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Background of fly ash
• The Fly Ash story begins
2000 years ago...

• When the Romans built
the Colosseum in the year
100 A.D. - that still stands
until now

Background of fly ash

• The Romans mix volcanic
materials (finely ground)
with lime and sand, yielded
a mortar that was not only
cementitious, but water
resistant and very strong.
• When volcanic ash mixed
with lime & water, a
pozzolanic reactions
happens, similar to fly ash
Pantheon in Rome. (115-125 A.D.)

Background of fly ash
“Roman concrete is . . . considerably weaker than modern concretes. It’s
approximately ten times weaker,”
Despite the success of Roman concrete, the use of the material disappeared
along with the Roman Empire

Background of fly ash
The first known book written about
architecture was written by a Roman
architect named Vitruvius. Romans
were well-known for their architecture.
They believed every building should
be strong in:

Renato Perucchio, University of Rochester in New York.

Durability (how long a building will last)
Utility (how well it fits its purpose)
Beauty (how pretty it is)
The Coliseum – Rome, Italy

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Background of fly ash
•

Both the Pantheon and the Roman Coliseum
were built with high volumes of volcanic ash in
the cement mixture. It has a circular concrete
temple with walls 6.1 meters thick and a dome
measuring 43.3 meters in diameter. The
building still stands in its original form due to
the excellent quality of material used. In the
event of an earthquake, the building distorts
rather than collapsing and moves with the
shifts of the earth instead of cracking.

Background of fly ash
• The Romans used
volcanic materials
tuffs found in
neighboring
territories, the most
famous ones found in
Pozzuoli (Naples),
hence the name
pozzolan / pozzolanic

Background of fly ash

•

Colosseum is a classic
example of durability
achieved by using
pozzolanic materials

Background of fly ash
• ASTM
C618, defines Pozzolanic
materials as siliceous or siliceous and
aluminous materials which themselves
possess little or no cementitious
properties but will, in finely divided form
and in the presence of moisture,
chemically react with calcium hydroxide
at ordinary temperatures to form
compounds possessing cementitious
properties
• Pozzolanic reactions happens between
amorphous
silica
and
calcium
hydroxide.

Background of fly ash
•

Today’s ashes from coal-fired
power plants have similar
properties to the volcanic ash
used by the Romans.

•

By coincidence, the fly ash
contained the same
amorphous silica compounds
as the ash from explosive
volcanoes

Background of fly ash

• When finely ground coal is blown
into the power plant’s boiler, the
carbon is consumed and leaving
molten particles rich with silica,
alumina and calcium. These
particles solidify as microscopic,
glassy spheres that are collected
using high technology electrostatic
precipitators.

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Background of fly ash

Background of fly ash

Coal Fired Power Plants

Coal Fired Power Plants

Background of fly ash

Background of fly ash

Coal
• World fuel reserve
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• *estimated at current
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• Serious increasing trend of
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• This have resulted in coal
consumption has increased
over 1000% over from
1991 to 2012.

Bottom Ash

Fly ash

Duration (years)

Malaysian power plant coal consumptions, 1991 to 2012

High Dust

Low Dust

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Background of fly ash
liquid
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mineral
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Background of fly ash

Background of fly ash

Different types of fly ash
Fly ash

Background of fly ash
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Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Background of fly ash
•

•

The potential for using fly ash as a
supplementary
cementitious
material in concrete has been
known almost since the start of the
last century (Anon 1914), although it
wasn't until the mid-1900s that
significant utilization of fly ash in
concrete began (The last 50 years
has seen the use of fly ash in
concrete grow dramatically)

Power
Plant
Operators

Sustainability

Fly ash concrete was first used in
the United States in 1929 for
construction of the Hoover Dam.

Constructi
on
Industry

Power plant operators don’t need to dump
the fly ash.



Reduced damages to the environment.



Fly ash replacement reduce the production
of cement thus the CO2 emission. 1 tonne
of cement replaced with fly ash, 1 tonne of
CO2 is reduced.



Consumption of natural resources reduces



Fly ash gives excellent durability properties
to concrete.



This reduces the resources needed to repair
the damaged structures.

History of Portland Cement
The term ‘Portland cement’ was first
applied by Joseph Aspdin which
describes a process for making
artificial stone by mixing lime with clay
in the form of a slurry and calcining
(heating to drive off carbon dioxide
and water) the dried lumps of material
in a shaft kiln. The calcined material
(clinker) was ground to produce
cement.

Background of fly ash
Related standards on using fly ash as building materials.
Why concrete don’t always perform
Benefit of using fly as in concrete
Why Brunei needs fly ash concrete
Fly ash projects references
On-going researches on fly ash

Cement was named “Portland”
because it resembles the stones from
the small island of Portland

Cement Composition

Limestone,



Concrete /
cement
manufactu
rer
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Background of fly ash

Shale,

Silica,

Iron Sand

Clinker,

Gypsum,

MIC,

Concrete Composition

Cement

Mineral
Components

Stone

Sand

Water

Cement
Admixture

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Additives in Cement and Concrete
Granulated blast
furnace

Fly Ash,
siliceous

Pozzolans

Additives

EN 197-1 Cement Standard

Limestone
and other
Fillers

Clause 5.2.4 Fly ash (V,W)
5.2.4.1 General

Reactivity

Latent hydraulic

Pozzolanic
 Does not hydrate in

• Hydrates in
presence of water
presence of water
 Needs an activator to
• Activator
react
accelerates
hydration

Inert

Fly ash is obtained by electro static or
mechanical precipitation or dust-like
particles from the flue gases from
furnaces fired with pulverized coal.

