 9@): SEM of hcture surfaces in HVFA pastes (17) 



Figure 9(c): SEM of fkture d a c e s  in HVFA pastes (17) 



Mixîure Cemenl Fty Ash Oensfly Cornprersiva Strengih, MPa 
No. Source kglm3 1 d 7 d  28d 81 d 1 year 2 yean 

EPi S 
EP2 O 

EP3 S 
EP4 O 

EP5 S 
EP6 G 

EF7 S 
€Pa O 

EPQ s 
€Pi0 O 

EPi 1 S 
€Pl2 O 

EP13 S 
EP 14 O 

€Pl5 S 
€Pl6 G 

Montour 
Monlour 

Bowen 
Bowen 

Lsland Olds 
Leland Olds 

Gibson 
Oibaon 

Coal Creek 
Coal Cteek 

Belews Crsek 
Belewa Cteek 

Gorgas 
Gorgas 

Navajo 
Navejo 

Figure 10 Compressive Strengili Developiiieiii of Concreies iiiade wi ih  various 

fiV1:A Mixtures (17) 



Figure 11 Envelope of Compressive Strength in a Structural Field Application 

Figure 12 Reinforcement of Shell Element for an Offshore Platfom (23) 



0 Portland cernent p a .  (LTS 14. hiCh 
Reseuch Department Bulletin 26) 

A 16.5% Clrss F ny ash (Chicago) 
O 28% Cliss F fly ash (Chicago) 
O 37% Clrsr F fly ash (Chicago) 

- 

- 

1 1  1 1 1 

7 28 90 5100 
Log curinq tirne, days 

Figure 13 Changes in CaIcium Hydroxide Contents of poniand and Po~olanic 

Cernent Pastes During I4 Years Moist-Curing (14) 

5 70°A portlond cernent, 30 Oh f ly  osh 

Cementinp ma terials ln concrefe, ib lyd (kg /m3 

Type 1, PCA 

Figure 14 Permeability of Concretes Made Wiih and Wiihout Fly Ash ( 14) 



Replacement : equol 
parts by weight 

0% cernent replocemenf 

10% cernent replacement 

Y 20°/0 cernent repiacernent, I 

2 

~ i r n e ,  yeors 

Figure 15 Use of Fiy Ash to Control Aikali-Aggregate Reactions (14) 

mt of concentraied odmixture per kg cernent f ly osh 

Figure 16 Typiçal Air Content Versus Air-Envainhg Apnr Dose Rare: Monan 

With Four Differenc Fly Ashes (14) 



I 
0 Portland cernent paste (LTS 14, high 

Research Department Bulletin 26) 
A 16.5% Class F fly uh (Chicago) - 28% Class F fly ash (Chicago) 
0 37% Class F fly ash (Chicago) 

- 

- 

7 28 90 5100 
Log curing time, doys 

alkali Type 1, PCA 

Figure 13 Changes in Calcium Hydroxide Contents of portland and Pozzolanic 

Cernent Pastes During 14 Years Moisi-Curing (14) 
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BIGE-PERFORMANCE CONCRETE MIXTURE 

DESIGN AND TESTING: 

RESULTS (GRAPHS) 
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Developmcnt of HPC - Mixture #7 
ASTM CS 12 - Specifi c Craep of Concrcte 

50 f 00 150 
Age Under Load (days) 

FIGURE C. 1 : Specific creep vs. age 



ASTM 672 - 91 a 

HIGH PERFORMANCE BRlffiE - MD(TUR€ t l  (7) 

Note: Values are based on an awrage of two pl* and are nted aJ an amount in kglm'. 

1 

SCAUNG TEST 

Scaling Ratings to ASTM Standard 672. CI. 10.1 -5 
t 

Rating O - no scaling 
Rating 1 - vety slig ht scaling 
Rating 2 siight to moderate scaling 
R d n g  3 @ 5 &es moderato d i n g  
R&ng 4 @ 10 cydes madente tca severe d i n g  
Rating 5 N/A severe scaling 

FIGURE C.2: Scaling test, M i m e  #7 



OF SCALING TESI ASlM 672 - 91a 

HIGH PERFORMANCE BFUDGE - M W R E  M (10) 

Note: Values are based on an average of two plaîes and are ratad to an amount in kg/m? 

SCAUNG TEST 

Rating O - no d i n g  
Raîing 1 @ 5 cydes very slight scahng 
Rating 2 @ 40 cydes dightto moderate scaling 
Rating 3 N/A moderate sali ng 
Râting 4 N/A mode- to severe scaling 
Raîing 5 NIA severe d i n g  

FIGURE C.3 : Scaling test, Mixture #IO 



Date: 04-1 9-1 097 

alsius Temperature and Maturtty vs Tima Maturity Houn 

O 12 24 38 48 60 72 84 108 120 
Time From Batching, Houm 

TUNS-HPC [GH]Qdnirn Temp I TUNS-HPC 

FIGURE (2.4: Adiabatic heat development: 
- temperature and maturity vs. time, Mixture #7 





APPENDIX D: 

BRIDGE SPECIFICATIONS: 

SPECIAL PROVISIONS FOR 

MATERIALS AND CONSTRUCTION 

OF IN-SM'U AND PREXAST CONCRETE 

NSDOT PROJlECT NO. 97-029 



SPECiAL PROVlSlONS 
TENDER NO. 1997QOOl7'7 

PROJECT NO. 97-029 

50 mm square rnetal posts as direded by the Engineer. 

More than one smaii sign may be bcated on a single post and small signs may be located on posts of 
b e r  signa but in both these cases. the unit bid pria fbr erecSon of a partiailar type of sign wil indude all s q ~ s  
lacated on the particuhr sign past(s) in question. 

Erection of Reguhtion Sgns for this contract wii be paid per sign installed and shall be full ampensation. 
W a i g  aP mabwSals. fa&, equipment and ncidentals riecessary to complete the work to the satisfacoOn of the 
Engineer. 

The cocitractior is advised that Division 5 Sedion 12 of the new standard speOfication~haf1 be ad hered to on 
mntr;rct except as madifieci belw. 

If the pipe is damaged by the tontactor durhg the sahage opecation, it will be the responsibility 
of the comctor  to rephce the pipe. 

NSWRTATlON AND P- OF PORTABLF JERSEY BARRI= 

Portabie Jersey Barner stiaa be used on tfii amtract for tmfk umtroi purposes ancüor for the pridection of open 
~TheportableJersqrBarriershasbesupp[iedby~Oepartmentand~remaUrthepropertyofttie 
Department &the condusion of the contra& The Contracbor shal) male every e f b R  to ensure tfrat na units are 
damaged mile being ûaqwted andlor docakd. Should any units be severe!y damaged or destmyeâ by tne 
amtra&r during the or rebeatiori operatioris, they shatl6e replaced at the ConûacWs expense- 

The Portable Jersey Bamer shafl be p i d d  up at local D O T W  Depots and returned to the same lacations 
followaig compWhn of- part oi the coritrad requiring its use The Units may be at the MadeIlans Brook Deot 
andor at the Amherst &pot 

TransporMion and Placement of PortaMe Jersey Barfier wii be paid for at the contrad unit bid pr ie  per metre 
w h i i  stiatl be M comperisatiori for the Wng,  unCoaamg. hmpodabn, phcement return and unloading of the 
barrier at its original kcation as d i i  by the Enguieer- This pfke shall alço indude aii equipment phnt labour. 
bols and inadentais necessary tu camplete the work to the satisfaction of the Engineer. 



SPECIAC PROVlSlONS 
TENDER NO. I g W - O O O I  77 

PROJECT NO. 97-029 

Payment for this item wia be made at the contrad unit pfke per mette for Relocaüon of Portable jersey barrier 
w h i i  priœ sha[l be MI compensatiori for the suppiy of aü equipment, phnt, labour and incidentais necessary to 
mrnpie2e the Hlork b the saü&&n of the Engineer. 

The Contncfor is advised that the following Special Provisions refer to Section 5 of the 
Conttact 

Sedon 5.0: WEST RNER EAST SlDE ROAO STRUCTURE, Constructiori of a two span stmchrre with 
Presbessed G i n  u b i i  Highway Performance C o m t e  for a l  comte  elements of the 
stnicbre. 

5.7.2 - CAST IN PLACF - HIGH PERFORMANCF CONC- 

2.0 REFERENCES 

Ali teference standards shall be current issue or latest tevisiori at the first date of tenâer adverthemerit This 
specification refers ta the follawing standards, speàfications or publicatiaris: 

3.0 SUBMISSIONS AND DESIGN RKllUlREMENTS 

Submission and design requirements shall be governeci by the pmMons found in Di i ion 5 Section 7 of the 
Standard Speafication, except that addiinal tequirementç as speafied herein shaU apply. 

3.1 Ready hni Conmte SuppTer. At tender dosing the Contmctor shaU advise the Departmerit of the q u a M  
ready mix corraebe supptier, sources of fine and coarse aggregk, cement, fiy ash and admixtures proposed foc 
the projed The Coriûacbr shan not be p e W  to change the cuncrete supplier or aïter mixture proportions 
without wntten permission h m  the Department - 
3.2 Mixture Proportiorrsrr' Requirernents. AR mkhm pportions shall be s e l m  on the hasii of an 80 year 



SPEClAL PROVISIONS 
TENDER NO. 1997-000177 

PROJECT NO. 97-029 

design T i  of the bbucbira. In a d d i  to the test requirements found in Division 5 Section 7. the Contrador shaff 
pdbm aP nec6ssary tests i n d m  in thiï spkification b demaiotnto the long terni perfMmanat and duability 
of the maCecials and amcmte m- The HPC mirdure sha! have a minimum compressive sttength of 60 MPa 
m 28 days. 