 Not reactive
 No significant

participation in
the hydration
process

EN 450-1 Concrete Standard

Clause 3.2
fly ash
fine powder of mainly spherical,
glassy particles, derived from
burning of pulverised coal, with or
without co-combustion materials,
which has pozzolanic properties and
consists essentially of SiO2 and
Al2O3, the content
of reactive SiO2 as defined and
described in EN 197-1 being at least
25 % by mass.

AS 3582.1Concrete Standard

ASTM C618 Concrete Standard

Close 1. Scope *
1.1 This specification covers coal fly
ash and raw or calcined natural
pozzolan for use in concrete where
cementitious or pozzolanic action, or
both, is desired, or where other
properties normally attributed to fly
ash or pozzolans may be
desired, or where both objectives
are to be achieved.

GB1596-91 Cement & Concrete
Standard
GB1596-91
Class 1

Amount retained on 45µm max,% 12

Clause 3 DEFINITIONS
3.1 Flyash—solid material extracted from
the flue gases of a boiler fired with
pulverized coal.

GB1596-91, “Fly
ash for cement
and
concrete,” as
standard class II.

Class 2

Class 3

20

45

Water demand, max, % of control

95

105

115

Loss on ignition, max,%

5.0

8.0

15.0

1.0

1.0

-

3.0

3.0

3.0

Moisture, max,%
SO3, max,%

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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PCA Recommendation

Recommended
addition dosage
ranges for mass
concrete from
PCA

MS 1226 Concrete Standard

•

According to MS 1226 : Part
1: 1991, cement with greater
than 25% of fly ash will have
significant improved sulfate
resistance compared to
OPC.

Source: Rachel J. Detwiler, Peter C. Taylor, Specifier’s Guide to Durable Concrete, Portland Cement
Association, Engineering bulletin 221, 2005

Sustainability – Green Construction

Sustainability – Green Construction
What is Sustainable
Construction?
Sustainable Construction is development that meets the needs of the
present without compromising the ability of future generations to meet
their own needs.

Sustainable construction should also:
• Enhance living, working and leisure environments for
individuals and communities.
• Consume minimum energy over its life cycle
• Generate minimum waste over its life cycle

Mt Piper, Australia

Sustainability – Green Construction

• Integrate with the natural environment
• Use renewable resources where possible

Sustainability – Green Construction

Sustainable Construction
should NOT
Sustainable construction should NOT:
• Cause permanent damage to the natural environment or
consume a large amount of resources during
construction, use or demolition.
• Cause unnecessary waste of energy, water or materials
due to short life, poor design, inefficiency or low
standard construction techniques.
Landfilled Fly ash at Tg. Bin Power Plant

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Sustainability – Green Construction

Sustainability – Green Construction
CaCO3  CaO + CO2

Cement is made by heating limestone
(and some other ingredients) to
1450°C in a kiln. The resulting
.clinker. is then ground with a small
amount of gypsum into a powder.
Portland cement.

Sustainability – Green Construction

1 tonne cement releases around 1 tonne of CO2
Carbon dioxide is released during the production of clinker, a component of
cement, in which calcium carbonate (CaCO3) is heated in a rotary kiln to induce
a series of complex chemical reactions. Specifically, CO2 is released as a byproduct during calcination, which occurs in the upper, cooler end of the kiln, or a
precalciner, at temperatures of 600-900°C, and results in the conversion of
carbonates to oxides.

Sustainability – Green Construction

• Certain countries like Hong-Kong seen
number of “cold-days” are declining, and
number of “hot nights” are increasing.
• Urban areas are warmer than countries
side.

Sustainability – Green Construction

Sustainability – Green Construction

Many more green labels will have their local market
– and they all ask questions regarding construction
materials

Green Star

Australia & New Zealand

Green Mark

Singapore

DGNB

Germany, Eastern Europe

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Sustainability – Green Construction
•

Sustainability – Green Construction
Credit

LEED’s holistic approach of rating:

Core categories
Sustainable sites
Water efficiency
Energy & atmosphere
Materials & resources
Indoor environmental
quality
Bonus categories
Innovation in design
Regional priority

Platinum

Credits
26
10
35
14

Materials &
resources
(MR)

Recycled content has to contribute to at
least 10% or 20%, based on cost, to the
total materials value of a project to
achieve 1 or 2 points respectively
• Eligibility for exemplary performance
credit for 30% recycled materials

Gold

Comments / examples
• Recycled fraction of an
assembly multiplied by cost
of assembly to obtain
recycled content value
• Recycled content may be
calculated for cement alone
instead of concrete

Silver
Certified
Regional
materials
(1-2 pts + EP)

15
Credits
6
4

Requirements

•
Recycled
content
(1-2 pts + EP)

40 - 49

50 - 59

60 - 79

• Use materials or products that have been

extracted, harvested or recovered, as well as
manufactured within 500 miles of project site.
• Minimum regional materials content of 10% or

20%, based on cost, to achieve 1 or 2 points
respectively

80 - 110

• Eligibility for exemplary performance credit for

30% regional materials

SGBC

Singapore Green Labeling Scheme

Malaysia SIRIM Green Labelling
Scheme
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Why concrete don’t always perform ?

Why concrete don’t always perform ?

+

Concrete durability

Repair-free concrete

Heavy cost
of repair

y/$

Service life / cost ratio

Why concrete don’t always perform ?
– Concrete abuse
– Insufficient understanding about potential problems

Why concrete don’t always perform ?
•

Many thinks concrete is still a lowtech commodity product not taking
advantage of all the intrinsic
properties of cement
– It contains too much water
(high W/C) and not enough
admixtures and mineral
components

video

– For too many people, concrete
is still just a question of
number of MPa

Why concrete don’t always perform ?
• Many knowledge and do and don’t reach the
persons who ultimately influences the concrete
performance and durability.