3.3 HighPerRmisnsTriaLAbtalslabshaabacompiorbplacjngonaetainmd& m(lCmûactor 
shall cast a c o m t e  dab 8 m wide by 9 m long by 215 mm thick at a sb identified by the Contracdor artd 
~ e b t h e D e p s r b n e n t  Riarr$bshaUbep(aced.finistied.temiredsndanadasreq~iredby(hacOnaad 
documents using the sarne methods, personnel and equipment to be used m the work 

4.1.1 Fine aggregate. Fine aggregate shal lx washed and das&ed b, amforni to the gradation lbnib specifed 
in CSA except that ttie arnount of matefiai finer aian 80 urn shan not exceed 1.7%. The fineness modub of fine 
aggregate shall be between 260 and 290. 

4.1.2 C o a ~  Aggregabe. Cœrse aggregab shal a>risist of washed cnished &one havtng a nominal maximum 
&e cf20 mm, Coarse aggcegate shafl be non-mdm . . w h n  îested in accordance witfr CSA A232-14 or 25A 
The rrra#mum combrrratKm of elongated and fiat and ekmgabd partides, as defkâ in CSA A232-13A shall 
not exceed 10% of the mass  

4 2  Water. VItabw used h concrelm produdicm and arring sha8 coclform to CSAA23.1 and be dean and free fFwn 
injurious amounts of oil. a d ,  a b i i  solublechlorides, organic matter, sediment or any deleterious substanceç. 

4.4 Cernent The cernent shan be Type 1OSF (law aikati) meeting the requirementr of CSA A362 The s i i i i  
fume content sbü be between 7.5 and 9.5 perr;ent of the tDtat ce=?t x i .  The tricalaum aluminate conent 
shall be between 6 and I O  percent. The alkali content as N+O equivalent shan be kss than 0.6 percent Heat 
of hydration s h d  be less than 350 kJkg at 7 days. 

4.5 Supplemeritary Cementing Maberials. Fiy ash shaü be producecl by the combustion of pubefized coal shan 
be Type F and meet the requirements defîned in CSA A235 The total sum of the SI- fume + fty ash must not 
exceed 25 percent of oie tahl œmentltious amtent 

4.6 Curing Materials. Curing compounds shail conform to ASTM C309. Buciap shall be free f i m  bles, day or 
other substances Wh'& wouiâ have a deleterious effect on comte.  
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4.7 Evapoaoon Reduar. E~pocation rebuter (Mmhg a m0IK)mdeCUlar film which retards evapontion. shal be 
'Confilm' by Mastar Buders or an approved equaL The rnmng ratio for ConNm shall not be less than one part 
of evaporation reduœr to - four parts of water, 

air entraining 
water reducer andor retarder 
superptastieirer 

Cement Type 1 OSF (law aikali) (kgd) 
Fly ash Cbss F (kglrn') 
WilMCare fine aggregate (kgld! 
WiJJ-Kare awse agg-te 
watef (Un?) 
ûarex EH ( ~ l û û  kg cernent)as required 
Daratad 17 andlof WRDA-82 (NI O0 kg œment) 
WRDA 19 (rnUd) 
Wateflcementing matenais ratio 

'Quantities of water air entrainment, reducer anâior retarder shali be adjusted to suit da@ conditions. 

P i C o c ~ x e t e T & ~  
Slmp (CSA A23.2-5C) 
Air Cori6ent of Plastic C o m t e  by Presçure Method (CSA A2324C) 
Unit weight and Yield (CSA A2324C) 
Compressive Sbengtti Testing (CSA A232-9C) 
3 cylinders ta be tested at 7 days 
3 cy l inda  to be tested at 28 days 

* Air Void Anaiysis on Hardened Colxxete(AStM C4n) testecl at 7 Days 
EIedncal Indikation of Caiaete's Abilii to Resist Chlofide Ion Penehation ( A m  C1202) tested at 28 Dap 

C o m t e  mhdures shaii be pportioned to meet the foaowing: 

Minimum ameniing mteriak content ..................................... 4 k W  
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................................... Maximum waterkementing mateWs ratio.. . . O 3 4  
................................................ Nominal sire coam aggregate . . O  mm 

Maximum slump before superplasticaer. ...................................... -..GO mm 
Slump a f k  suFierplasticP . . ............................................................. er. 1 90 +/- 30 mm 

.................................. *Air content at point of discharge fm truck 7 +/- 1 % 
..................................... . Minimum 28 day cwnpresshre 6 0  MPa 