Why concrete don’t always perform ?
•
•

Basic concrete technology not enough taught in our industry
It is urgent to put into practice all the technologies that are
well developed

INNOVATION

KNOW-HOW
available

TECHNOLOGY
TRANSFER
KNOW-HOW

Used

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Why concrete don’t always perform ?

Level of technology

Mixing & transporting

Why concrete don’t always perform ?

Placing

Low

video

video

State
of
the art

video

video

Effect of excess water on normal concrete, CemAust

Why concrete don’t always perform ?
MIC: key components for durable concrete
•

The latest developments in concrete technology are
attributable to the use of superplasticizers and mineral
components

Why concrete don’t always perform ?
Chosen the Right w/c Ratio
•

Studies show that capillary porous start to be connected when w/c is
higher than 0.40

•

When w/c is higher than 0.70,
all capillary porous are connected

•

Based on this:
– Standards tend to establish 0.65 – 0.70 as the maximum value for w/c ratio
– The higher the aggressiveness of the environment the lower should be the
w/c ratio
– For concrete exposed to a very aggressive environment the w/c should be
lower that 0.40

Silica Fume

Slag

Fly ash

Superplasticizers

Why concrete don’t always perform ?

aggregate

w/c = 0.50

w/c = 0.30

Looking Deeply into Concrete
Concrete under scanning electron microscope

Coeficient of Permeability (-10

-14

m/s)

Why concrete don’t always perform ?

140
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Water/Cement Ratio
After Neville (1995) Properties of Concrete

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Why concrete don’t always perform ?

Why concrete don’t always perform ?
 Chemical Attacks
• Chemical causes of deterioration

Penetration volume (cc/g)

0.4

w/c = 0.60

– Acidic water
– Chloride induces corrosion of the reinforcement

0.3

– Carbonation
– Sulfate attack
– AAR

w/c = 0.50

0.2

w/c = 0.40

• Physical causes of deterioration

0.1

w/c = 0.30
0
1000

100

10

– cracking
– freezing and thawing
1

Pore Diameter (nm)

Voids < 50 nm are detrimental to shrinkage

– fire attack

• Mechanical damage
– erosion or cavitation, impact, abrasion,….

Why concrete don’t always perform ?
 Acid Attack
Concretes made of Portland cement (OPC) are highly alkaline
with pH values normally above 12.5 and are not easily attacked by
acidic solutions.

Acid Attack Mechanism

As the pH of the solution decreases the equilibrium in the cement
matrix is being disturbed, and the hydrated cement compounds
are essentially altered by hydrolytic decomposition which leads to
the severe degradation of the technical properties of the material.
At pH values lower than 12.5 portlandite is the first constituent
starting dissolution.

Why concrete don’t always perform ?

Why concrete don’t always perform ?

 Acid Attack

 Acid Attack

Sulphuric acid attack causes extensive formation of gypsum in the
regions close to the surfaces, and tends to cause disintegrating
mechanical stresses which ultimately lead to spalling and exposure
of the fresh surface.
Owing to the poor penetration of sulphuric acid, the chemical
changes of the cement matrix are restricted to the regions close to
the surfaces.

However, in some cases it is observed that deterioration process
occurs accompanied by the scaling and softening of the matrix due
to the early decomposition of calcium hydroxide and the
subsequent formation of large amount of gypsum.
The chemical reactions involved in sulphuric acid attack on cement
based materials can be given as follows:
Ca(OH)2 + H2SO4 → CaSO4.2H2O
3CaO.2SiO2.3H2O + H2SO4 → CaSO4.2H2O + Si(OH)4

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Why concrete don’t always perform
Stages of Attack
pH Range
12.5 – 12

Why concrete don’t always perform ?
 Acid Attack
LOS ANGELES SANITARY SEWER SYSTEM

Effect

ACI 210.1R-94

Calcium hydroxide and calcium aluminate hydrate
dissolve and ettringite is formed
CSH phase is subjected to cycles of dissolution and reprecipitation

11.6 – 10.6
< 10.6

Gypsum is formed
Ettringite is no longer stable and decomposes into
aluminum hydroxide and gypsum

< 8.8

CSH becomes unstable
Deterioration of concrete pipe from H2S attack

Why concrete don’t always perform ?
 Acid Attack
pH of Johor State Coastal Soils

Chloride Attack Mechanism

Soil pH and texture characteristics were obtained from
Paramananthan (1978) and from Sihibi Mohktar, Soil Division,
Department of Agriculture (pers.comm.)

7

Why concrete don’t always perform ?

Why concrete don’t always perform ?

 Chloride Penetration

 Chloride Penetration

 Consequences
1. Chloride ions
diffuse in the
concrete
2. Steel bars are no
more protected
3. Corrosion of
reinforced steel

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Why concrete don’t always perform ?

Why concrete don’t always perform ?

 Chloride Penetration

 Chloride Penetration
•

According to the Federal Highway
Administration (USA) 42% of the 575.600
American bridges can be consider unsafe
or structurally deficient because corrosion
– In the USA, from 1981 and 2000,
approximately 102 billion US$ were
applied in repair of these bridges. One
estimates that 1 billion US$ could be
saved only by improving concrete
quality

Why concrete don’t always perform ?

Why concrete don’t always perform ?

 Chloride Penetration

 Chloride Penetration

• ACI 318-2002 - Building code requirements of reinforced
concrete define minimum concrete cover for
reinforcement:
– For concrete permanently exposed to earth: 7.5cm
– For concrete not exposed to weather: 1.25cm

Chloride Penetration Video

Concrete Protection for Reinforcement

Why concrete don’t always perform ?
 Sulphate Attack
Sulphate attack

Various forms of
sulphate attack
External attack

Sulphate Attack Mechanism

Internal attack

Static hydrologic
conditions

Dynamic hydrologic
conditions

High SO4 content

Low SO4 content

Cement stone
delivers Al

Cement stone
delivers Si

Ordinary temperature
exposure

High temperature
curing

Ettringite
Formation

Thaumasite
Formation

Excess Sulphate
Expansion

Delayed Ettringite
Formation
Kruspan, Adler, 2003

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Why concrete don’t always perform ?
 Sulphate Attack
Cement

+

H2O

+

Ca(OH)2 →

→

Hydration
C-S-H + Ca(OH)
2

External

SO4 2CaSO4

CaSO4
Calcium Sulfate

+

C3A
→
C3A·CSO4·H32
Hydrated Calcium
Aluminates

Calcium Sulfate

Calcium Sulphoaluminate

Sulfate reaction with
Ca(OH)2

Alkali Silica Reaction

Calcium sulfate reaction
calcium aluminates

Why concrete don’t always perform ?

Why concrete don’t always perform ?

 ASR

 ASR

•

Alkali silica reaction (ASR)

•

Once started, the alkali aggregate reaction can not be
stopped!
So, prevention is fundamental

Why concrete don’t always perform ?
 Thermal Crack
Cement Hydration Generates Heat
•
•

Thermal Crack

Chemical reaction of cement with water (cement hydration) is a exothermic
process.
Typically a temperature rise at core is about 1.0-1.2ºC per 10 kilogram of
cement.

Peak Temp
Fresh Concrete Temp + Heat Generated from Cement Hydration
Example :

–

Cement content is 450 kg, fresh
concrete temperature at pouring is 32ºC

–

[450/10 x 1.1ºC] + 32ºC = 81.5ºC

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Why concrete don’t always perform ?

Why concrete don’t always perform ?

 Thermal Crack

 Thermal Crack
Calculation fresh concrete temperature

Where:
Ta = temperature of aggregate
Tc = temperature of cement
Tw = temperature of batched mixing water from normal supply excluding ice
Ti = temperature of ice
Wa = dry mass of the aggregate
Wc = mass of cement
Wi = mass of ice
Ww = mass of batched mixing water
Wwa = mass of free and absorbed moisture in aggregate at Ta
note: the temperature of free and absorbed water on the aggregate is
assumed to be the same temperature of the aggregate.

Why concrete don’t always perform ?

Why concrete don’t always perform ?

 Thermal Crack

 Thermal Crack

Thermal evolution over time in mass concrete

Most temp rise occurs in first 1-3 days after
placement

Typical Temperature Curve

Why concrete don’t always perform ?

Why concrete don’t always perform ?

 Thermal Crack

 Thermal Crack

Thermal Cracking
 As the interior concrete increases in temperature and
expands, the surface concrete may be cooling and
contracting.
 This causes tensile stresses that may result in thermal
cracks at the surface if the temperature differential between
the surface and centre is too big.
 Typically a temperature differential of 20ºC
can cause cracking.
 The width and depth of cracks depends upon
the temperature differential, physical
properties of the concrete, and the
reinforcing steel.

Free body

Retrained body

To
Lo

-σ

Lo

To + ∆T
Lo

Lo

∆L
+σ

To - ∆T
Lo

Lo

∆L
σ = - E* . α . ∆T

if σ > ft  thermal crack

* includes creep/relaxation effect

Temperature Change + Restraints  Stesses

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf

16

Why concrete don’t always perform ?

Why concrete don’t always perform ?

 Thermal Crack

 Thermal Crack

•

•

To avoid temperature shock when removing the formwork, delay the
removal of the formwork, if possible only when the core temperature
is lower than the outside temperature + 20°C

•

Dry Curing for 7 days

•

Thermal cracks caused by excessive temperature differentials in mass concrete appear as random
pattern cracking on the surface of the member.
Checkerboard or patchwork cracking due to thermal effects will usually appear within a few days after
stripping the formwork.
Temperature-related cracks in pavements and slabs look very similar to drying-shrinkage cracks. They
usually occur perpendicular to the longest axis of the concrete with a time of appearance between 1
day and 2-3 weeks.g:

•

Closely spaced cracks resulting from thermal
shock, Federal Highway Administration, USA

How to recognize thermal cracking:

Why concrete don’t always perform ?

Why concrete don’t always perform ?

 Thermal Crack

 Thermal Crack

Temperature rise, °C

40

Inside

•
•

∆T > 20°C (surface cracking)

30

Surface
•

20

Form
removal

•

10

∆T < 20°C
no cracking

Unprotected surface
cools fast

0
0

1

2

3

4

Days

5

6

7

8

•

Thermal shrinkage is a consequence of cement heat of hydration.
After 2 or 3 hours (dormant period), temperature of concrete is increasing
up to a maximum value after about 10 hours or more, corresponding to the
end of setting time, which is depending on many parameters
Concrete tends to expand during this first phase and behaves like a relative
soft paste.
After that, a cooling phase of the already hardening and stiffer concrete is
beginning
This second phase is more or less long and steep, depending on many
parameters which are :
–
–
–
–

mass of concrete (thickness of construction)
type of formwork and removal time
environmental conditions and curing measures
type and dosage of cement

Why concrete don’t always perform ?
 Shrinkage Crack
Concrete volume change and type of shrinkage
•

Shrinkage Cracks

Most commonly, concrete volume changes deals with linear
contraction due to moisture cycles and temperature
–
–
–
–

Plastic shrinkage
Drying shrinkage
Autogenous shrinkage
Thermal shrinkage or contraction

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Why concrete don’t always perform ?