Maximum spacing factor of hardened concret& not to ex& ....... .-260pm 
'Aveiage spdng hdor of hardened concrete not to exceed ....... ---.230wn 
FZapkl chlarlde penneaMIity (91 dap) .............................................. c 600 coulombs 
Maximum corrcrete ternperaaire(fmm d&'nrery equipment) 
thiclcness > 2 mûes ......~...........................................................-....... 18% 
thidaness < 2 mm ....................................~.................................-.. 25% 
Max. oommte tempemture(itClSfhl) .... ........ ....... .. ....... 70 OC 
Maximum temperature g I a C T i t  ................................... -tttttttt.-----...20 Wmetre 

Conctete shan be m'W. transported, pbced and finished in accordance with DiNision 5 Section 7 except as 
modiied herein. 

Concrete shall not be p k d  when the air temptahrie exceeds 25°C or is Iikely to rise abave 25'C during 
. A  pbament R i e ( e m p e r a b a e o f ~ f o n r n r i i a r k , r e i n f o r c i n g s t e e l o r o ~ ~ a ? ~ ~ S ~ c o n a e t e i s t o k ~  

shall not exceeû 25%. The m*mum c o m t e  temperature at the point of discharge shaii not exceed the 
temperaturies specified in Section 4.10 of mis spedîbtion. 

SuperplasticPer shaII be added on site and shali be used in al1 conmte. 

Coramte plaang cnefhods and equipment shall be such that #a conaete is mveyed and deposited at the 
speLaRd siump,wi!hwtqagrepaoon. andwilhoutchanging oraRecliylthachrspecinedquatiSesdthe mixture. 
The maximum volume of -te delivered to the site shan not exceed 7 5 percent of the mixers tateâ capacity. 
A min- of tm, vi'bradocs shall be used to O O l l S O r i  the -te in an phases of -, 

The de& SM! be iin'shed using a mechanid areed machme foaowed by kifllbating and final te>during. Fnal 
finishing. (e*hirhig and curing shaU be completed wWin 1.5 metres behinâ me screed macei'me. A wrk 
bridge(mobiie catwalk) shaii be used following the s#eed machine for buifkatin9 and finMing opemtions. An 
evapaatiori reducer shaO be used d i  after initial screeding andlm bdrveen tinishing operations as needed 
to aid in -ng and final texluring. 

The macMe shaü be ~ ~ ~ r o p e f i e d  and travel on rails- It shaii be fmed with a mtatng cyiïnder screed. 
an a d j  powered  sa^ auget and a vibtator mounted in hont of the screed. It shali be capabk of fwward 
and reverse movement under positive control. 'Che- shal be provision for raising al1 screeds to dear *e 
screaded surlke mmavt adJuriing the lego. lt shaa also be pmvided with a lod<ing device at ea& k g  to p r e m t  
vertical adjsbrient lhe Cinishing machine shali be capable of obtaining an acceptable surfas texture without 
excessive additional hand finishing. 

A work bridge cidm on the saeed rails behind the finishing machine with a workmg ptaform not higher than 0.4 
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m above the M i  surfaoe, shall be pcPrided to fMhte hand finimg Wrk. concrete insrnon, and pbang 
ofcurfngmatieriats. O n ~ ~ t h a n # m o r w i d e r t t w n i O m , a ~ M x k b r i d g e s h a l l b e p r o v i d e d .  
When Mm bridges are required, the trail i i  work bridge shaii ride on the screed rails and shan be used for 
the purpose of ptachg the curing materiais and shan have suffiaerit dearanca to albw for tht proper p k h g  of 
the airing matarials. Scteed tail diairs shatl be ad jmie  in height and made of metal. 

AIter~,t)rededcshflbe~withawirekoomw#xnbhavingasaiglerowoft ines.  Therequired 
textute shan be transverse groaves behween 1.5 to 4.5 mm m width at centers between 15 arid 20 mm 
respectively. The depth of gfmres shall be between 3.0 to 4.5 mm, 

If fonnwwk is used to aid airing, it shali not be removeci unti five days aftef the concfete placement In a d d î î  
to the forms, ateas exposed &ail be cured in accodanœ with Divisiori 5 Section 7. Whefe bonding is aiticai 
between finished surfaces, ancrete sections shall be moist cured onfy as descri- above for the deck 

5.1 Insbwnentaüon: Uesearchers shall have free a c e s  for the purposes of instatling instrumentation and 
monitoring dedc ancre& at an tunes. These instruments will be used to rnonibr steel conosiori. the intemal 
temperature and cmcretie dedc deflech'on due to creep, sh~kage ,  and üve ioads. 

6.0 QUALITY CONTROL 1 Q U M  ASSURANCE 

The Depalment or it's ~p~esentative shaP have the nght to sa- and test ail rnateriak used in the mixture 
design and given access to the produdion faalities of the ready m# ancre& suppkr. MateriaIs fai7ing to meet 
the specification shan be immedïately m. 

&meb shail be testecl fw sfump, air amtent and bemperature prier to and a& aie addition of superpbsticizer. 
Testing shaü be cafrieâ out at the point of d i e  from the truck and as dose as possible to final deposit into 
the forms. Sufiiaent supeqAaskker shafl be added to produce a msisteney as ind'icated in section 4 of this 
specificatiori, Superplasticirer shali be added on site and mixed a minimum of 5 minuies priar to retesting. 

cMass d e n e  and yield 
-Cornpressive Strength (six cyiinders per set) tested at the ionowing ages: 

1 at3days 
1 at 7 days 
2 at 28 days 
2 at 91 days 

+Miicopic Detemination Of Air Vood Content and brameters 
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?.O MEiliOD OF MEASUREMENT 

8.0 8ASIS OF PAYMENT 

NCF CONC- G l R D m  

Al1 reference s&ndards shan be c m t  'issue or West revision at the 6rsî date of tender adverüsemmt This 
specificaîion refers b the foaowing standards, speaficabjons or publications: 

3.0 SUBMISSIONS AND DESIGN REQUlREMENfS 

S u b m W i  and design requirements shail be governad by the prwvisi i  fwnd m Miai 5 Section 8 of the 
Standard Specificatiori, except that additional requirements as spec5ed herein shaii appiy. 

3.1 FabricaSai of Girden. At tender doshg the Conttador shall aâvise the Deparbnent of the girder supplier 
pmposed for (ha pmject Pnnaot facüities are to be csrtilied as per the requirements d CSA-A25l.,- 
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Ail materials rrçed in the manufacture of precast prestrwsed coriaete girdeis shan conlbrm to the requirement 
found in Diviskri 5 Se!cüon 8 except as modiiied herein: 

Prestressing strands sball oompiy to DiNision 5 Section 8 exicegt îhat the pfWmsing strand shall be stabiloed 
havnig a noininai diameter of 16 mm and an uftiniate teilsile strength of 1860 MPa MW othenMse sgeafied- 

6.0 QUAL17Y CONTROUQUALIW ASSURANCE 

Quality amtrdlqualii assurance shan be conducted as i n 6 1  in Dnrisioii 5 Section 8 of the Standard 
Specifications. 



SPECtAL PROVlSlONS 
TENDER NO. 1997-000177 

PROJECT NO. 97-029 

Payment &ail be made at the conbad lump wrn bid pr*e fix High Pedomâmr, Precast Prestressed C o m t e  
Glrden. This price shall be full ampensafion îbr ail (ahour. ma<erkIs. plant and servicas massary to 
manufadure. deii~er and ered the girden in ttie fiml postlion, as shawn on the shop drawings. and to the 
d s f a c t h  ofthe E n g i i .  This p b  shali a b  indude any addiinal mbmne designs and testhg if appkabie. 

Ihis Item is intendecl to m e r  both the supply and installation of aii beanngs as detailed on the Orawings 
or appmved equal. 

Blldga beahgs shal be elaJtomeric bearhgs as shown on the D-ngs. Ail bearings shaû conbm to 
the Iatest edittiori of C.S.A ç6-MB8, Design of HQhway Bridges. Stee4 components shan be b C.SA 
04021-300W-300W 

Al1 exposed steel surfacet shaU be zinc metaltireâ. (minhum thidourss of 175 um) in the shop alter 
fabricah in accordance with C.SA 0189 - Sprayed RiieCal Castings for Abnospheric Com>sion Protedbn, or 
hot diiped gatuanhed in accordancet with C S A  Standard G1M. 

Parüai payment equal to one hundred (100%) pefœnt d the hnroia, pcics for ths Item shal be made to 
the Conûacbrwhen these unik have been delivered and pmperty sdared at the bridge site. The Contractor shall 
be responsiMe b c  the sa% ke- of these un& during transporh!h and aRer dehery at the site of wod< unt8 
the omplete structure has bcen aœepted by the Departmerit The -nt shail not be Tm& for the 
reptacenient of any un& or part the& if such becomes at any lime durhg th$ conbad 

This Item sha(l anfer the fabrication and delivery to the site of all joint seal asembGes required for the 
deck of the txidge as w d  as their intta0atkn. aibs showna the h a h g s  and as s m  herem: - - - - 

Details of these systems shall be in aaurdance WMI the htest ediion of the manufacbrefs technid 
bulletin, untess atiierwise appmed by the Engineer. 