Why concrete don’t always perform ?

 Shrinkage Crack

 Shrinkage Crack

Fresh
concrete

Hardened
concrete
24 h

2h

2-3d

Time

Critical
Green
concrete
Plastic
settlement

Young
concrete

Hardening
concrete

•
•

Usually associated with hot weather concreting or any time when
ambient conditions produce rapid evaporation
Occurs when water is lost from concrete during plastic state (water
evaporation > bleeding water)
– by evaporation (bleeding, humidity, wind, T°C)
– by suction of underlying dry concrete or soil

•

Important in ordinary and HPC

Plastic & Autogenous
Shrinkage
Autogenous, Drying
& Thermal Shrinkage

•
•

Why concrete don’t always perform ?

Why concrete don’t always perform ?

 Shrinkage Crack

 Shrinkage Crack

Result of the build up of tensile forces due to the formation of water menisci within the concrete
pore system
inversely proportional to the diameter of the pores

Fogging cools the air and raised RH

Dampening the subgrade

Why concrete don’t always perform ?
 Shrinkage Crack
Drying Shrinkage
Occurs when water is lost from hardened concrete
exposed to air with a low relative humidity
This is the only type of shrinkage which
develops significantly in ordinary concrete

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Benefit of Fly ash In Concrete

Benefit of Fly ash In Concrete

 Workability

 Workability

Balakrishnan, 2016

Benefit of Fly ash In Concrete

Benefit of Fly ash In Concrete

 Workability

 Workability
 Improved workability
 Better pumpability
Benefits of fly ash: Ball
bearing effect

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Benefit of Fly ash In Concrete

 Workability

 Workability
Compressive strength (MPa)

 Reduced water demand
 Improved surface finish
 Better fill of precast concrete moulds
Benefits of fly ash: Filler effect

50
40

Without FA

30
20

With
FA

10

0.5

0.8

0.6
0.7
w/c ratio

Decrease of w/c ratio compensates strength loss at same workability

Reduce water to get the strength loss

Benefit of Fly ash In Concrete
 Strength

28 Days

23.5

27.1

Compressive Strength
(MPa)

52.9

7 Days

37.6

55.4
41.6

33.2

54.0
41.4

40

61.3
47.4

69.5

53.7

60

70.8
59.8
47.9

 Strength after 20% fly ash

Strength Properties

80

74.4
72.4
61.5

 Strength up to 10% Fly ash

76.5
67.2

100

90 Days

20
0
0

10

20
30
40
50
Fly Ash Content (%)

60

Effect of fly ash on compressive strength
Splitting Tensile
Strength (MPa)

8

 Splitting Tensile Strength
o Reduction in compressive
strength.

6.80 6.90
6.15
5.45

6

4.65

4.65
3.50

4

3.85
3.15

4.50

7 Days
3.05
2.20

28 Days

2

90 Days

0
0

40
50
Fly ash Content (%)

60

Effect of fly ash on Splitting tensile strength

Benefit of Fly ash In Concrete

Benefit of Fly ash In Concrete

 Strength

 Strength
Mix

• Modulus of
Elasticity
Modulus of Elasticity (GPa)

30.90

24.45

27.25

25.10

27.80

25

31.20

31.90

27.25

30

29.00

34.45

32.60

• MOE was lower at
7 and 28days,
but 90% at 90
days

35

34.05

40

• “less” affected
due to dilution of
reactive cement.

7 Days

f ’c (MPa)

10% SF

20% FA

1d

44.1

21.6

7d

73.6

71.4

28d

110.2

90.0

91d

117.6

111.3

3 years

126.8

125.1

10

5 years

129.3

134.3

5

7d

38.6

39.7

5 month

52.3

48.5

28d

4.4

5.0

91d

6.8

4.8

28d

--

9.2

28 Days

20
15

90 Days

Ec(GPa)

0
0

40

50

60

Fly ash Content (%)

Splitting (MPa)

Effect of fly ash on modulus of elasticity
Flexural (MPa)

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Benefit of Fly ash In Concrete

 Strength

 Strength

Compressive strength in N/mm2
80

OPC+Fly ash

70

OPC

60
50
40

Inert material

30

Pozzolanic reaction

CEM I 42.5 R
f/c = 0.32
w/(z/f) = const.

20
10
0

2

7
28

56

90

Days

Pozzolanic Reaction

Strength development of fly ash-OPC mix

Benefit of Fly ash In Concrete

Benefit of Fly ash In Concrete

 Strength

 Strength
CSH
CSH

Cement gel
Ca(OH)

Cement gel
Ca(OH)

2

Water

2

Water

Fly ash glas =

Fly ash glas
Alkali solution

+

Alumo-Silicaglas



Alumo-SilicaHydrogel

Pozzolanic Reaction

Alkaline
solution

+

Alumo-Silicaglas



Alumo-SilicaHydrogel

Dissolved fly ash glas reacts with Ca(OH)2 of OPC to form CSH

Pozzolanic Reaction

Benefit of Fly ash In Concrete

Benefit of Fly ash In Concrete

 Strength

 Strength

SEM picture of dissolving fly ash sphere (B)

Pozzolanic Reaction

Pozzolanic Reaction

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Benefit of Fly ash In Concrete
 Strength

binder matrix

FA-glass

Strong bond matrix
OPC, fly ash, Binder.
Interaction between
Fly ash and matrix

reaction-layer

Weak bond matrix
OPC, fly ash binder. Creation of
reaction layer around the fly ash

Lower w/c

higher w/c

Fly ash Minerology
Solid materials exist as either crystalline solids or
amorphous solids, distinguished by the degree of
geometric order of the constituent molecules.
When a repeated arrangement of atoms extends
throughout the entirety of a specimen without
interruption, the result is a crystal. Crystalline
solids are arranged in fixed molecular patterns, or
lattices, and thus exhibit a high degree of
structural order. However, this equilibrium process
may be interrupted if the melt cools rapidly enough
to prohibit the proper re-ordering of the molecular
structure, resulting in a non-crystalline, or
amorphous, material (Pietersen 1993). The
transition temperature Tg in silicates is related to
the energy required to break and re-form covalent
bonds in an amorphous (or random network)
lattice of covalent bonds. The Tg is clearly
influenced by the chemistry of the glass.