Nemate systems of sealing the joints may be pmposed by the Contractor provided they satisfY the 
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requirements of these S-ns and are approved by the Enguieer. The supplier must provide evidenœ of 
possessing expertise in the fakication of joint seaî assembGes. In addition, such alternatives must be 
acumpanied by sufiident tedinical data and evidence of prier saWacWy performance to aibw a proper 
asesment of their capabiri  to be made- 

Joint seal assembliies shall be - fastened tio the taffic deck by means of a series of steel pMes 
compkte witti a kop anchrage sysdern wMe andwage on the CU- and sidewafks can be provided by means 
of KSM stucis. 

Ail weld'hg required in these assemblies shaü be camed out by a fimi certifiecl by the Canadian Wefding 
Bureau in accordance with îhe requiremerits of C.SA Standard W47.1, "Certification of Companies for Fusion 
Weldii of Skel çbucbmr for D'NBbn 1 or for D ' i  T. They shtilt hava the organization, personne!, welding 
procedures and equipmerit requiried tca produce satbkiay wekk consistent with good engineering pradice. 

Joint seals shali be watw tight m e r  the M range af movement of the joint opening from -29'C to +SOC. 
Installation of the seals shall be done under the supervision of repriesentatives of the manufacbrer and the 
Engineer and all mernent due to dfying, stuinlcage and creep of the amcmte as WU as the am- temperature 
at the time of instaibtibn shall be considerd ai setüng the initial width of the joint opening. 

No faial paymerit wi0 be made under this item untii the required cMÏkab as described herein has k e n  
received by the Departmertt 

Payment for joint seat assemblies will be made under thk Item at the contract bid price per meire which 
shall: be fun compensation for the fumiihi of all matefiais, equipment, tabour and seMces necessary to corn*@ 
the work in aaxrdanœ with the speafications and dFawings and to the satisfacüon of the Engineer. 

The Contractof shali bé responstble for the safe keeping of these unb duririg transportation and after 
delivery atthe sile of work untit the oomplete structure bas ken aocepfed by the Deparbnent The Department 
shaU not be r i  for the replacement of any units or part th- if such becornes necessary at any tane during 
the execution of this Contract. 

M 8.4 - CRACK W A l R  
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Bvis of Payment 

By qfoür sQnatu:e b m d e r .  

üwe hereby idenüfy àrS as 

t h e S p e c i a l P ~ ~  

fications refesed to in th& 

contr#texBcufed by mefus and 

beafhg &te ttée ....... day of ..... 
............... 19 ......................... 

1 
1 

1 N o v a S o a t i a û e w t  
) ofTranqmatiorr 

1 and Public Works, 

1 Haiïitax. NOM Scotia 

1 
1 
1 



HIGH-PERF'ORMANCE CONCRETE MlXTURE 

CONSTRUCTION TESTING 
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NSDoT: HPC BlUDGE PROJECT - CONSTRUCTION TEST DATA 

DATE 
c m  

28/08 

28/08 

29/08 

29/08 

02/09 

05/09 

05/09 

08/09 

08/09 

IO109 

:%?9 

15/09 

15/09 

1 7/09 

17/09 

7209 

22/09 

23/09 

LOCATION 

centre pier footing 

retanmg Wall footing 

centre pier column 

retaining wall 

retaining wall wing 

pi- cap 

east abut, tSooting 

east abut. beam scat 

west abut. footing 

West abut beam seat 

West abut, back wall 



TEST RESULTS / ..... 

DATE LOCATION 
CAS?' 

girder diagphrams 

trial slab deck 

girder diagphrams 

abut. retaining waII 

C Y L W E R  STRENGTH (MPa) SLUMP AIR 



ANALYSIS: 

DATE CAST 

AVERAGE: 

AV. CYL. STRENGîH (MPa) 
- no. of days: 



L 

O 20 40 60 80 1 O0 
t h e  (&YS) 

FIGURE El: average compressive strength vs. time 

project date (day #) 

FIGURE E-2: Zgday compressive strengtb vs. project date 



2 4 6 8 10 12 . 

air content (Oh) 

FIGURE E-3: 28-day compressive strength vs. air content 

2 4 6 8 10 12 . 
air content (%) 

- 
F I G W  E-4: 74ay compressive strength vs. air content 



FIGURE E-5: 7-day compressive strength vs. slump 

2 ' 
50 1 O0 150 200 250 

slump (mm) 

FIGURE E-6: air content vr slump 



ECONOMIC EVALUATION 

AND 

SENSITIVKY ANAILYSIS 

OF 

DESIGN OPTIONS 



NSDOT: HPC BRIDGE PROJECI' - ECONOMIC EVALUATION 

=a= 
The bridge is Zspan. skcwed, 70.7 m x 8.85 m widc. 
The bridge is a 2-lane ovcrpass to a cut section of devided highway. 
End supports arc he-bearing and the centrd support is wntinuous for Iive Ioad. 
Design loading is CS60 (CSA 56-88) 

critcna: financial: 

discount rate = cost of bomwing = 
esdation rate = 
applicable taxes: 

constmctioa costs: 