Crack stopping through fly ash strong bonding

Reactive Silica Content

Benefit of Fly ash In Concrete
 Strength

Resistance to Chemical Attack
Acid Attack

Reactive Silica Content

Benefit of Fly ash In Concrete

 Resistance to HCI 5%

 Resistance to HCI 5%

• OPC
concrete
strength loss is almost
double of the 60% fly
concrete.
• Concrete with lesser
Ca(OH)2 has better
resistance to acid.
Condition of cube after
exposure to acid for 1800
hours.

50% Fly Ash

60% Fly Ash

Balakrishnan, B., & Awal, A. A. (2014). Durability
properties of concrete containing high volume malaysian
fly ash. Measurement, 2(2.94), 2-94.

2.50
2.25
2.00
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00

0% Fly Ash
40% Fly Ash
50% Fly Ash
60% Fly Ash
200

600

1000
1400
Exposure Duration (hours)

1800

Weight loss after exposure to acid solution.
Loss of Compressive
Strength (%)

• Specimens lost weight
and
the
concrete
without any fly ash
had the highest weight
loss.

Weight Loss (%)

Benefit of Fly ash In Concrete

22
20.3

20
18

16.2

16

14.8

14
12

11.1

10
0

40
50
Fly ash Content (%)

60

Compressive strength after 1800H in acid solution.

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Benefit of Fly ash In Concrete

 Resistance to H2SO4 5%

 Resistance to H2SO4 5%

Fly ash Mix After Acid

OPC Mix After Acid

Benefit of Fly ash In Concrete
 Resistance to H2SO4 5%
Visual demonstration of specimen
Mortar specimen
• Cement
• Fly-ash

Resistance to Chemical Attack
Mortar specimen
• Cement

Chloride Penetration

2 ½ months storage in sulfuric acid pH 2.5

Benefit of Fly ash In Concrete

Benefit of Fly ash In Concrete

 Resistance to NaCI 5%

 Resistance to NaCI 5%

Chloride penetration resistance
 Resistance to
Chloride
penetration

o Reduction in
capillary pores.

0% FA

50% FA
Effect of fly ash on chloride
penetration
Balakrishnan, B., & Awal, A. A. (2014). Durability properties of
concrete containing high volume malaysian fly ash. Measurement,
2(2.94), 2-94.

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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 Resistance Chloride Penetration

 Resistance Chloride Penetration

Cl
SO4

Cl
SO4

Cement without
fly ash

Cement with
fly ash
Reduced permeability

Pore size distribution in
pure OPCs

Pore size reduction in
fly ash cements

Reduced pore size at same total porosity ! (pore size reduction)

Pore Blocking effect

Benefit of Fly ash In Concrete

Benefit of Fly ash In Concrete

 Resistance Chloride Penetration

 Resistance Chloride Penetration

100
0 % fly ash by mass
20 % fly ash by mass
40 % fly ash by mass
60 % fly ash by mass

-12

Cl -diffusion coefficient [10 m²/s]

CEM I 32,5 R
w/(c + 0,5 f) = 0,50

10

-

1

0
28

90

age [days]

365

Wiens, ibac Aachen

Cl--diffusion as function of fly ash
content

Chloride profile of 30 year fly ash concrete

Benefit of Fly ash In Concrete
 Resistance Chloride Penetration
•

Composite cement products are more resistant to
chloride attack due to their more compact
microstructure

Resistance to Chemical Attack
w/c = 0.45
CEM II/A-V = 20% fly ash
Stored under natural conditions
in marine tidal water, Norway

Sulphate Attack

Durability - Chloride attack

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Benefit of Fly ash In Concrete

 Resistance Sulphate Attack

 Resistance Na2SO4 5%

Condition of specimen
after exposure to sulphate
solution for 550 days

Sulphate resistance

Balakrishnan, B., & Awal, A. A. (2014). Durability properties of
concrete containing high volume malaysian fly ash. Measurement,
2(2.94), 2-94.

Benefit of Fly ash In Concrete

 Resistance Na2SO4 5%

 Resistance Sulphate Attack

Compressive Strength (MPa)

• OPC concrete
completely lost
compressive strength.
• HVFA concrete stayed
intact and continued
to gain strength.
• Deformation in OPC
caused by formation
of expansive ettringite.