- construction quantitics are based on conceptual/prclirninary designs 
- the foundations, abutmena, pien, girders, deck, parapet wall and asphalt topping 
aré considered for cornparison of  structural options 
- only direct construction pnce estimates arc cornparcd (no testing, proj- 
management, administative overtieads, interest during construction, etc) 
- construction wa estimates are detailed below 

dura bility: 

- the expected life of the structure is 80-100 years (relates to the usefiil life of the bridge) 
- the life for which the original design may be considered valid is considered to be 
50 years (dates to changing traffic patterns and design loads) 
- a life of 80 years is taken for life-cycle costing and for design related to duxability 
- major rehabilitation or repairs of joints may be required &r about 35 years 
- routine replacement of asphalt and waterproufing may be required every 12 years 
- high performance concrete is expectcd to last for the design tife without replacement. 

high performance coacrete WC): 

- HPC with a design strength of 8O MPa, low penneability and controlled air-void 
spacing is proposed to irnprove the structural capacity of the prestressed girders and 
the durability of the de& beam seats, walk piers and abutrnents. 
- a premium of $60 per cubic metre is estirnateci for HPC, based on $15 for low-alkali, 
silica h e  blended cernent, $20 for cernent quantity, El0 for superplasticizer and $15 
for field contml and 0th- overheads. 



11 normal strength concrete; asphah topping (NSC) 
- 4 prcstrtssed concht t  girders pcr span; epoxy-amed deck reinforcernent 

21 high pdormance concrcte; asphait topping --A) 
- 3 HPC prtstressed girdas per span; HPC deck, pies and abutments; plain reinf 

31 high performance conacte; no asphait topping (HPC-B) - as for HPC-A txcept exposed HPC deck 

resirltr: initial c- 

- comparative initiai costs inciude: 
11 normal strtrigti concrete; asphalt topping ( M C ) :  
21 high pdonnance concrete; asphait topping (HPC-A): 
31 high perfbnnance ancrete; no asphait topping (WC-B): 

- options have a significantly lowcr cos because of savings in number of 
prestressed ancrete girders. HPC girders save in the order of', 
This cost swing is d i d y  attributable to the strength properties of HPC. 

- the exaa capital cast of HPC materiais for al1 on-site cancrete work (abutments, 
piers, deck and parapets) is approximateiy: 

- the epoxy-coating of NSC deck reinforcement is estimated to cost: 

- the use of an exposed HPC de& results in r e d u d  stnictwai weight and no 
waterpmfing or asphalt Exposing the cancrete dtck may save approx.: 
However, construction experience has not been pubiished to date. 

life cyde costs: 

- comparative life costs include: 
11 nomai strength concrete; asphait topping (NSC): 
21 high pwformance conacte; asphalt topping (HPC-A): 
33 high pwformance concrete; no asphalt topping (HPC-B): 

- the improved durability of HPC wncrete elements (exduding prcstressed girders) 
resuits in life cycle savings of approxirnately: - with asphalt topping: %20,3 1 7 

- without asphalt: $90.799 

- the results arc reasonaùly insensitive to variations in depreciation, escalation or 
the scheduie for repais, or the cost of repairs (see sensitivity analysis). 



1 footings 

lgirdcr diaphrams 

ldeck concrete, 
1 haunchs 





I 

iaunchcs 1 
I 
1 

- includes formwork, conacte placement and finishing; excludes teinforcement 

- approximate cost ( W 3 )  for installed conmete: 

- approximate cost ($/mA3) for installai con-: 
I 375 I 

I 400 
- total cost of item: 

- total cost of itcm: 

460 

leck reinforcing 

S7200 l SsSso 

i 
l 

-#20 @3OO B 
+ #15 @ 300 T 
+ #15 @ 300 T&B: 

23.57 kglmA2 
- epoxy coated 

2935 kglm"2 
- uncoatcd 

I 

- approximate aréâ of deck: 8.8S870-7 = 625 -70 
I I I 

- appmxi& con ($/kg) for instailed rehforcing: 
l 

I 1.65 I l.IO i 
- total cost of item: I l 

l 1 S24J30 1 $20,198 1 

t 
i - total cost of  item: 
I I 1 $26,018 
i 1 

parapet waik 

- samc â~ NSC 

I 

i 
i 

l 
I 

- approxirnafc volume of cancrete: 2*70.7*0.4 56.56 
- approximae cost (UmA3) for instailed reinforcd concme: 

1 400 i 460 1 

i - totai cost of item: 
1 1 $12,514 1 512.514 ! $0 

I I 

waterproofing 
- approximate area of deck: 

i 
8.8Sf 70.7 = 625 -70 

i 
- approximate cost (YmA2) for instailed waterpmfing: 

f 20 I 20 1 not applicable 



I 
80 mm asphalt topping 

! - appmxix&e volume: 8.85*70.7*0080 = 50.06 mA3 
- approximate cost ( W 3 )  for installeci asphalt topping: 