74.65

80

65.00

63.10

60
40
20
0.00

0
0

40
50
Fly Ash Content (%)

Expansion ∆ ε [mm/m]

Benefit of Fly ash In Concrete

60

4.00

OPC

3.50

0 % Fly Ash

3.00

20 % Fly Ash

2.50
40 % Fly Ash

2.00
1.50
1.00
0.50
0.00
Härdtl, ibac Aachen

-0.50
7 10 14 28

1

56 100
90 180 365 logarithm
1000

age [d]
Compressive strength after 550
days in sulphate solution
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 Resistance Sulphate Attack

 Resistance Sulphate Attack

2

Expansion [mm/m]

OPC I

OPC II

Fly ash

1.5

20%
1

W/(C+F)
0.5

aggregate

aggregate

0.6
grano de
cement
grain
cemento

grano
de
cement
grain
cemento

cement
grain
cemento

20%
40%

clinker hydration
products

7

14

28

56

91

120 150

grano de
MIC
grain
escoria

x
x

x
x
23

x

No permeable
clinker hydration
precipitate
products
Ca-silicates and
CaCa-aluminato
-aluminates
hydrated

Permeable
precipitate
Ca(OH) 2

Heinz, RWTH Aachen

0

x
Al 2 O 4 2 -

x SiO

40%

0.5

x

MIC hydration
products

180 240 300 360 450 540

Immersion time [d]
Sulphate resistance (4.4% Na2SO4)

Cement Application Course

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Benefit of Fly ash in Concrete

Benefit of Fly ash in Concrete

Shrinkages

Temperature Rise

Benefit of Fly ash In Concrete

Benefit of Fly ash In Concrete

 Lower Temperature Rise

 Lower Temperature Rise

Cement hydration raises the temperature of the
concrete depending on:
 Size of the concrete placement
 Surrounding environment
 Amount of cement hydrated
 Use of MIC

Rule: an 8 to 14°C temperature rise per 100 kg of OPC
Fly ash reduces heat of hydration

Balakrishnan, B., & Awal, A. A. (2014). Influence of high volume fly ash
in controlling heat of hydration of concrete. Measurement, 2013

Benefit of Fly ash In Concrete

 Lower Temperature Rise

 Lower Temperature Rise

Heat of hydration [J/g]

Benefit of Fly ash In Concrete
350
f/z = 0.00

300
250

f/z = 0.37

0
27
50
60
67

% Fly Ash
% Fly Ash
% Fly Ash
% Fly Ash
% Fly Ash

200
f/z = 1.00

150

f/z = 1.50

100

f/z = 2.00

Recommended addition dosage ranges for mass concrete from PCA

50
Härdtl, ibac Aachen

0
24

48

72

96

Source: Rachel J. Detwiler, Peter C. Taylor, Specifier’s Guide to Durable Concrete, Portland Cement Association, Engineering bulletin
221, 2005

120

age [d]

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Benefit of Fly ash In Concrete
 Lower Temperature Rise
•
•

ACI doesn't use specific size limits to define mass concrete
In ACI 116R-00, "Cement and Concrete Terminology." This document defines mass
concrete as "any volume of concrete with dimensions large enough to require that
measures be taken to cope with generation of heat from hydration of the cement and
attendant volume change

•

ACI 301-99 , In general, heat generation should be considered when the minimum crosssectional dimension approaches or exceeds 2-1/2 ft [750 mm] or when cement contents
above 600 lb/yd ³ [356 kg/m ³] are used

Benefit of Fly ash in Concrete
Alkali Silica Reactions

What is mass concrete?

Benefit of Fly ash In Concrete

Benefit of Fly ash In Concrete

 Prevent ASR

 Prevent ASR

•

Cement hydration produces Ca(OH)2

•

Ca(OH)2 acts as a catalyser of alkali aggregate
reaction

•

Slag, pozzolan, fly ash, silica fume react with Ca(OH)2,
hindering the occurrence of the alkali aggregate
reaction

•

The use of active mineral components also leads to a
more dense, impermeable microstructure, which makes
difficult the ion migration and the occurrence of alkali
aggregate reaction

•

Composite cements with active mineral components in
adequate amount act as inhibitor of ASR

OPC

Fly ash
cement

Preventing the Alkali Aggregate Reaction by Using Mineral Components

Benefit of Fly ash In Concrete
 Resistance to High Temperature

Benefit of Fly ash in Concrete
Resistance to High Temperature

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Benefit of Fly ash In Concrete

 Resistance to High Temperature

 Resistance to High Temperature

OPC Mix after 1000C

Fly ash Mix after 1000C

EN 206-1:2000 Part 1: Specification,
performance, production and conformity

EN 206-1:2000 Part 1: Specification,
performance, production and conformity

EXPOSURE CLASSES
Carbonationinduced
corrosion

Chloride-induced
corrosion
Sea water

Chloride
other than
from sea
water

Freezethaw
attack

Aggressive
chemical
environment

•

EN 206-1:2000 Part 1: Specification, performance, production and
conformity
Cement consumption:

– ≥ 260kg/m3 for concretes exposed to environment with low degree of
aggressiveness

XC1

XC4

XS1

XS3

XD1

XD3

XF1

XF4

XA1

XA3

Maximum w/c

0.65

0.50

0.50

0.45

0.55

0.45

0.55

0.45

0.55

0.45

Minimum cement
content (kg/m 3)

260

300

300

340

300

320

300

340

300

360

– ≥ 360kg/m3 for concretes exposed to highly aggressive
environments
•

XC1: dry or permanently wet environment: concrete inside buildings with low air
humidity and concrete permanently submerged in water

Water/cement ratio
– ≤ 0.45 for concretes exposed to highly aggressive environments

XC4: cyclic wet and dry environment: concrete surfaces subject to water contact

– ≤ 0.65 for concretes exposed to environment with low degree of
aggressiveness

XA3: highly aggressive chemical environment. For example, concrete subject to pH
between 4 and 4.5
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Brunei Environment

Brunei Environment

• Tropical Climate
• Aggressive Environments

Brunei Environment

Fitzpatrick, R., et al. "Inland acid sulfate soil systems across
Australia." Perth, Australia, CRC LEME (2008): 189.