1 , 

not applicabie 
1 

180 j 
- total cost of item: 1 $9,010 S9,O 1 O 1 $0 

! ! 
t 

180 



Rehabilitation work being canied out at presmt typically includes: 

NSC: 

11 expansion joint repIac«nent: 
$1,200 - S1,800 p e r m e  every 10-30 years 

21 deck rrpain - mplace dci&inated conmete: mpiacc watapmofing and asphalt: 
S 1 60 - $220 per square m e  every 1 5-30 years 

33 q a i r  damage to other&&e nofaces, eg. abutment wdls, beam seas: 
550,000 - 200,000 20-30 

41 replace asphalt topping and wazesproofing: 
S 12 - 20 plus S16-20 per square metre every 8- f 2 years 

51 refated t r a c  control: 
$1 5,000 for asphalt replacement; $25,000 for joint or deck repairs 

Consider that improvernents in conventionai technology will extend the time period 
between major rehabiiitation operations consider future rehabilimtion pmjects wiIl 
be required after 3 0 4 0  years of  semice. 

Then rehabiiitation after, say, 35 years includes: 

11 expansion joint replacement: 1400*2*8.85 = 
21 deck repais: 190*8.85*70.7 = 
31 repair other concrete surfaces: 
51 reiated traffic control: 

WC- A: 11 expansion joint replacement: 140082*8.85* 1 Sextra = 
41 asphait topping, waterproofing: 34*8.85*70.7 = 
51 related trafic control: 

WC-B: 11 expansion joint replacunerit: 1400*2*8.85* 1 Sextra = 
51 relatecl traffic cantrul: 

And routine repain after, say, 12 years iacludes: 

NSC and HPC-A: 
41 asphalt topping, waterproofing: 34*8.85*70.7 = 
51 rcIated traffic control: 

WC-8: nocost 



discount rate: 
escalation rate: 

bridge construction: [ 

I 
replace asphait topping if applicable: / 12 / $36,274 

tehabilitation or major =pairs: 
I 

35 $293,662 

Ireplace asphait topping ifq 
I 

Itotal, net prcsent value: 
! I 

cornparison of net p m e n t  costs: 
I 
I I 

then costs r e k d  to durability, cornparrd with HPC-A: L 

$20,317 1 60 i ($70,4831 

compare al1 variable costs with HPC-A: 

summary: 

1 1 

1 1 $53,758 $0 ; ($70,483)( 
sub~act:wmparative con of prrstnsKd girders @rimarïly related to strength of rnaterials): 

I I ($33,441 1 so ; $0 i 



base condition: 

discount rate: 
escalation rate: 

compare dl variable costs with WC-A: 

mc 
(NPV): $53,758 

al Vary discount rate: 

bl Vary escalatioa rate: 

5.00% $90397 
difference: $36,840 

1.00% $42,273 
difference: ($11,485) 

3.00% S69,784 
di fference: S 16,027 

cl Vary time frame for npairs: 

year factor. 75.00% $74,235 
di ffetence: $20,478 

year hctor: 1 5O.OO0/o S3 1,423 
di fference: ($223 3 5 )  



al vary discount rate: discount rate: 5.00% 
escdation rate: 2.00% 

i cornparison of net present cons with HPC-A: 

i I I 

i O W84.697 
t 12 S36,274 

1 24 S36,274 
35 S293,662 
47 $36,274 
59 $36,274 1 1 71 636,274 

t 1 1 total, net prescnt value: 
! I I 

discount rate: 9.00% 
escalation rate: 2.00% 

/cornparison of net present costs with HPC-A: 
I 

I l l $34,975 1 

bl vary escalation rate: esdation rate: 1.00% 



discount rate: 

NSC 
s (PC) s,,/" ~ W W  

jtota~. net d u c :  . s5557106 1 $5 12,833 
i I 

i cornparison of net p-nt ksts with WC-A: 

I I M U 7 3  1 

I 

f 12 
! 24 
1 

i 
35 
47 
59 
7 1 

total, net prescnt value: 
I I 

escajation rate: 
dismunt rate: 

]cornparison of net present costs with HPC-A: 

I I I s69v784 1 
cl vary time frarne for repairs: year factor? 

discount rate: 
escaiation rate: 2,000/0 

l 
. 

i I 1 ! I 



year factor: 150.00% 
discount rate: 7.000/0 
escalation ratt: 2.00% 

t ! 

i total, net present value: $532,299 
I 
I I 



l MAGE EVALUATION 
TEST TARGET (QA-3) 

APPLIED 1 IMAGE. lnc 
1653 East Main Street - --- Rochester, NY 1- USA --= Phone: 71 6/4$24300 =-= Far 716/288-5909 