Brunei Environment

Sulfuric acid produced by acid sulfate soils
corrodes concrete, iron, steel and certain
aluminium alloys. It has caused the
weakening of concrete structures and
corrosion of concrete slabs, steel
fence posts, foundations of buildings and
underground concrete
water and sewerage pipes.

Fitzpatrick, R., et al. "Inland acid sulfate soil systems across
Australia." Perth, Australia, CRC LEME (2008): 189.

Brunei Environment

Sammut, Jesmond. An Introduction to acid sulfate soils. 1995

Brunei Environment
What are acid sulphate soils?
Acid sulphate soils are soils in which sulphuric acid may be produced,
is being produced or was produced in amounts that have a lasting
effect on major soil characteristics (Pons, 1973; Dent & Pons, 1995).
It Corrode concrete and steel in buildings and underground pipes (e.g. Dent &
Pons, 1995).
Damage to Foundations Acid released from the soil can attack both the
concrete, and the steel reinforcement within the concrete weakening the
house foundation and the cement within the brick walls

Fitzpatrick, R., et al. "Inland acid sulfate soil systems across
Australia." Perth, Australia, CRC LEME (2008): 189.

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Pulau Muara Besar Bridge

Durability is required for our region

Construction in Reclaimed Sea in Johor Bahru
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Fly Ash Project
References

Background of fly ash
Related standards on using fly ash as building materials.
Why concrete don’t always perform
Benefit of using fly as in concrete
Why Brunei needs fly ash concrete
Fly ash projects references
On-going researches on fly ash
Great Belt Bridge
DK (1997)

Dialog Project
Johor, Malaysia

Petronas Towers
MAY (1999)

Burj Khalifa
Dubai (2010)

Dialog Project Johor, Malaysia

Required minimum 25% fly ash
Grade 40MPa & 50%
Sulfate resistant concrete
Retardation 4 hours for transport

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Pulau Muara Bridge, Brunei

Temburong Bridge, Brunei

Low heat concrete – Tank foundation,
Dialog Malaysia

Kimlun Condominium – Johor
Malaysia

Paragon Residence – Johor
Malaysia

Paragon Residence – Johor
Malaysia

Pile Cap
35 MPa 56 Days
40% Fly ash

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Paragon Residence – Johor
Malaysia

Paragon Residence – Johor
Malaysia
Transfer Slab
Grade 40MPa
Thickness 1.5m
10,000m3 Total
Single pour 3000m3

Peak Temperature 66oC

Self Compacting Concrete, Johor

KLCC, Malaysia
Fly ash has been used in
construction of world's tallest
building “Petronas towers of
Kuala Lampur. The concrete
used in the building was of two
grades 80 MPa and 60 MPa. The
fly ash content was about 37.5
% of total cementitious content
in mix. Construction completed
in
the
year
1998.

High performance concrete

Concrete elements

Zollhaus, Germany (1999)

About 60,000 cum of fly ash
concrete with an estimated
saving of 3,000 tonne of
Ordinary Portland Cement
was used in Lednock Dam
construction in UK during
the year 1955.

Underground parking lot
concrete walls, columns
Upper walls and columns
Strength class B35

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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High performance concrete

Castor and Pollux, Germany (1998)

Self compacting concrete
SCC

Millenium Tower, Austria
(1999)
Strength class B60

Self compacting concrete
SCC

High performance concrete

New Theatre Den Haag,
The Netherlands (2000)

Cooling Tower, Germany (2000)

Fly ash in the concrete mix

Acid/sulfate resisting concrete B85

SCC for V shape columns

High performance concrete

no inner coating

High performance concrete
Great Belt Bridge, Denmark (1997)
47 kg fly ash / m 3 concrete

Collogne Tower, Germany (2001)

- 100 years service lifetime

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Lightweight concrete

Underwater concrete

Potsdamer Platz, Berlin (1998)
Kai Centre, Düsseldorf,
Germany (1999)
Lightweight high performance
concrete fassade

Underwater concrete

Steel fibre underwater concrete
for foundation plates.
Strength class B25

High performance concrete

River Este protecting Sluice, Hamburg (1998)
24’000m3 B25/B35 used as
underwater concrete and in
concrete walls

Elbe Tunnel, Germany (2003)
Tunnel tubbings (precast elements)
- high durability against chemical attack

- reduced expansion and
heat of hydration
- Increased durability
(frost, chemical)

High performance concrete

Confederation Bridge, Prince
Edward Island, Canada (1998)

High performance concrete

Chicago Tower, Hyatt (2000)
Strength class B85

- 100 years service life time
- Precast elements, mass concrete
- High durability:
Freeze/Thaw; Seawater, ASR

Download available at http://www.readymix.com.bn/wp-content/uploads/2017/03/FlyAshSeminar_23March2017.pdf
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Mass concrete

Mass concrete

Messeturm, Frankfurt (1987)

Foundation plate, Power station
Schkopau, Germany (1999)

17’000 m3 of B35 concrete used
in foundation slab
- Reduced heat of hydration

160’000 m3 foundation plate
- Low hydration heat
- Sulfate resistance

- Increased resistance to chemical
attack (Sulphates/chlorides)

Industrial concrete floors

Municipial sewage plant

Recycling company, Germany (1999)

Fouling tanks, Germany (2000)

High performance steel fibre
high performance concrete
for industrial floors
Strength class B85

High performance concrete
- Chemical attack resistant
- Reduced water permeability
- Denser concrete matrix

Table of Content

Visible concrete

University Munich, Germany (2000)
Lightweight concrete
Unprocessed concrete surface
- Improved workability
- Improved homogeinity and stability
of fresh concrete
- Good shaping and finish
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